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ABSTRACT: We investigate the renormalization of the radiative decays of the Higgs to two
gauge bosons in the Standard Model Effective Field Theory at mass dimension eight. Given
that these are loop-level processes, their one-loop renormalization can be phenomenologically
important when triggered by operators generated through the tree-level exchange of heavy
particles (assuming a weakly coupled UV model). By computing the tree-level matching
conditions of all relevant extensions of the Standard Model, we demonstrate that this effect
is indeed present in the h — «vZ decay at dimension eight, even though it is absent at
dimension six. In contrast, the h — gg and h — 77 decays can only be renormalized by
operators generated by one-loop processes. For UV models with heavy vectors, this conclusion
hinges on the specific form of their interaction with massless gauge bosons which is required
for perturbative unitarity. We study the quantitative impact of the possible logarithmic
enhancement of h — vZ, and we propose an observable to boost the sensitivity to this effect.
Given the expected increased precision of next-generation high-energy experiments, this
dimension-eight contribution could be large enough to be probed and could therefore give
valuable clues about new physics by revealing some of its structural features manifesting
first at dimension eight.
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1 Introduction

Higgs interactions with gauge bosons are of crucial phenomenological importance. The
di-photon decay (h — ~7) was one of the channels in which the Higgs was first observed [1, 2],
while gluon fusion (gg — h) is the most important production mechanism for the Higgs
at hadron colliders. Furthermore, the rarer h — vZ decay has recently been observed by
the ATLAS and CMS collaborations [3, 4]. All of these processes occur at loop level in the
Standard Model (SM) and they are promising directions to look for beyond the Standard
Model (BSM) physics.

Assuming this new physics to be heavy — as suggested by the continuous survival of
the SM under the extreme scrutiny from the past years — the Standard Model Effective



Field Theory (SMEFT) is an ideal tool to probe deviations from the SM predictions in a
mostly model-independent way. In the SMEFT, the loop and heavy mass expansions of
the theory suggest a hierarchy on the Wilson coefficients (WCs). Higher-order terms in
the expansion in the UV scale of new physics (A) are generally expected to be suppressed.
Notwithstanding, effects at dimension eight, i.e. O(1/A%), can sometimes give relevant or
even the leading contributions to an observable [5-22].

Up to dimension eight, the SMEFT contribution to the amplitudes for the h — V'V
decays, with V'V = gg, vy or vZ, can schematically be written as (suppressing an overall
kinematic structure)!

T R I S S OB Y
Alh = VV] x v ~ 167T2+CVVP+167T2F10gX+CVVF 16W2FIOgK’ .

where v is the Higgs vacuum expectation value (vev) and the coefficients cgf?/, c%f‘)/ represent

combinations of SM and EFT parameters at mass dimension d. For example, cg‘)f includes
terms quadratic in the dimension-six WCs and other terms linear in the dimension-eight WCs.
The SM contribution to the decay amplitude is denoted by cﬁ/ (1672), where cg‘)/ = 0(g3y)
in terms of the SM (e.g. gauge) couplings and we factored out the known loop suppression.
In the SMEFT, there are higher-dimensional contact interactions between the Higgs and
gauge bosons, which can generate contributions to the decay amplitudes already at tree level,

such that the terms proportional to cgj"?)

do not contain a loop suppression at this stage.
The logarithms stem from the renormalization group equations (RGEs) that describe the
evolution of the WCs from the matching scale A to the electroweak scale v. This is a loop
effect, hence the explicit 1/(1672) scaling. (We have suppressed the running contribution
at dimension four, which is a two-loop effect.)

The fact that the c%?{f) terms a priori contribute at lower loop order than the SM makes it
important to understand their actual scaling by considering their UV origin. The coefficients
cgi‘)/ and cg‘)// at dimension six and eight can be determined in terms of the UV parameters
by a matching calculation at the scale of new physics. Throughout this paper, we will restrict
our analysis to UV scenarios that are weakly coupled and renormalizable, and which respect
the SM symmetries. In this case, the leading new physics contribution to h — V'V is at loop
level, because the SU(3). and U(1)gy gauge symmetries remain unbroken. In the SMEFT
parameterization (1.1), this translates to a loop suppression of the unprimed coefficients:
cgj‘)/ = O(gkgm93y/(1672)) and cgf‘)/ = O(ghgm9dn/(167%)), where the interaction with
coupling ggsm involves new heavy particles. This illustrates the more general fact that, under
the stated assumptions on the UV, some physical effects cannot be generated by tree-level
exchange of heavy states [23, 24]. Therefore, the leading order computation of c%f"/g) in terms

of the UV parameters requires a matching computation performed at the one-loop level.?

'We focus on the scaling of different terms in the amplitude because this determines the behavior of the
observable decay rate, which involves the square of the amplitude. There are no non-interference selection
rules between the SM and SMEFT amplitudes and therefore the scaling derived in eq. (1.1) will dictate the
scaling of the decay rate in a straightforward way.

2There will also be contributions from a one-loop computation in the EFT that is obtained from a tree-level
matched UV, e.g. a modified Yukawa interaction. These do not affect the conclusions on the 1/(1672) scaling
made here, but we do include their quantitative effect in the rest of this paper (see section 5).



Even though there has been an intense effort to develop tools that automatize matching
calculations at loop level [25-30], these remain more cumbersome than their tree-level
counterparts, particularly at dimension eight. They are more time consuming; the projection to
a physical basis is more involved; and the set of relevant UV models is not cataloged, in contrast
to the tree-level extensions [31]. Furthermore, dealing with spontaneously broken symmetries
in loop-level matching calculations is still an active area of research, see e.g. ref. [32].

In contrast to the non-logarithmic terms, the primed coefficients in eq. (1.1), cg/ﬁ"f)l,
can in principle receive non-vanishing contributions by a matching computation already at
tree level, together with the application of known RGEs [33-38]. This would result in the
same loop suppression as cgf"f) given the loop factor from the RGEs. If the appropriate
tree-level matching result is non-zero, this could therefore lead to a significant correction
at the same perturbative order with a logarithmic enhancement [39]. This amounts to a

tree-level effect mixing into a loop-level process.

In the SMEFT, the possibility of leading-order contributions through the RGEs — when
tree-level effects mix into loop-suppressed processes — has been studied in detail at di-
mension six. This effect was confirmed and found to be phenomenologically important in
calculations of dipole moments [7, 40, 41]. On the other hand, it was found that the Higgs
decays to gauge bosons at dimension six are not renormalized at one loop, i.e. in eq. (1.1),
c%f‘),/ = O(g3q\194p/(1672)) instead of c%%i = O(g&g\9301), such that the logarithm at dimen-
sion six is a two-loop effect [42—44]. This is also implied by the non-renormalization theorem
of ref. [45] in combination with a classification of operators according to the perturbative
order at which they can be generated by matching [46]. Even though the same arguments
extend to dimension eight, they do not exclude the renormalization of the Higgs decays
at this order. This motivates the investigation of whether the logarithmic enhancement is
realised in the SMEFT for h — V'V at dimension eight, and thereby to determine if cgg,/ in
eq. (1.1) should be included in future phenomenological analyses.

In this paper, we perform explicit tree-level matching calculations in weakly coupled
UV models consisting of heavy scalars and vectors, to demonstrate the presence or absence
of the renormalization of the h — V'V amplitudes, while highlighting its phenomenological
impact. In the limit of vanishing Yukawa and CP-violating couplings, we consider all bosonic
extensions of the SM which match onto the SMEFT and potentially generate operators
(through tree-level matching) that can renormalize the operators responsible for Higgs decays
at one loop. At dimension six, the matching results are transparent: the fact that the Higgs
decays are loop-level processes, i.e. Cga‘)/ = O(gisp920/(167%)) in eq. (1.1), and that they are
not affected by renormalization group (RG) mixing from operators which are generated at
tree level, cg}%,/ = O(giq\9an/(1672)), is implied by the vanishing result of the appropriate
WCs in the complete tree-level matching results of ref. [31].

At dimension eight, in the commonly used basis of ref. [47], our results show that the
loop-level order of c%?%, = O(giqn9an/(167%)) is encoded through intricate correlations
between multiple WCs which are individually generated by tree-level matching calculations.
Furthermore, to obtain the expected loop suppression factor in the heavy vector extensions,
an additional interaction involving the heavy fields had to be included. This “magnetic

dipole term” is necessary to ensure tree-level perturbative unitarity [39, 48, 49]. Dimension



eight is the leading order at which the SMEFT is sensitive to this interaction in tree-level
matching calculations.

To determine the scaling of cg‘),,, we supplement the RGEs of refs. [36-38] with the
obtained tree-level matching results. We show that the Higgs decays h — gg and h — vy are
not renormalized at one loop. For the h — v+ amplitude, this is a non-trival consequence
of cancellations between the RGEs of various WCs. Knowledge of such correlations and
cancellations within the EFT is important for phenomenological studies, as they motivate the
restriction to a smaller set of directions in parameter space. To expose the correlations that
are present in the matching results and the RGEs, we propose a new basis for a subset of
dimension-eight operators that describe the Higgs decays. Similarly to the SILH basis [50, 51],
the Higgs decay into two photons is parameterized by a single coefficient in this basis.
Moreover, the h — vZ decay requires only one additional parameter (at tree level) and also
the running (and mixing) of these two coefficients is made more transparent.

Remarkably, we do find that the h — vZ amplitude is logarithmically enhanced in some
of the UV models, i.e. C,(YSZ)/ = O(gisp94y)- This non-trivial renormalization of h — vZ by
potentially tree-level generated operators is the main result of this work. It is a novel effect
starting at dimension eight and it suggests that the RGEs could provide sizable corrections
to phenomenologically relevant observables.

The results presented in this paper help understanding the conditions (or UV models)
under which a logarithmic enhancement can occur in the h — vZ decay at dimension eight.
We consider both custodial SU(2);, conserving and violating UV models, and we find that
the renormalization of the h — vZ decay is correlated with custodial symmetry breaking
for pure scalar extensions of the SM. That is, 0(72/ (in eq. (1.1)) is in fact not generated by
tree-level matching when custodial symmetry is preserved in UV models with only heavy
scalars. Given the tight experimental bounds on custodial breaking, this renders the effects
of the logarithm very constrained. This is reminiscent of the fact that custodial symmetry
breaking also protects h — vZ in Composite Higgs Models [52]. However, if one includes
heavy vectors, this correlation is broken and the dimension-eight renormalization can arise in
several new physics scenarios while respecting custodial symmetry at tree level.

As precision increases in Higgs physics with the High-Luminosity program at the LHC
and at possible future colliders such as the FCC, the detailed understanding of the role of the
dimension-eight contributions becomes fundamental, particularly after the observation of the
h — ~vZ decay [3, 4]. We identify observables in which these higher-order contributions can be
relevant to disentangle possible UV scenarios in case a signal is observed by future experiments.

We start this paper by reviewing the tree-level parameterization of the Higgs decays in
the SMEFT up to dimension eight in section 2. We also discuss the non-renormalization
result of ref. [45], which implies that the Higgs decays are not renormalized at one loop and
dimension six in the SMEFT. In section 3, we introduce the set of candidate weakly coupled
UV models with heavy scalars and vectors that may result in logarithmically enhanced Higgs
decays at one loop. We also calculate their tree-level matching onto the SMEFT. These
results are combined with the RGEs from the literature in section 4 to determine whether
the Higgs decays can be renormalized at dimension eight. Upon confirming that the h — vZ
decay amplitude does indeed receive contributions from the RG mixing of tree-level generated



operators, we study the phenomenological implications of this finding in section 5. We
demonstrate that there exist UV models in which the dimension eight RGEs generate sizable
corrections, while evading bounds from custodial symmetry breaking. We then conclude in
section 6. In addition, we provide more details on the computations in four appendices.

2 Renormalization of Higgs decays in the SMEFT

In this section, we will review the relevant background material for the rest of the paper. We
will first write the Higgs decay amplitudes in terms of SMEFT parameters at tree level up
to dimension eight. The considered Higgs decays are loop-level processes in weakly coupled
renormalizable theories. We will therefore also review the general classification of SMEFT
operators that are necessarily loop-level generated, i.e. these operators are never generated in
the matching at tree level of any weakly coupled renormalizable model. Such operators may
receive important contributions through the RGEs, when induced by potentially tree-level
generated operators [39]. We will review this possibility on general grounds, before focusing
on the Higgs decays in more detail in subsequent sections.

2.1 Parameterization of Higgs decays in the SMEFT

Unlike the SM, in which the leading contribution to the processes h — gg, h — v and
h — ~Z arises at loop level, the SMEFT introduces corrections to these decays at tree
level in the effective theory, which we denote by direct contributions. We focus on the
parameterization of these effects in this section. In addition, the SMEFT also contributes
indirectly, through redefinitions of the SM couplings in the broken phase, involving the WCs.
The latter only affect loop diagrams and are consequently not considered in this section. They
may however be relevant when computing the SMEFT contributions to the decay widths,
and as such we discuss these indirect effects in appendix A.

We define the bosonic sector of the SM Lagrangian as

For D — GG — LW TR B 4 D6 DG+ o~ Nglt,  (2.)
where ¢ is the Higgs doublet with mass parameter ui >0, By, and Wy, are the electroweak
gauge boson field strengths, and Gﬁu is the gluon field strength. The SMEFT operators that

contribute directly to the considered Higgs decays up to dimension eight are?

j2%

C C, C.
Lower > S PGACH + B GP W, W + =22 |62, B

C C C’
+ %wamww 10T Do + S5 |8 0lo P

(1) C(l)W C(s)W
GA GA,LLI/ + ¢ |¢|4Wa WaHv 4 ¢ ((b‘[ a¢)(¢T b¢)W5VWb,LL1/
C(}l) , C(i)

¢> B ’¢‘4BMVB;W ¢A‘Z/B ‘¢|2(¢T0_a¢)Buywamx

z'cééhw 1O )i e
+ G |0 (Do Dy )W + ¢ |62(Dyo' D) B, (2:2)

3We omit CP-odd operators involving the dual field-strength tensors. Our analysis can be extended to
include CP-odd operators without affecting the conclusions.



where the C; are the WCs. The first two lines contain dimension-six operators from the
Warsaw basis [53], and the last three lines the dimension-eight operators in Murphy’s basis [47].
Our notation for the labelling of the WCs follows these works.

Let us begin with the decay of the Higgs boson into two gluons. When the Higgs
is expanded around its vev, ¢ = (0, (h + v)/v/2)T, the operator Oy corrects the kinetic
term of the gluon. Similarly, Oyp and Ogo modify the kinetic term of the Higgs. After
field redefinitions to canonically normalize both kinetic terms, see appendix A, this effect
gets distributed over the remaining operators. In particular, it results in dimension-eight
contributions at quadratic order in the dimension-six couplings, which we denote by 6 x 6.
Separating the full tree-level amplitude into a dimension-six contribution, A [hgg] (6), and the
two different dimension-eight terms, A[hgg] (6x6) and A [hgg](g), we find

Alhgg)®
oA = G
Alhgg)©® Cyp
W = 20(725(; + (C¢D - Z) Cqua (23)
Alhggl®
AT T e

where we have stripped the amplitudes from a common factor 4(pl, py, — 7" (pg, * Pgs)),
with pg, , the momenta of the gluons. This factor corresponds to the Feynman rule of the
operator hGI‘:‘,,GAW,

LD gy hGip G = i Alhgg] = dicngg(pl Pl — 1" (Dgy * Dgs)) - (2.4)

The amplitudes in eq. (2.3) were previously obtained in ref. [54].

In order to compute the amplitudes for the decays to the electroweak gauge bosons, we
need to consider the electroweak symmetry breaking mechanism and rotate B,, and WS to
obtain the physical photon and Z boson. The extra field redefinitions and diagonalizations
to normalize the kinetic terms in the presence of the higher-dimensional operators are more
involved than with the gluonic operators. More details can be found in appendix A.

The tree-level amplitudes at dimension six and dimension eight for h — ~~y are given by

Alhy© _ 2 <C¢W 4 Con _ C¢>WB>

U/AZ g2 g/2 q'g
A h (6><6)
[1127]/\4 = (Cow — swewCowB) (QS%VCW - chWC¢WB)
+ (C¢p — swewCown) (2012/Vc¢3 - SWch¢WB)
Cyp\ A[hr1®
+ <C¢D 4 ) oJAZ (2.5)

v3 /A 2 2 2

(1) 3) 1 1)
A ® o (Cowe Chiawe Chipe Chayp
= + + — eWB
g g g9



Analogous to the Feynman rule for h — gg in eq. (2.4), for h — vy we obtain an overall
kinematic structure 4(ph, py, —n*"(p4, *py,)), With p,, , the incoming momenta of the photons,
which we suppress when writing the amplitudes above. The couplings e, g and ¢’ are the
U(1)gm, SU(2)z and U(1)y charges, respectively. In the presence of higher-dimensional
operators, we define these charges as the ones that preserve the form of the covariant
derivatives. Moreover, sy = sin by = ¢'/v/g% + ¢'%, cw = cos Oy = g/\/ g2 + ¢'* are the sine
and cosine of the weak angle. We refer to appendix A for more details on our conventions.
We note the similarity in structure in the contributions from single dimension-six and
dimension-eight WCs. The expressions in eq. (2.5) agree with ref. [55].

Suppressing the common factor of 2(p’§pz — (pz - py)n"), with p, 7 being the 4-momenta
of the photon and of the Z boson, the results for h — vZ read

AZ) D g —g? A (Cqu - C¢B>

v/A2 - g’g v/A2 92 9/2
A [h’YZ](GXG) 2 2 Cop\ A [hyZ] (©)
7,03/A4 = 2$2W (C¢W — C¢B> + <C¢D - 4 ) ’U/A2

— CQWc¢WB [(25%}[/ + 1)C¢W + (2612/1/ + 1)C¢B — SQWC¢WB:| , (2.6)

(1) (3) (1)
Ay Z)® g2 — g Alhyy])® v ad (C w2 + Cgayy C¢432>

BIAE T gg  u3/Ad e 2
1) (1)
99 [ Cppipe Cwgipe
LT 2

where we used the short-hand notation sop = sin 20y, coy = cos 20y,. Compared to the
case of h — ~yv, the amplitude A [hyZ] (®) receives contributions from an additional operator
class, X$*D? where X corresponds to a field-strength tensor and D to a covariant derivative.
Equation (2.6) agrees with ref. [56].

2.2 Tree- and loop-level generated operators and their RG mixing

In this section, we review the arguments that can be used to obtain information on the
perturbative origin of the WCs and their RG mixing structure, with particular interest in the
operators discussed in the previous section, responsible for the decays of the Higgs. To this
end, our starting assumption is that the UV completion is a weakly coupled renormalizable
theory. In this case, in a chosen basis, some operators are not generated by any tree-level
matching calculation, simply because there exist no contributing diagrams. For this reason
they are called “loop-level generated operators” (LLOs) [23, 24]. In contrast, we will call
operators for which this cannot be argued on general grounds “potentially tree-level generated
operators” (TLOs). Given the loop suppression, TLOs are expected to give the leading
contribution to observables when present in their parameterization.

The classification of EFT effects as loop-level generated happens most transparently at
the amplitude level. For this reason, it is convenient to choose a basis in which all operators
have a direct correspondence to amplitudes with the same field content. This is for instance



not the case in the SILH basis [50, 51], where for example the operator (iqﬁTD,,qﬁaﬂB/“’ + h.c.)

does not contribute to the ¢!¢B amplitude at tree level, but only to amplitudes with more
external particles. In the Warsaw basis [53] and the dimension-eight basis of ref. [47], such
operators are replaced by operators with more fields. In these bases, the classification of an
amplitude as occurring only at loop level directly translates to a statement at the level of
operators with the same field content. We will therefore work in these bases unless otherwise
stated. We emphasize, however, that statements about amplitudes are basis independent.

Within these bases, the general argument for the perturbative origin of the WCs is that
there only exist tree-level diagrams in renormalizable UV models to generate operators with
at least four particles that are not SM gauge bosons, i.e. Higgs bosons or fermions. External
Higgs bosons or fermions are necessary because SM gauge bosons couple diagonally to heavy
BSM particles, as the SMEFT assumes the SM gauge symmetries to be unbroken. We thus
classify operators of refs. [47, 53] that do not have four Higgs boson or fermions fields as
necessarily loop-level generated. Without further information, any other operator could be
considered to be potentially tree-level generated. However, as we will discuss below, this
classification can be further refined.

Besides classifying operators according to their potential perturbative origin, for LLOs it
is important to account for RG mixing from TLOs, because such contributions may come with
the same loop suppression (but with a further logarithmic enhancement). Prime examples
are the electric or magnetic dipole moments of light fermions. Corrections to the dipole
moments in the dimension-six SMEFT come from LLOs. However, explicit computation
of the dimension-six RGEs has shown that TLOs induce the dipole operators through
renormalization. References [7, 40, 41] showed that this effect is important and should be
taken into account when studying possible heavy scenarios behind a BSM contribution to
the anomalous magnetic moment of the muon. Therefore, knowledge of the structure of the
anomalous dimension matrix of an EFT is a crucial ingredient when classifying operators
as TLOs and LLOs.

For the study of Higgs decays, following the parameterization introduced in section 2.1,
we will investigate whether the operators appearing in egs. (2.3)—(2.6) can be generated at
tree level and how they mix in their RGEs. The relevant operator classes are X2¢? and ¢*D?
at dimension six (where operators in the ¢*D? class only contribute after multiplication with
an operator of the form X2¢?), and X2¢* and X¢*D? at dimension eight.

2.2.1 Dimension six

All operator classes of the Warsaw basis are listed in figure 1 — which reproduces the results
from refs. [45, 46] — with color-coding to distinguish TLOs from LLOs. Even though the
classification of TLOs is not definitive (potentially tree-level generated operators could in
fact be loop-level generated) it was explicitly found that all TLOs at dimension six can be
generated with independent coefficients at tree level [31]. This means that this classification
cannot be further refined (without making more restrictive assumptions on the UV).

The operators (O) in figure 1 are also separated according to their so-called holomorphic
weights, w(0O), and anti-holomorphic weights, wW(0©). These weights were introduced in
ref. [45] because they determine part of the renormalization structure within EFTs, as we will
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Figure 1. Operator classes in the Warsaw basis of the SMEFT at dimension six, distributed according
to their holomorphic weights. Following ref. [45], the arrows indicate the direction in which one-loop
RG mixing is possible. That is, operators do not mix into other operators that are on their left or
below them in the diagram. The operators in red can be tree-level generated, while LLOs are written
in black. The shaded area contains all operator classes which could potentially mix into the Higgs
decays, captured by the operator classes F2¢? and F2¢?.

discuss below. The (anti-)holomorphic weight of a tree-level amplitude with an insertion of
an operator (Ap) is defined as the number of external particles, n(.Ap), minus (plus) the sum
over helicities of the external states of that amplitude, h(Ap). The weight of an operator
itself is in turn defined by minimizing over the weights of all (non-zero) tree-level amplitudes
that may result from the insertion of that operator. Schematically,

min(w(Ap)) = min(n(Ao) — h(Ao)) ,

min(w(Ap)) = min(n(Ao) + h(Ao)) . (2.7)
For this reason, we write the operators in terms of fields that generate SM states of definite
helicity. For example, field-strength tensors X are decomposed into F' with helicity +1 and F'
with helicity —1. These definitions can be applied in basis-independent way. In the Warsaw
basis, the amplitude with minimal weight has the external particle content corresponding to
the term in O with the smallest number of fields (when expanding the covariant derivatives
and field strength tensors). For example, the holomorphic weight of the operators in the
¢*D? class is w(¢*D?) = 4 — 0.

Following the introduction of the weights in eq. (2.7), ref. [45] formulated a non-
renormalization theorem based on generalized unitarity which fully explains the near absence
of TLOs mixing into LLOs in the SMEFT at mass dimension six, while leaving room for
the single exception to this rule — see refs. [42, 43, 45, 57-59] for other studies of the
renormalization structure of the SMEFT.
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Figure 2. Subset of dimension-eight operators in the SMEFT with exactly four Higgs fields and
without fermions, distributed according to their holomorphic weights [45]. The shaded area contains all
bosonic operator classes which could potentially mix into the Higgs decays, captured by the operator
classes F2¢*, F2¢*, F¢*D?, and F¢*D?. This figure should be contrasted to figure 1 at dimension
six, in which all operator classes that can renormalize the Higgs decays are loop-level generated. A
complete classification of all operator classes at dimension eight can be found in refs. [46, 47].

The one-loop RGEs of the WCs, C; associated to the operators O;, are described by
the anomalous dimension matrix ~:

dd;
1672 p——
67T'ud,u

= 7;Cj, (2.8)
J

where p is the renormalization scale and we omitted higher-order terms in the WCs.* The
non-renormalization theorem of ref. [45] is given by®

vij =0 if w((’)l) < w((’)j) or w(0;) < w(Oj) . (2.9)

In terms of figure 1, this implies that operators cannot renormalize those from classes that
appear on their left or below them [45]. Since F2¢? (F2¢?) is not renormalized at one loop by
P ($4) simply because no candidate Feynman diagrams exist, it follows that the operators
contributing to the relevant Higgs decays at dimension six — see egs. (2.3), (2.5) and (2.6)
— are not renormalized by TLOs. The only mixing of a TLO into an LLO allowed by the
non-renormalization theorem is 1% mixing into F?¢ (and similarly Y* into F @Q(ﬁ) This
possibility is in fact realized in the SMEFT, as was verified in the renormalization of the
dipole operators by the four-fermion operators Ojeq, and Oguqd [34].

2.2.2 Dimension eight

The TLO/LLO classification and the non-renormalization theorem of ref. [45] are general and
also apply to the SMEFT at dimension eight, which was explicitly considered in refs. [46, 47].
First, assuming the basis of ref. [47], operators can be classified as necessarily generated at

4Terms in the RGEs at non-linear orders in the Wilson coefficients also exhibit remarkable patterns of
zeros, some of which are captured by the non-renomalization theorem of ref. [60].

S5Reference [45] identified one counterexample to this rule, which occurs for so-called exceptional amplitudes
in the SM with w(Asy) = 2. This results in mixing between the operator classes ¥?¢° « ¥?¢* and
Pt > P2p? < * and does not affect the conclusions on the mixing of TLOs into LLOs in this section.
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loop level unless they have four fields that are Higgs bosons or fermions [46]. Second, as
opposed to dimension six, the non-renormalization result of eq. (2.9) now allows for several
cases of TLOs mixing into LLOs. Explicit results have confirmed this richer structure of TLOs
mixing with LLOs at dimension eight. For example, ¢*D* mixes into FF$?D?, and ¢1)¢2D?
induces FF¢>D? [38]. It is also interesting to note that ¢*D* mixes into the dimension-six
LLOs of the class X?¢?, with terms proportional to the Higgs mass parameter ,ué [38].

In figure 2 we show the weight diagram for the operators relevant to the Higgs decays
at dimension eight. These operators are classified as potentially tree-level generated and
they can receive mixing contributions from other TLOs. However, it should be emphasized
again that the minimal requirement for the tree-level generation of some operators, namely
the presence of four Higgs or fermion fields, is a necessary, but insufficient condition for an
operator to be generated at tree level. Indeed, in any renormalizable weakly coupled UV
theory, the Higgs decays to two gluons, to two photons, or to one photon and one Z boson can
only arise at loop level, because of the unbroken SU(3). x U(1)gym gauge symmetries. This
implies that operators which contribute to these Higgs decays (through tree-level diagrams
in the EFT) must be generated in a correlated way by tree-level matching, such that their
combined contribution to the amplitude cancels. In other words, the classification of the
parameter space of TLOs can be further refined by identifying loop-level generated directions,
corresponding to linear combinations of the Wilson coefficients (in a generic basis).

In the remainder of this paper, we will make the TLO/LLO classification of the operators
related to the Higgs decays more precise, following explicit matching calculations in section 3.
The next step is then to explore whether TLOs can mix into the LLOs responsible for these
Higgs decays. The study of the RGE mixing structure among these operators focusing on
TLOs mixing into LLOs will be performed in section 4.

3 Tree-level matching results

The amplitudes in egs. (2.3), (2.5) and (2.6) were derived from a bottom-up approach,
i.e. starting from the most general EFT Lagrangian without any considerations on the
UV. As was noted in section 2.2, gauge invariance in any underlying weakly coupled
UV completion implies that the combinations of WCs related to h — gg, h — vy and
h — vZ in eqs. (2.3), (2.5) and (2.6) vanish at tree level. For all considered decays, .A®)
and A% are loop-level generated because they are proportional to WCs in the X?2¢?
class. In contrast, the dimension-eight amplitudes A®) depend on operators from potentially
tree-level generated classes.

For the decay into two gluons, A[hgg}(B) depends only on C (1) . The fact that h — gg is

¢4G2 .
a loop-level process thus leads to the conclusion that Céi)GQ is itself loop-level generated. This
also follows from the fact that any heavy field linearly coupled to two Higgs fields cannot be
charged under SU(3).. It is therefore impossible to attach gluons to a diagram representing the
exchange of said heavy particle, which implies that Cé)i)m cannot be generated at tree level.
In contrast, the Higgs decays to photons or to a photon and a Z boson depend on multiple
WCs. Considered separately, these WCs can each potentially be generated at tree level.

However, there should exist correlations between them such that A[hyy]® = A[hyZ]®) =0
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at tree level. To make these correlations manifest, we analyse all relevant (CP-even) UV
models which generate operators in the classes ¢*D* X¢*D? and X2¢? at tree level. In
particular, we consider UV models with a single additional heavy particle in the following
representations of the SU(3). x SU(2); x U(1)y gauge group:°

« a real singlet scalar S ~ (1,1,0);

a real SU(2)y, triplet scalar = ~ (1,3,0);

a complex SU(2), triplet scalar =1 ~ (1,3,1);

o a real Abelian vector boson B ~ (1,1,0);

a complex SU(2)y, singlet vector boson By ~ (1,1,1);

a real SU(2)y, triplet vector boson W ~ (1,3,0);

« and a complex SU(2)y, triplet vector boson Wy ~ (1,3,1).

Particles with higher representations of SU(2);, cannot couple to just two Higgs doublets,
since only singlet and triplet currents of SU(2); can be constructed with two Higgs fields.
We also do not consider the complex scalar singlet S; ~ (1,1,1), because the interaction
with two Higgs fields vanishes, S¢lioa¢* = 0. For these reasons, the above list considers all
possible UV models that potentially generate the relevant classes of operators at tree level.
The Lagrangians for these UV models are listed in appendix B, where we restrict to real
couplings between the heavy particles and two Higgs fields. Moreover, we do not include
other potential terms for the new scalar particles, such as S2, $252 or S%, because these do
not affect the tree-level matching conditions of the relevant operators.

In the heavy scalar extensions we will assume that the new scalar potential does not
introduce extra sources of electroweak symmetry breaking (EWSB), so that the matching
can be performed to the SMEFT instead of the more general Higgs Effective Field Theory
(HEFT) [61]. When considering massive vectors, amplitudes involving these new particles
grow with energy, breaking tree-level perturbative unitarity. This growth with energy is
controlled if the heavy vector is a gauge boson from a spontaneously broken symmetry, once
one includes the Higgs mechanism responsible for the heavy mass generation. However, we
will remain agnostic about the origin of the massive vector. The kinetic terms for these
fields can be written as

1
L5 > 5 (0,B,0°B" — 0,B,0"B” + MB,B")
s, > DuB|"D,BY — DB, D"BY + M*B] B}, (3.1)
: .
Ly > 5 (DD WH = D, DEW” + MWW

B, D DWW DWW — D WIEDRWYE + MPWEWE |

5We do not consider models with two or more BSM particles, because tree-level contributions to the
considered operators result from the exchange of a single heavy field. For theories with multiple heavy fields,
for example be relevant in UV complete models with heavy vectors, the contributions from each particle in
the single-field results can be summed.
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where M is the mass parameter. Out of the four models above, the Abelian SM-singlet vector
B is a special case. Using the Stueckelberg approach [62, 63], one can show that this model
is renormalizable despite the mass term [64, 65]. For the remaining three models, which
all involve vectors charged under the SM gauge group, the Stueckelberg approach cannot
account for their mass in a renormalizable theory.

For these charged vectors an extra gauge-invariant term should also be included [39,
48, 49]:

L, D —ig ks, B"BYB,,

(3.2)

1
Ly D =5 g hw eCWHWWE

L, D —ig kw1 WL B — gy, o e WOWE, e,

where we introduced the coefficients kg, kyy, kw1, kw, 2. In order to respect tree-level
unitarity, these coefficients need to be fixed to one. Indeed, it can be explicitly verified
that this is necessary to cancel the quadratic energy growth in the scattering processes
XX — XX, where X denotes the SM massless gauge bosons and X the heavy vectors. Note
that one cannot expect a Higgs mechanism to control the energy growth in this amplitude
since that Higgs would not couple to the massless (unbroken) gauge bosons. However, a Higgs
mechanism underlying the mass generation of X would be necessary to tame the quadratic
energy growth in a XX — XX. Furthermore, a quartic term for the heavy vector would be
needed to cancel the quartic energy growth. All of this discussion is analogous to the form of
the low energy interactions in the SM, when X is taken to be the charged W* and X the
photon. Vertices such as (3.2) for the W boson are generated through EWSB. We do not
include either the Higgs mechanism or the quartic term in the considered UV models, because
they do not affect our calculations. The latter cannot contribute in tree-level matching while
the former could in principle be accounted for by the single-field scalar models we include.

In addition to the argument based on perturbative unitarity, ref. [39] proved in a purely
algebraic way that ky = 1 for massive vector fields in theories with spontaneously broken
symmetries, regardless of the details of symmetry breaking. Other arguments based on
perturbative renormalizability have also been put forward in the context of QCD, to predict
k, =1 in the coupling of the p-meson to the photon [66-68]. Furthermore, the result ky =1
has been observed in refs. [69, 70], where the explicit computation to the dipole moment
was performed in extensions of the SM with heavy vectors. There, only when ky was unity
would a divergence for the dipole process, which had no counterterm to absorb it, vanish.
From yet another perspective, the choice ky = 1 coincides with the so-called “minimal
coupling” on-shell interaction of ref. [71]. This is defined as the amplitude that recovers the
configuration of particles with opposite helicities in the high-energy limit.

In the matching calculations we find that dimension eight is the leading order at which
the couplings kx have an impact. By keeping the ky as free parameters, we will explore the
significance of taking the limit kx = 1 in interpreting the EFT results.

We performed the tree-level off-shell matching calculation using Feynman diagrams. The
full results in the Green’s basis of refs. [28, 72, 73] have been provided in appendix B. The
results in the Warsaw basis at dimension six and Murphy’s basis at dimension eight, obtained
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through field redefinitions, are presented in table 1. We work up to dimension eight, which
translates to order k?/M® for the scalar extensions, where  is the dimensionful Higgs-scalar
coupling, and up to 1/M* in the vector boson extensions. We have not included contributions
from field redefinitions to operators with fermions. These can be reproduced from the off-shell
matching results, given in table 4. Following ref. [74], we redefine A such that any matching
contribution to |#|* is absorbed into corrections to other operators.

Matching results at dimension six for heavy scalars and vectors exist in refs. [31, 75, 76].
In addition, the real scalar singlet S [74], the real scalar triplet = [77], the complex scalar
triplet =; [78], and the real Abelian vector B [55] have previously been matched to the
SMEFT up to dimension eight. Partial results also exist for the real vector boson triplet
W [79] and the complex SU(2), singlet vector B; [80], but these do not include the interaction
of eq. (3.2) and not all EFT operators considered here. To the best of our knowledge, the
tree-level matching results of the complex vector boson triplet W, in this section are new.

Substituting our matching results from table 1 in the expressions for A[hyy]® and
A[hyZ]® (egs. (2.5) and (2.6)) sets them to zero. In the case of scalars, this follows trivially,
as the classes X¢?*D? and X?¢* are not generated. For models with heavy vectors, the
cancellation is non-trivial and arises from the correlated way in which the operators from the
relevant classes are generated. Following the previous discussion on the universal nature of the
heavy vector interactions in eq. (3.2), we remark that h — vZ is actually generated at tree
level when kyy, 1 # kw, 2, which would be consistent with gauge invariance. However, taking
into account the restriction from perturbative unitarity, kw, 1 = kw, 2 = 1, the h — vZ
amplitude is not generated at tree level. This follows from the the fact that kw, 1 = kw, 2
is the only way in which the interactions from eq. (3.2) can be written as a commutator
of covariant derivatives:

—i g WISWE, B — g e WIOWE, WHve = — Wit (D", DY] W, . (3.3)

Remarkably, we also find that W; ~ (1,3,1) does not generate any dimension-eight
operator with four Higgs fields when kyy, 1 = kw, 2 = 1, even though those at dimension six are
generated. It is relevant to mention that it was previously noted that the heavy vector-Higgs
interaction that we assume is never generated in a Yang-Mills theory in this model [81].

4 'Tree-level generated operators mixing into Higgs decays

In the previous section, we explicitly confirmed that the EFT operators associated to the Higgs
decay processes h — gg, h — vy and h — vZ are generated only at loop level. It is therefore
relevant to consider whether their one-loop running can be triggered by operators that are
generated at tree level. As discussed in section 2.2, the non-renormalization theorem of
ref. [45] does not exclude such mixing effects at dimension eight, in contrast to dimension six.

In ref. [43] an alternative argument was proposed to rule out mixing into the operators
for h — gg and h — ~7v from a TLO at dimension six. This argument is based on Higgs low-
energy theorems, which relate amplitudes with different numbers of external Higgs particles
in the limit of vanishing Higgs momentum [82-84]. Because of this limit, the low-energy
theorems of refs. [82-84] are thus unable to fully capture the effects at higher orders in p3 /M>
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or m,zl /M?, where p;, and m;, are the Higgs momentum and mass, respectively, and M is
the mass of the heavy particle inside the loop (with mj < M). Said in another way, the
argument of ref. [43] cannot be directly applied to dimension eight and beyond. We will
therefore explicitly study the RGEs of the decays in the SMEFT at dimension eight.

The SMEFT contributions to the considered Higgs decays up to dimension eight involve
the following terms:

AMEFT Ry y] = AVV]®) + ARV V)0 + ARV YV]®) | (4.1)

where VV = {gg, vy, vZ}. These amplitudes have been defined in section 2.1. We need to
consider the one-loop RG contribution to all of these terms, which can be triggered by a single

6) % 6(6); or

insertion of a dimension-six coeflicient, ¢(8); by two dimension-six coefficients, c(
by a dimension-eight coupling, ¢(®). This structure is schematically depicted in table 2, where

we only consider the renormalization triggered by potentially tree-level generated couplings.

Various entries in table 2 are zero at the orders we consider, which simplifies the analysis
below. The zeros in the first row, related to the dimension-six part of the amplitude, follow
from the arguments of the previous paragraphs (and from the explicit results of ref. [34]) for
the insertion of ¢(®) and from the explicit results of refs. [36, 37] for ¢(®) x ¢(®). The running of
A[RVV](6%6) " defined in eqs. (2.3), (2.5) and (2.6), is also not triggered by TLOs through the
insertion of ¢(® (at the one-loop order of the full expression). Insertions of ¢(®) x ¢ or ¢(®)
in A[hVV](6%6) are proportional to ui /A8, which we neglect here, because of the additional
1/A? factor.” Lastly, the dimension-eight amplitude cannot receive contributions from a
single insertion of ¢(®, based on the power counting in 1 /A. but higher order contributions

are possible and need to be studied in more detail.

In the remainder of this section, we will consider the dimension-eight RGEs calculated
in refs. [36-38] in combination with the explicit matching results to compute the non-zero
terms in table 2 and assess whether TLOs mix into the considered Higgs decay processes.
All RGEs presented in this section contain only the part triggered by potentially tree-level
generated operators. (The dimension-eight RGEs including terms that are triggered by LLOs
are computed in [85, 86].) Towards the end of the section, we translate our results to an
alternative basis that emphasizes reoccurring patterns. This basis makes the distinction
between TLOs and LLOs and their mixing structure more transparent.

4.1 h — gg

To study the renormalization of h — gg, described by the amplitudes defined in eq. (2.3),
we only need to consider double insertions of dimension-six effective couplings and single
insertions of dimension-eight ones. The former do not renormalize the amplitudes relevant
for the gluon decay according to the results of refs. [36, 37]. We are therefore left with the

"These O(ug/A®) contributions are not of the same order as the £*/A® — see table 1 — which we found in
the dimension-eight matching of scalar UV completions; in fact, once the matching conditions are considered,
the neglected O(3/A°) contributions would actually be of O(uZr/A%).
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6(6) 0(6) Xc(G) C(8)

1672 dAh—VV]©)

W 1 0 0 X
w
dA[R (6x6)
16m?p AT 100 O3 /M) O3 /A0

Table 2. Schematic depiction of the renormalization of the different contributions to h — V'V, with
VV ={gg, vv, vZ} through insertions of potentially tree-level generated Wilson coefficients. A “0”
means that there is no contribution (in explicit results [36]), whereas “()” means that the respective
contribution cannot exist on the basis of dimensional analysis. Contributions at O(u7/A°) are ignored
in our work, because they correspond to higher-order effects. Finally, entries labeled with a “x” will
be the ones under scrutiny in sections 4.1, 4.2 and 4.3.

dimension-eight induced RGEs, which read [38]

1672 (A[hgg]) _ e (47 — 3¢ — 99 — 1497 + 48)) C1)
d,u US/A4 v2 #*G2 ¢ s PLG2
i } i
+ 295 (Tr [l Ya + Y Cragn + ChugnYu + YiCoue]) -
(4.2)

where g5 is the gauge coupling of SU(3)., 74 = Tr[3Y, Y, + 3Y, YdT + Y, Y]], where Y, 4.
are the SM Yukawa couplings of the up, down and electron fields, respectively (we follow
the convention of ref. [36]) and Cyqes are the WCs of dimension-eight dipole operators
Opaer = GouTAY® (¢1¢) GAH, with v® = ud or d¢, where ¢ = io?¢*. Note that
the first term in eq. (4.2), proportional to ,u?b, corresponds to the renormalization of the
dimension-six part of the amplitude, A©®), triggered by a dimension-eight coefficient.

With eq. (4.2), one can now explore whether TLOs mix into this loop-level process.
Equation (4.2) receives contributions from C(;}L)G2 and Cgyie3- We have previously argued
that the former is a loop-level generated coefficient, because the Higgs decay to two gluons
is a loop-level process. We also argue that the dimension-eight dipole operators are loop-
level generated, like their dimension-six counterparts, thereby refining the classification of
refs. [46, 47]. The reason is that a contribution to the dipole moment of light fermions cannot
exist at tree level in any weakly coupled renormalizable theory, and C,,q¢s is the only operator
that contributes to the dipole kinematic structure at tree level (in the basis of ref. [47]) —
see for example ref. [87] for the matching conditions to the low-energy EFT dipole operator.
We therefore conclude that the running of h — gg is not affected at one loop by TLOs.

Another perspective on the fact that A — gg does not run at one loop in the EFT comes
from explicit full-theory calculations in generic UV extensions. For example, the amplitudes
of ref. [83] are free of logarithms in the heavy mass expansion, regardless of the SM extension.
This implies that the mixing of tree-level generated operators into the loop-level h — gg
decay will be absent at one loop at all mass dimensions.

To illustrate that the dipole operators are not generated at tree level, we work out
a concrete matching example. We consider a toy UV model with two vector-like quarks
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(VLQs), Qu and @, with the same quantum numbers as the right-handed singlet up-quark
(u) and the quark doublet (q), respectively. The Lagrangian we consider has the following
extra interactions,

Lsmyviq D (yQufiJ) Qu + Y0, Qq DU + Y0q@uQq ¢ Qu + h-C-) ; (4.3)

where we consider degenerate masses for simplicity. We matched this model to the SMEFT
up to dimension eight at tree level using Matchete [29]. This simple extension is instructive
because it generates a tree-level Feynmann diagram with the same external fields as the dipole
operator. However, once we project the results from Matchete into Murphy’s basis [47], we
observe that the contribution to Cgyaes cancels.

To see this cancellation more explicitly, we can start from the result from Matchete,

VLQ Loy -7 «
ZSMEFT O Miéw Dug¢ (29Qquun + Yquq> Dfu

0 (4.4)

+ 4
Mg

167 ¢ <2yQu?JZ)un + Yquq) oG u,

where we ignored other operators not relevant for the discussion. Projecting the first operator
to Murphy’s basis involves using integration by parts,

_ 1 _ _

(6P Dug oD u = 3 (|6 D*qdu+ |6’ oD%) +--- (4.5)
where the ellipsis denotes irrelevant operators with derivatives on the Higgs fields. The dipole
operators can then be obtained using the identity Dy = ]D2¢ + 950" G4 (ignoring other
gauge bosons). It thus follows that the tree-level contribution to C,yqes is cancelled in this

example. Said in another way, the combination of terms in eq. (4.4) does not contribute
to the on-shell three-point dipole vertex.

4.2 h — v~

Let us now turn our attention to the di-photon Higgs decay. Unlike in h — gg, a non-trivial
result for the running of this amplitude can be obtained without Yukawa couplings. We
therefore consider the limit of vanishing Yukawa couplings.® The result for the renormalization
of h — ~v is [36-38]

L6n2 <«4[hw]) _ 322 Cly N Cly B Cllwp N Cly
Md,u v3/AY ) g g? g° 99 g
oW c®) oW
+e2g2<—9 ¢42W2+3 ¢4;V2 +3 ¢4IWB
9 9 949
C(;};)Bz n %CI(/II/L)‘*DQ n §C(qu)§4D2
g/2 2 g 2 gl

8Fermionic operators do not contribute in the limit of vanishing Yukawas. The presence of fermions in the
theory does affect the RGE of the SM charges and the wavefunction renormalization of the bosonic effective
operators. These contributions are included in the RGEs of refs. [36-38] that we used. We checked, however,
that their combined effect is zero.
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() o® o
+ 2\ [ 3622 4 9g TV g9 THIWE
g? 2 q'g

+36- 22 - (4.6)

Clpe Ol 0§;4D2>

g g g ’
which includes contributions from the running of the couplings, 16m2udg’/du = 414 /6,
1672 udg/du = —19g3/6, besides that of the WCs. We note that double insertion of dimension-
six coefficients contribute to the RGEs of the individual WCs that appear in the h — ~v
amplitude, eq. (2.5), but these cancel even before imposing any matching condition on
the WCs.

Inspection of eq. (4.6) suggests that TLOs could renormalize h — 77y due to the de-
pendence on operators of the classes X2¢* and X¢*D?, which are potentially tree-level
generated. However, as we have seen in section 3, some linear combination of TLOs in these
two classes are actually LLOs. We therefore directly substitute the WCs by the corresponding
tree-level matching results in table 1, which accounts for all renormalizable and weakly
coupled UV completions that can give a non-zero tree-level contribution to fully bosonic
operators with four Higgs bosons.

The matching results are

9B, (A =395 (ks, = 1), Bi~(1,1,1)
L2 0= 2k —1), W~ (1,300 , (47

19 A= 3gM) (kw1 — 1), Wi~ (1,3,1)

2 d(-"‘“W’Y])_ 2
167Tudﬂ 71;3/A4 =e

where the tree-level matching conditions of the scalar extensions and B ~ (1,1,0) set eq. (4.6)
to zero. The scalar extensions do not generate any of the WCs in eq. (4.6), while the heavy
Abelian vector model generates them in a correlated way that sets the overall expression to
zero. For the remaining vector extensions, which are charged under the SM gauge group, the
result is proportional to (kx — 1), with ky defined in eq. (3.2). As discussed in section 3,
kx = 1 is necessary to ensure tree-level perturbative unitarity and the renormalizability
of the heavy vector theory. We also explicitly verified that the amplitude h — v with a
heavy vector inside the loop generates a divergence proportional to (kx — 1). Under our
assumptions of a weakly coupled and renormalizable theory, i.e. ky = 1, the conclusion is
therefore that TLOs do not mix into h — ~7.

Similarly to the non-renormalization of the h — gg decay amplitude, this is also implied
by the full one-loop results for the h — v+ amplitude in generic SM extensions [83], where
the heavy mass expansion does not produce any logarithmic dependence. (Reference [83]
assumes ky = 1 for the heavy vector extension.)

4.3 h—>~Z

In contrast to the previous case, the RGE of A[hvZ] (eq. (2.6)) is induced by fermionic
operators, even in the limit of vanishing Yukawa couplings. These, however, have only two
Higgs fields, which means that they are not generated at tree level in the considered UV
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scenarios with vanishing Yukawa matrices. We therefore again neglect fermionic operators
from the outset. In this case, the RGE for h — vyZ is given by

1) (3)
d .A [h"yZ] g/3g C¢4W2 C¢4W2 C¢WB C¢432
1672 — ( ) = 23 + 23 +12 — 47
dp \ v3/A% 6 9? g9° 99 g

CI(/I/)(;54D2 n L? CB¢4D2>

2 g 4 4
1) (3)
/.3 C C C
4 IT (g9 dWE g ZOWE gy ZOWE | gy ol
6 g* g? g9 q

C c
+ g9\ (72 OW? | 56— W2 79
g

2 92 9/2 g g/
d (g% —g° Al
16w p— L 4.
+ 67rud,u< 79 1)5//\4) (4.8)

The running of h — vZ receives contributions from WCs of the ¢*D?* class, which can
be generated at tree level, for example by scalar extensions of the SM. The relevant linear
combination responsible for the h — vZ renormalization is C’;}l) — C’éi), which is non-zero for
the two SU(2)r, triplet scalar models considered; no cancellation happens with contributions
from other operators, as the classes X¢?D? or X2¢* are not generated in these models
(see table 1). As for the heavy vectors, we observe that for ky = 1, By and W also give

a non-zero result to eq. (4.8),

3 K2 —_
51\7:2’ = (1,3,0)
K2 _
Lon2y L (ADVZN _ s -3, E1~(1,3,1), 10
T o ) 797 (49)
1931’ By ~ (17 1, 1)? k[ﬁ =1,
_gg]/\h W~ (1a370)7 kw =1

This result proves through explicit calculation that TLOs can mix into the decay h — vZ.

We will explore this effect in more detail in section 5, where we reproduce the loga-
rithm in a full-theory calculation (with the real scalar triplet UV model, =) and study its
phenomenological impact.

4.4 An alternative operator basis

The above results have been presented in terms of the basis in eq. (2.2). We are, however,
interested in the specific linear combinations of Wilson coefficients that contribute to the
h — vy and h — «vZ processes. In addition, all weakly coupled UV models generate the

—8c\),, = —8cY)

EFT operators in a correlated way, namely CI(/II,) = —C](qu)% D2 = W2t B2gt-

¢4D2
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Scalar extensions Vector extensions
S = =h B By WH \4%%
(1,1,0) | (1,3,0) | (1,3,1) | (1,1,0) | (1,1,1) (1,3,0) (1,3,1)
ol 4 —2 2 1/2
o 8 2 1/2
o) 2 —2 —2 -1
Chyy
Chyz 35 (kw2 — kwy 1)
C3 ske, =1 | glkw —1) | g5lkwya — 1)
Cy 0 3 (kw2 — 1)
Cs 1(1—ks) | 5(1—kw)
Crro 3 1 —3/16

Table 3. The same as table 1, restricted to dimension-eight operators with exactly four Higgs fields.
The operators with field-strength tensors have been translated to the basis defined in egs. (4.10)
and (4.14), which makes the correlations in the matching results more transparent. In particular, it
manifests that there is only one tree-level generated operator with field strengths when the UV is
renormalizable (kx = 1). We suppressed an overall factor of x?/M® for the scalar extensions and
g% /M* for the vector extensions.

make this more transparent, we consider a change of basis of the dimension-eight operators
with field-strength tensors, defined through the following full-rank matrix,

o\ (55 15 0 0 ) [ HC
Cuoz | |53 0 <54 & || 2w
S R | (a.10)
Cy 01 0 0 0 0 5,
Cs 00 0 0 & 4 %c%w
Ctro 00 0 0 & —& ;0&2}4[,2

The first two operators in this basis are more directly related to the physical decay
channels, such that only one or two EF'T parameters will be constrained from these observables.
The dimension-eight amplitudes of eq. (2.6) are

Ar®

TS~ 2 O

Ah~21®) 2 2

W = 2¢* % Chyy +29'9Chyz - (4.11)
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Furthermore, all couplings but Cr,o have been chosen such that they are not generated at
tree level in any of the considered UV models (for kz, = kyw = kw, 1 = kw2 = 1). We
present the matching results in the new basis in table 3 and figure 3. Finally, C5 has been
chosen as the only linear combination of Wilson coefficients that mixes into Cj,, (besides
Chyy itself). The RGE of A[hy7] (4.6) can thus be rewritten as

1672 d (A[hw]

2
4 >:—6e2g' Chry—6€%g% (3Chnny +203) +8¢* A (9Chy, +C3) . (4.12)

This provides an alternative perspective on the fact that Cj is loop-level generated (for
kg, = kw = kw, 1 = kw, 2 = 1), besides our explicit matching results.
The RGE of A[hyZ] (4.8) becomes

d A[h’yZ] 3 (1) 3 (2)
2 /3
167 ]M< w3 AL )—99 <GCTLO+BC¢)4 _801’4>

61 1
+g’g3 <4Chfw— 3C}WZ_403+1204+605> +16g’g)\ (QC;WZ —Cy)

/3 35 1 ) 5 d <929'2 A[h’y’y])
4 29 - 1 “
+g g( Chyy+ 3 Chyz 605 + 167 Mdlﬁ g9 wA )

(4.13)

where the second and third lines are necessarily two-loop effects when the EFT is related to
any weakly coupled renormalizable UV theory. Note that even though Crr0, Céi) and C(;i)
are generated by B ~ (1,1,0), their effect cancels and no running contribution to A[hvyZ]
is generated in this model from TLOs. One can also understand this from the full model
perspective, since B is a singlet.

Besides the mixing of TLOs into A[hvyZ], we computed explicitly that Cs3, Cy, C5 in
eq. (4.10) also receive RG mixing contributions from tree-level generated parameters. That is,
all LLOs (in this subset of operators) except the operator associated to C},~ are renormalized
by TLOs. The tree-level generated coefficient C'rr,o is renormalized by TLOs and Cs. This is
consistent with the classification in figure 3, which portrays the non-renormalization result of
ref. [45]. Remarkably, mixing at quadratic order in the dimension-six (potentially) tree-level
generated WCs does not affect any of the loop-level generated parameters in figure 3. In
contrast, Ctro and the ¢*D* operators do have such terms in their RGEs.

In terms of operators, the redefinition of eq. (4.10) implies that the dimension-eight
part of eq. (2.2) is rewritten as

Cy, 2 Chyz 2
ZLsmEFT D AZA{ (9202)14)‘,{,2 +4 (9;14)32)—1- Ajl (92(9;14)‘/1,2—9’ Oé?Bz) (4.14)

_4% (1) (of [D,,D,][D",D"]¢) — 4% (¢f [D,.,D,)] 6)(¢ [D", D¥] ¢)
—4 % ((6'0)(6" Dy, D] [D¥, D¥)6)+2(616) (D, [DF, D¥) D, )
+2i Cj’l;];O ((¢T¢) (¢T(gWW_g/BW) [D*,D"] ) +4(o'9) (DM¢T(9WHV_91BMU>DV¢)> 7

— a a
where Wy, = Wi, o
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8 T Ch'y'yach'yZ ,C3,Cy O Loop-level generated
I—) O  Potentially tree-level generated

6 — C5, CTLO RG mixing
w
4 - ¢*D* (x3) C5,C1.0  Chyys Chyz,C3,Cy
| | |
| | |
4 6 8
w

Figure 3. The same as figure 2, for the specific operator basis defined in eq. (4.10) and (4.14). The
operators in red are tree-level generated, while LLOs are written in black. There are three operators
in the ¢*D?* class, which can all be generated at tree level.

5 A top-down look at h —+ ~vZ

Having studied the Higgs decays from the EFT perspective, we now analyse in more depth
specific UV scenarios which can generate the logarithmic contribution at dimension eight.
This is particularly relevant because evidence for h — vZ has been found by ATLAS and
CMS [3, 4]. Regardless of whether a BSM signal is found, or the SM proves to be enough to
describe this process, important bounds for heavy physics scenarios can be achieved through
the SMEFT parameterization, making it imperative to understand the effect of higher-order
terms in these processes. We will therefore study if these contributions can be quantitatively
important and if they should be taken into account in phenomenological studies.

We begin this section by computing the amplitude for h — vZ in the UV model with
a neutral SU(2)y, triplet scalar and we perform the heavy mass expansion to relate to the
EFT results. In section 5.2, we make the connection between the logarithmic enhancement of
the h — vZ decay at dimension eight and custodial symmetry breaking in scalar extensions
of the SM. We point out that this correlation is broken in UV models with heavy vector
bosons. Finally, we extend the analysis from amplitudes to observables in section 5.3, and
we conclude that there exist observables in which the renormalization of the h — vZ decay
has a significant impact.

5.1 A UV theory calculation of h - ~vZ

Let us consider the SM extended by an SU(2)y, triplet scalar = with zero hypercharge, which
we matched to the SMEFT in section 3. The Lagrangian for = is introduced in eq. (B.2),
which we also state here for clarity:

1 1
L= 3 D,E*DFE — 5M?EaEa — k2E%T 0% . (5.1)
The scalar potential is chosen such that no extra sources of EWSB are present and the model
can be projected onto the SMEFT, as studied in detail in ref. [61]. The analysis of more
general cases when this restriction is lifted would require matching onto HEFT.
After EWSB, both the Higgs and the triplet acquire a vev and will therefore mix due

to the interaction term proportional to xz. The mixing between neutral (charged) scalars
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Figure 4. Feynman diagrams relevant to the computation of Ap scatar (8) and Ag mixea (b) in
egs. (5.3, 5.4). Diagrams that contribute only to the Lorentz structure n** have been omitted, because
the full integral can be reconstructed from the Lorentz structure p%p4, see [88, 89] and appendix C.2.
Diagrams with reversed arrows should also be included.

is parametrized by the angle 6y (A4 ), and we name the physical scalars h, £ and ¢F,
corresponding to the SM-like Higgs and novel neutral and charged scalars, respectively. For
more details of EWSB in this model, we refer the reader to appendix C.

The direct contributions to the amplitude of h — vZ from loops with additional charged
scalar particles have previously been computed in [88, 90]. We split the amplitude according
to the type of diagrams that contribute,

Z-AH = iAH,scalar + iAH,mixeda (52)

where Ap scalar Only contains pure scalar £+ loops and AH mixed involves mixed loops of
scalars and W* bosons, see figure 4. The full results are reported in appendix C.2. The
subscript H is included in iAy to emphasize that we only include diagrams that have at
least one heavy particle in the loop; other contributions with only SM particles in the loop
and indirect contributions from modifications of SM parameters are not included. We come
back to the latter in section 5.3 and discuss them in more detail in appendices A and C.

In the limit that the mass of the triplet, which is given by M at leading order in x=,
is much larger than the EW scale, the amplitudes in eq. (5.2) yield

e2cot Oy [kK=\? 03 m2 + 2m? 1
ey = SO (RENT Uy my + 2, 0() 5.3
AH,scala 487T2 ( v ) M4 + 15M2 + M8 ’ ( )
M o2 ke\2 0P ) QmQZ — 5m% — 547”124/ + 54m12/v log (7]7\%‘2/)
Homixed = 16200 (v) |t 9M?
1
L0 ) (5.4)

where we have stripped off the common factor of 2(p%pt — (pz - py)n*"), with p, z being
the 4-momenta of the photon and the Z boson. In these expressions, we have omitted
terms of order O(/@‘é), which do not come with a logarithm. It is worth mentioning that
the contribution to h — 77 can be obtained by substituting the Z boson in iAg scalar by
another photon, i.e. taking myz — 0 and e? cot Oy — e2. Mixed diagrams (figure 4(b)) do
not contribute to h — =, since the electromagnetic current is diagonal in the fields.
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Figure 5. Plot of the amplitude Ag, expanded up to different orders in the triplet mass M, normalized
by the result in eq. (5.2). We emphasize that Ap contains only loop diagrams with at least one heavy
particle inside the loop, while the full amplitude is discussed in section 5.3.

When translating the results to an EFT expansion, terms proportional to xZM ~* and
kEZM~C correspond to mass dimension six and eight, respectively. The logarithm in the
expansion of Ag mixed, given by

(8) B 3g/g3 K= 2 ’U5 M2
Atios =~ 542\ ) 7 8\ 2 ) (5:5)

then follows from the tree-level matching result in eq. (4.9), setting A = M and p = myy,
while the identification of the other terms in egs. (5.3, 5.4) in an EFT computation would
require a full one-loop matching as discussed in the introduction. In the scalar triplet model,
the absence of running contributions to h — v (4.7) follows from the absence of mixed
diagrams in that case.

What remains is a quantitative measure of the importance of this logarithm. In order
to see how relevant the effect in eq. (5.5) is compared to the contribution at dimension six,
we expand the amplitude Ay as

A =AY 4 A® 4 AB0 (5.6)

where .Agl) corresponds to the EFT expansion at dimension n. We then plot this amplitude
expanded up to several different orders in figure 5, normalized by the full result without
performing the mass expansion, obtained from eqs. (C.19) and (C.24). The grey line is the
full result, which is equal to one given our normalization. The dashed orange, dotted black
and dash-dotted green curves are, respectively, the results truncated up to dimension six,
eight and ten. In solid blue we present the dimension-six piece augmented by the logarithmic
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contribution at dimension eight in eq. (5.5). The addition of the logarithm to Ag) brings the
expansion much closer to the full result, although overshooting it by a relatively small amount.

We highlight in the plot the value for which M = 1TeV with the vertical gray dashed
line. For this value of the mass, Ag) is off by approximately 24% from the full result, while
Ag) + A(I??log is only 7% larger than the full amplitude. Adding the non-logarithmic part at
dimension eight, which has the opposite sign, brings the result closer to the full theory. We
stress that, in this case, the dimension-eight contribution to the amplitude is dominated by
the logarithm, which itself corresponds to 31% of the full result (in magnitude) versus the 7%
of the non-logarithmic part. These results indicate that truncating the EFT at dimension six
might lead to inaccurate results. Besides providing already a result close to the full theory,
the further advantage of adding only the dimension eight logarithm Ag?log lies in the fact
that it is easily computed from the tree-level matching results in table 1 and the RGEs in
egs. (4.6) and (4.8). The complete contributions at dimension six and eight, on the other
hand, require a full one-loop matching calculation.

5.2 Custodial symmetry and UV patterns

An immediate concern regarding the neutral scalar triplet model introduced in the previous
section, is that the relevant coupling, k=, breaks custodial symmetry at tree level by con-
tributing to the W boson mass without affecting the Z boson mass (see eq. (C.18)), resulting
in large contributions to dp = p—1 = (C;ni‘; — 1) [91, 92].
W'z

In order to avoid bounds from custodial symmetry breaking while preserving a sizable
logarithm, we can consider more elaborate UV models. The remaining scalar extension
that can generate TLO mixing into the loop-level process h — vZ is the complex triplet,
=1 ~ (1,3,1), which also breaks custodial symmetry at tree level. This can be seen from the
matching results in table 1, where the dimension-six WC Cyp, which parameterizes deviations
of the p parameter from unity,” is generated by both of these scalar extensions. One could try
to restore custodial symmetry following the Georgi-Machacek model [93, 94], by considering
an extension with both the neutral and complex triplets such that the contribution to p
vanishes, which implies Cyp = 0 at tree level in the EFT. However, the linear combination
of dimension-eight WCs responsible for TLO mixing into LLO for the scalar extensions,
C;i) —c% (see eq. (4.8)), would equally vanish in this case. This follows from the results

in table 1, where we observe that the generation of cl _c®

by by is correlated with that of

Cyp for scalar extensions.

Alternatively to the explicit matching results, this correlation can also be understood
from the fact that in the Georgi-Machacek model, given the custodial transformations of the
introduced scalars, one cannot draw the mixed Feynman diagram in figure 4(b) — the one
responsible for the logarithmic behaviour. A mixed diagram exists in this model, akin to
figure 4(b), but only where the external scalar is the fiveplet-custodial scalar, Hj — vZ [90],
not for the process of interest with a physical Higgs. That is, couplings needed to obtain

9Custodial breaking effects will also occur at dimension eight and higher [77]. For simplicity, when
considering relations among UV couplings that would follow from custodial symmetry, we impose only that
C¢p is zero after tree-level matching, but higher order corrections to these relations will also exist.
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the diagram of figure 4(b), i.e. the vertices E*W ™2 and £TW ~h, do not exist in the Georgi-
Machacek model for the same £ and the Higgs. We remark that custodial symmetry was
also found to offer an extra suppression to the contributions to h — «Z in the context of
Composite Higgs models [52].

In order to avoid this correlation between the generation of the dimension-eight RGEs
and custodial symmetry breaking, we can consider heavy vector extensions for which this
connection is not observed. For example, from the results of eq. (4.9) and table 1, we observe
that, while B ~ (1,1,0) does not generate the TLO mixing into LLO effect, it generates Cyp
in a way that can cancel the contribution from =Z;. To achieve §p = 0 at tree level, we can
thus take a UV model with =; and B and choose their couplings in egs. (B.3) and (B.4) to
satisfy g3 = 2 (kg,/Mz,)?. This model generates a logarithmic contribution to the h — vZ
decay, while custodial bounds are expected to be respected.

Another suitable combination of fields which could achieve the logarithmic enhancement
in the h — vZ decay while respecting custodial bounds is the charged vector singlet B; ~
(1,1,1) and the neutral scalar triplet of the previous section, with the couplings fixed by
setting 9123’1 = 2(kz/Mz)?. This relation between couplings allows for the cancellation of the
contribution to Cyp at tree level. Unlike the previous example, B; ~ (1,1, 1) also induces
TLO mixing into LLO, but enforcing Cyp = 0 does not cancel this effect, because both
particles contribute to the logarithm with the same sign. We have used eq. (4.9) and table 1
to observe these patterns.

Let us finally remark that there is one remaining single-field extension capable of
generating TLO mixing into LLO: the heavy neutral triplet W ~ (1,3,0). This model is
the only one that does not generate Cyp at tree level.!9 A complete study of this heavy
vector would need a complete model [95] including the details of the spontaneous symmetry
breaking from which W obtains a mass and is therefore left for future work.

5.3 Observable RG mixing effects

Let us finally estimate the size of the contributions from dimension-eight RGEs to observables,
paying close attention to models that avoid constraints from custodial symmetry breaking. By
considering only loop diagrams that involve the heavy scalar, figure 5 pointed to the relevance
of the dimension-eight logarithmic contribution relative to the dimension-six one. However,
a different picture emerges upon including all contributions to h — vZ, in particular those
coming from tree-level generated operators which redefine SM parameters and fields. (We
exemplified the origin of such indirect effects in appendix A.) Figure 6(a) shows Rz, which
is defined as the deviation from the SM prediction of the h — vZ decay width (normalized by
the SM value). We computed 0Rz using the numerical values obtained in refs. [96, eq. 4.10]
and [55, eq. 4.16] (the former for the dimension-six piece and the latter for the tree-level
contribution from dimension-eight WCs) trading the arbitrary WCs by matching to the
neutral scalar triplet model. We find that the effect of the dimension-eight RGE is around
1% or less of the full dimension-six contribution for M= = 1TeV. Figure 6(a) emphasizes
the importance of the indirect contributions at dimension six, which follow from a tree-level

10This model could generate Cyp if one allows for complex couplings [31], but we restrict our analysis to
real couplings in this work.
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Figure 6. Evaluation of the deviations from the SM value of the h — vZ decay width (panels a and
b) and of the leading term in the expansion of the ratio introduced in eq. (5.7) (panels ¢ and d) as a
function of the heavy mass M. Panels a and ¢ show the results for the scalar triplet model, while
panels b and d are for the scalar triplet plus the charged SU(2), singlet vector in the custodial limit,
Cyp = 0 (further assumptions made during the matching calculation are explained in the text). The
dot-dashed green lines represent only the direct contributions at dimension six, resulting from X?2¢?
operators; the dashed orange lines contain all dimension six terms, including also indirect contributions
such as those arising from redefining SM parameters; the dotted red lines correspond to contribution
from the dimension-eight logarithm; the solid blue lines are the sum of all of these contributions. In
all panels we use as benchmark k= = M.

matching computation affecting the SM loop-level amplitude. These dominate over both the
dimension-eight logarithm but also over the dimension-six direct contributions (which follow
from a one-loop matching computation to the X2¢? class of operators).

One could conjure more complicated models to cancel these indirect dimension-six
effects. However, a more interesting approach is to take a step back and return to a
model-independent bottom-up approach, and consider an observable for which these indirect
contributions partially cancel. To this end, we propose the ratio between the decay width
of h - vy and h — vZ. In the SMEFT, considering again the numerical results from
refs. [55, 96], including all significant dimension-six effects up to one-loop and only the
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logarithmic part at dimension eight.!'! This gives

1+ 0R,,

STV _ 2
TRy LRy~ Rz o(5R?)

1 TeV\? - . .
—1- ( c > (0.12C4p — 0.02C,,35 + 0.049C, 5 — 0.002C5w — 0.024Cw )

4
+0.0007 (1 'f\e\/) (6CTLO + gcé? - :d?}) 1og(”X‘) +0(0R?),  (57)
where for the barred coeflicients C_’¢X we have factored out the loop factor and the corre-
sponding powers of gauge couplings, i.e. Cpx = g%Csx/(1672), with g3 = g2,.¢% g'g for
X =W, B,W B, respectively. In the second line we have already substituted the dimension-
eight WCs responsible for the direct contribution to the h — vZ decay by their RGEs,
including only the terms proportional to TLOs, following eq. (4.13); Crro is the only
potentially tree-level generated coefficient introduced in the new basis defined in eq. (4.10).

The ratio defined in eq. (5.7) is still very sensitive to custodial symmetry breaking, as
Cyp is the WC with the largest numerical pre-factor. Indeed, in figure 6(c) we show that this
ratio is not yet sensitive enough to dimension-eight effects for the = extension, with the result
still being completely dominated by the dimension-six contributions. A UV direction which
could result in a larger relative contribution of the dimension-eight logarithm corresponds to
models where custodial symmetry is preserved at tree level, which can be achieved without
canceling the dimension-eight RGE effect, as we discussed in the previous section.

Focusing on these custodial symmetric UV scenarios, we can consider a specific scenario
of the previous section, a custodial model with B; and =. We choose M = Mz = Mp,
for simplicity. Following from the tree-level and loop-level matching computations from
refs. [30, 31] — the latter only for the scalar — the dimension-six contributions to eq. (5.7)
cancel, up to C_'¢X, resulting in

1+ 0R 1 TeV\? [ k=2 1 TeV\* [ k=2 mp, 2
— T ~1-0.024 —= .004 — 1 —
T+ o0Ry, 00 () (57) oo (S57) (55) es(5) + 00m2)
(5.8)
where we used 91231 = 2(kg/M)? to obtain Cyp = 0 and have further assumed that C’¢ x =

kZ/M?. The latter assumption was made since there is no one-loop matching dictionary
for heavy vectors. We remark, however, that this assumption would be conservative in the
neutral scalar triplet model, in which the C’¢ x WCs are suppressed by an additional numerical
factor of 1/16 [30]. A complete theory behind the mass generation of the heavy vector would
be required to perform this one-loop matching.

Under the assumption of Cyx = k2 /M?, figures 6(b) and 6(d) show how much more
sensitive the new observable can be to dimension-eight effects in the custodial limit. At this

" For these estimates, we have not considered non-logarithmic one-loop contributions at dimension eight,
neither from dimension-six squared WCs [55] nor from dimension-eight coefficients. We have also neglected
dimension-six WCs which will not be generated by the considered UV extensions or which are suppressed
by Yukawa couplings (other than the top Yukawa) in their matching conditions, such as Cg¢,33. Note that
0(5722) terms can also be numerically important, especially for the C; p term, but we dropped them here
because they consist of two-loop corrections and in custodial-symmetric models which we will consider they
are suppressed.
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stage, it is reasonable to suggest that the dimension-eight contribution can provide a relevant
effect: for particles with M = 1 TeV, the dimension-eight part corresponds to & 25% of the full
result. This effect can be probed by future experiments. At the FCC, the observables R~
and 0R.z are expected to be measured with a precision of 0.33% and 0.66%, respectively [97,
table 7]. To provide an observable effect, the dimension-eight logarithm contribution must be
larger than the error associated with the measurement. From eq. (5.8), this amounts to

<’i5)2 drcc (M/1 TeV)!
M 0.004 [ log(my, /M)|’

(5.9)

where dpcc denotes the corresponding precision for the observable in eq. (5.7). Since in
ref. [97] there is no estimate for dpcc, we roughly approximate it using simple quadrature
as drpcc ~ /(0.33)2 + (0.66)2 ~ 0.74%. For the benchmark choice of kg = M, we find that
the FCC is sensitive to the logarithm up to masses M < 1TeV. Therefore, at the FCC, the
ratio proposed in eq. (5.7) will be able to probe dimension-eight effects and it can thereby

help to distinguish new physics models.

6 Conclusion

We have studied the radiative Higgs decays and their renormalization in the SMEFT,
assuming weakly coupled renormalizable UV physics. Under this assumption, the Higgs
decay amplitudes h — gg, h — vy and h — vZ are loop-level processes, which translates
to loop-suppression factors in some of the EFT parameters. At subleading order in the
EFT expansion (i.e. mass dimension eight), we concluded that the renormalization group
equations may lead to sizable — logarithmically enhanced — contributions to observables
related to the h — «vZ decay in various models. This therefore provides a promising avenue
for future more detailed phenomenological studies.

The logarithmic enhancement of h — vZ is the result of renormalization group mixing of
operators that can be generated by matching at tree level into operators responsible for the
loop-level decay amplitude. This one-loop effect is absent at any mass dimension in the other
Higgs decays (h — gg and h — 77), which follows from results in generic UV completions, as
well as for h — vZ at dimension six. We established the renormalization of h — vZ with
explicit tree-level matching calculations, supplemented by the known one-loop RGEs from the
literature. For simplicity, we worked in the absence of Yukawa couplings and CP violating
operators, and we chose heavy field extensions in which the SM gauge symmetry is not broken
in the UV, such that we can match onto the SMEFT. Under these assumptions, we considered
all bosonic weakly coupled renormalizable single-particle UV extensions in which the mixing
of tree-level generated operators into the Higgs decays could be expected. We confirmed this
effect in four of the models. Unless cancellations occur, such as in the Georgi-Machacek model,
we generically expect this effect also in multi-particle extensions whenever loop diagrams
exist with both heavy and light particles in the loop (similar to those in figure 4(b)).

Our matching conditions for the scalar extensions and the singlet vector extension in
tables 1 and 4 agree with existing results in the literature. For the charged heavy vectors,
we obtained new results by including an additional interaction — the magnetic dipole term
— between heavy vectors and gauge bosons, defined in eq. (3.2). It was found that this
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interaction plays a crucial role in the consistency of our analysis: the vanishing of the h — vZ
decay amplitude at tree level requires its coefficient (which we left free in the matching
calculations) to be fixed to the value that also respects perturbative unitarity in the full
theory. The results thus indicate that a relatively large h — vZ amplitude at low energies —
resulting from a tree-level matching contribution — could signal the breakdown of perturbative
unitarity in the UV. In addition, the non-renormalization of the h — ~v amplitude also
requires the UV (with heavy vectors) to respect tree-level perturbative unitarity. We find
that dimension eight is the leading mass dimension at which the additional interaction affects
matching calculations at tree level.

In a generic dimension-eight basis (such as the basis of ref. [47]), both the one-loop
suppression of the Higgs decays and the non-renormalization of h — ~~ are encoded through
intricate cancellations between multiple WCs that are generated in a correlated way in tree-
level matching calculations. The verification of such relations therefore constitutes a valuable
consistency check on matching calculations, operator basis transformations and the RGEs.
We made the correlations between the WCs more transparent by proposing an alternative
operator basis. This basis illuminates that there is only one CP-even tree-level generated linear
combination of WCs of all operators in the X2¢* and X ¢*D? classes. All other directions in
the parameter space correspond to loop-level processes in the UV, such as the Higgs decays.
This is consistent with, but refines the classification of ref. [46]. The improved classification
could motivate the use of a restricted set of EF'T parameters in phenomenological studies,
instead of naively constraining all WCs from a purely bottom-up approach.

With the complete set of models which result in tree-level generated operators mixing
into the h — vZ decay (disregarding the Yukawa couplings), we studied the relation between
UV symmetries and the occurance of this new renormalization effect. We observed that
for scalar extensions, the logarithmic enhancement is correlated with custodial symmetry
breaking in the UV, leading to important constraints. To break this correspondence, heavy
vector particles have to be included.

Our first study on the phenomenological impact of the renormalization of the logarithmi-
cally enhanced h — vZ amplitude motivates future research in this direction. The ratio of
observables in eq. (5.8) enhances the relative importance of the dimension-eight logarithmic
contribution to a potentially observable level. It would be useful to reconsider this quantitative
prediction in a UV model that includes the mass-generation mechanism of the heavy vector
boson B;. Furthermore, for a consistent treatment it would also be necessary to include the
non-logarithmic one-loop matching contributions from integrating out the heavy vector fields.

Finally, we have assumed the absence of CP-violating and fermionic effects. We do not
expect that these effects lead to drastically different conclusions, but it would be worthwhile
to complete our study by including all possible corrections to the Higgs decays. We leave
this, and a systematic study of the UV scenarios which could maximize the relevance of
the dimension-eight contributions for future work.
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A EFT contributions from redefining SM fields and parameters

In this appendix, we exemplify the indirect effects that result from redefinitions of SM
parameters after spontaneous symmetry breaking, due to the presence of higher-dimensional
operators. Such effects are complementary to the direct effects considered in section 2.1,
and they are relevant to the determination of the full one-loop decay rates considered in
section 5.3. In that section, we use the results from refs. [55, 96]. Moreover, the same
redefinitions also affect the coefficients of EF'T operators, leading to the terms at quadratic
order in the dimension-six WCs given in egs. (2.3), (2.5) and (2.6).

Let us consider the subset of operators in eq. (2.2) that contain two field-strength tensors
that are either By, or Wj,. The redefinitions of gluon fields and associated couplings are
considerably simpler. (We consider pure-Higgs operators, which generate a redefinition of
the Higgs field, in eq. (A.18) below.) The considered Lagrangian is

1 1
$X¢ = - ZB yB'uV - ZWEVWGHV
+ W e, e SR gpp,, ey CWE (41 ug) e
(1) ®3) Al
o (A1)

C 4112
1" Wit W+ 25 (810 ¢) (oo ) W, W
é’i)BQ 4 g C¢(>£)VVB 2/1%1 a apy
(61" By B + 257 191 (810 6) By W

+

After the Higgs takes a vev, all effective operators above contribute to the kinetic term
of the gauge bosons,

(1)
1 22}2C¢B 4C¢4B2 v
O?X(p D 1 [1 B Al BM,,B“
1 [1 2”2C¢W o' Gy $TW2 | pprL2pyl2ew
4 A2 A4 v
(A.2)

A2 A4 ¢4w2 ¢4w2
4~(1)
|V Cows | V' Ciwp w3 g
272 4NY w
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Note that the kinetic terms of W3 and W12 are corrected by effective operators in different
ways at dimension eight. The first step to go back to a canonical kinetic term, whilst preserving
the form of the covariant derivatives, is to redefine the fields and gauge couplings as

’U2 ’U4 (1) 71/2
BH‘_>BN 1—2PC¢B—FC¢4BZ B
U2 U4 1/2
g =49 [1 - 2PC¢B - 1&40‘;}1)321 5
(A.3)
5 s v? vt A @ |7
W,u — WN 1 — QEC(M/V - F(C¢4w2 + C¢4w2) 9

v v 1 3
99 [1 ~ 25 Cow — 17 (Cliya + Oéﬁwz)] ,
where we use the notation of ¢’ and ¢ for the U(1)y and SU(2); gauge couplings. Similar
redefinitions would apply for operators with gluons. After these redefinitions, the kinetic
term becomes

@ 1 (B w3 ) 1 =S BHY (A4)
> —= (B, W3, , .
oA el s 1) e
with
v? v? v? (1)

In order to diagonalize the kinetic term above we (i) perform the “usual” weak rotation
with the angles defined in terms of ¢’, g and then (i7) perform a non-orthogonal rotation
to remove the kinetic-mixing. For step (i) we the write

B, [ew —sw Au B p - J
a | wE e —, W= —— (A.6)
Wil \sw ew ) \Z, Jot e N
Therefore,
1 -8\ (B
Lxy D —— (B“” W3W> pv
4 =S 1 w;,
(A.7)
— _i (Aul/ ZMV) ]‘ - SQWS _SCQW f}uy
—Scow 1+ sawS Zyw
For step (ii) we use
1 2
A} (1S + o s? cowS (1 + 22LS) A, .
2 a Sow S2 4 2 9 4 ’ ( 8)
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and consequently

1/~ - 1-— Sgws —SCQW A“V
$X¢ D) —Z (A/“’ Z/“’) ~
—Scoww 1+ sawS ZM (Ag)
1 v 1 v
- _ZA/“/A” - ZZ/“/Z“ 5

which is finally in canonical form. The total rotation is the product of the transformations
in egs. (A.6) and (A.8):

2
By cw | 14558 + 38%82 —sw + Seyy + 2 S? (CQW - %S%W> Ay
= 9 )
Wi sw |1+ 38+ %%WSZ cw — Ssiy + Y-S (CQW + 35421W) Zy
(A.10)
After this rotation, the mass matrix becomes diagonal with eigenvalues
2
v
m% =0, m= T (9'2 + 92) [1 — SowS + 52] . (A.11)

This implies the following form of the effective coupling,
g% — (9’2 + 92) {1 — SQWs -+ 82} . (A12>

With that, we have rewritten the original Lagrangian in terms of the physical photon and
Z boson fields, A, and Z,,. Let us reemphasize that the Z boson mass receives further
contributions from operators that were not part of eq. (A.1), such as the ones considered
in eq. (A.16) below.

The transformation in eq. (A.10) modifies the structure of the covariant derivative. In
order to put it in the same form as in the SM, that is

D, DieQA, +igzZ, (T — 5%, Q), (A.13)

with @, T the U(1)gy and third SU(2), generators, we define the physical electric charge e as

2
e=c¢ (1 + SQTWS + 35§W52> : (A.14)
where ¢ = ¢'cyy = gsw. In addition, Sy is defined by
5%/[/ = S%V |:1 — S <§VV — Szw> — 282012/‘/CQW:| . (A15)
w

In addition to redefinitions that arise from canonically normalizing the gauge boson
kinetic terms, there are further indirect effects that arise from redefinitions of the Higgs field.
Let us therefore consider the operators that contain only Higgs doublets (and derivatives),

C CoD Cyno
Lo = 1510° + 716 Dol + S |elP Ol

Cys Cho Chs
+ 16 + [0l Dud Do + (6 (D, 0" DF6) (910" 9).
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After the Higgs takes a vev, ¢ = (0,v 4 h)//2, its kinetic term becomes

5V Cop ), 2
L5 (8h) { 255 [C¢D ‘ ] + A [C +c2] ¢ (A.17)
which is normalized by
- v? CCon], e

where h is the canonically normalized Higgs field. The decays h — vy and h — vZ can
then be computed by keeping terms with one Higgs in eq. (2.2) and after performing the
transformations in egs. (A.3), (A.10), (A.14) and (A.18). The result of all these steps is
given in egs. (2.5) and (2.6) up to O(1/A%).

B Weakly coupled UV models and off-shell matching results

In this appendix we list the single-particle extensions to the SM considered in section 2.1.
For each model, we integrate out the heavy particles at tree level and keep contributions up
to dimension eight. We match these results to the Green’s basis of refs. [28, 72, 73], resulting
in table 4. Afterwards, we reduce them to the physical basis in refs. [47, 53]. The matching
results in the physical basis are presented in table 1.

In the Lagrangian for each UV model, M denotes the mass of the heavy particle,
ks, kz, kz, are dimensionful couplings for scalar extensions and gz, gB,, 9w, 9w, are
dimensionless couplings in the case of vector extensions. We have assumed that all these
couplings are real. Quantum numbers are presented with respect to the SM gauge group

SU(3)C X SU(Q)L X U(l)y.
o Real scalar singlet S ~ (1,1,0)
L5 = fa So"S — M252 rgS|o. (B.1)

The SM with an additional singlet scalar field is one of the simplest extensions of the
SM, therefore being the subject of many studies. We refer the reader to refs. [98-101]
and references therein.

o Real scalar triplet = ~ (1, 3,0)
1 1
P = §DHE“D“E‘1 — §MQE”E“ — k2E%T0%. (B.2)

This model, first introduced in ref. [102], has a rich phenomenology (see for instance
refs. [74, 77, 103-118]). We study this model in more detail in section 5.3 and appendix C.

o Complex scalar triplet =; ~ (1,3,1)
L, = DB D'} - MPEE] — (k2,20010"6 + hee.), (B.3)

with ¢ = io2¢*. The complex triplet has been employed, for example, in the Georgi-
Machacek model [93, 94] and also in neutrino mass models [119].
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e Real Abelian vector B ~ (1,1,0)
g = % (auBVaVBM — 8,B,0"B" + M 2BHZS’“) + (igBB“qﬁ*Dm + h-c-) . (B4

The addition of a SM-singlet vector is a well motivated extension of the SM, for it
surges out of Abelian extensions of the SM gauge group. This class of models has a
very rich phenomenology, see for instance ref. [120] and references therein.

o Complex SU(2),, singlet vector B; ~ (1,1,1)
L, = DB}, DB} — DB, DB + M*B], Bl + (igs, B¢ Dy + h.c.)
— ig'kp, B BY B, (B.5)

This model has previously been studied in, for example, refs. [80, 97, 121] in the context
of EFTs.

o Real SU(2);, triplet vector W ~ (1,3,0)
1
Ly =5 (DuWED"WH — D WEDFW™ 4 MW
B.6)
1 (
+ (igwW610“Dyd + hec.) = Sghwe W W,

This model was previously studied in the context of the LHC in ref. [122] and in a
more general context in ref. [123]. It was also used to explain the (¢ — 2) anomaly, for
instance in ref. [70], and as a source of neutrino-less double beta decay [121].

o Complex SU(2), triplet vector W; ~ (1,3,1)
By, =D WD W — DWW DRWYe + MWW
+ (igw Wi“6'0" D, + h.c.) (B.7)
— 9wy 1€ WETWEPIE, — g B, oWV “TWYO B,

This model is much less studied in the literature compared to other models, being
mentioned in refs. [121, 122], for example. More recently, ref. [81] argued that the
coupling of W; to two Higgs fields cannot emerge from a Yang-Mills theory.

C Details on the scalar triplet model

In this appendix, we review the UV model of section 5.1 in more detail.

C.1 Mixings and diagonalization

We add to the SM particle content a SU(2), triplet of zero hypercharge, =, described by
the Lagrangian

1 1
L= ipuzapuaa — §MQE“E“ — kzE2% 0%, (C.1)
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Scalar extensions

Vector extensions

S
(1,1,0)

B B!
(17 17 1)

wH
(1,3,0)

Wi
(1,3,1)

|| 0

0 0

0

~1/2

~1/8

~1/4

~1/2

~1/4

1/2

1/2

-1

1/2

—1/2 — ky

*kW172/2

—ky /4

kW1,2/4

3/2

_k31/2

1/2

kW171/8

3/8

—1/16 — kw/8

~1/32

~1/4 1/8

~1/32

—1/2 | 1/2— kg, /4

1/8 — kyy/8

(kw1 —2)/16

/4| kg /4

3/16

(kwyq —1)/16

Table 4. Tree-level matching contributions to the SMEFT in the Green’s basis from single-particle

extensions of the SM. The higher-dimensional operators are defined in table 6. The operators denoted

by R are chosen to be removed by field redefinitions when we transform to the physical basis. We

have suppressed an overall factor of k2/M? in the results for the scalar extensions, as well as an
overall factor of g2 in the results for the vector extensions. Powers of 1/M can be reconstructed by

dimensional analysis. Empty entries are zero and operators that are omitted do not receive matching

contributions from any of the considered models.

* Any contribution to the renormalizable |¢|* operator has been negated by a redefinition of A, which
does not affect any other matching condition.
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with M? and k= dimensionful parameters. The covariant derivative is explicitly given by
D, = (9,2 — gWiEhe™) (C.2)

where we use the convention = = ¢%=® for the triplet components, that leads to following
kinetic term
ED =aphEae 1(8 :0)2 . abcwa:ba —=c + ﬁ |:(Wa)2(':b)2 _ (Wa:a)2j| (03)
g n= = T g\n= e = o=y [ = w=)]

The potential describing the dynamics of the scalars is written as
1
V(6.5) = —glel® + Mel* + neEl¢To% + 5 MPEE". (C4)

In general, both scalars can take a vev. We therefore expand the fields as

B ¢t - or+ 20 V2ET (.5)
e ) T \veE ) '
where v, vp are the vevs of ¢ and Z, respectively, and we have defined
=1 _ =2t 13- =2 _ =t = =3 _ =0 (C.6)

0

in terms of the charge eigenstates Z°, Z*. The associated tadpole equations then read

oV ) )
Sitedly g = ¥ (—1 20— nzvr) =0,
ov 1 (C.7)
“r Mo — Yrein? — 0
H=0 ¢E:0— uT 2/@;2} =0,
that are solved by
202 M? - Kl
2_ e _ kgv? _ =14
v _2M2>\—f€257 vr SYYE 2M2A—IQ2E' (CS)

We now proceed to diagonalize the mass matrices. We start with the neutral sector.
The relevant term is

1 2M0% —Kgv Reg?
V > —(Reg’ =9) ¢ , (C.9)
2 —kgv  M? =0

which is diagonalized by

c@o _590 2I€E’U
U= )y 5200 = T2 —m2 (C.10)
S6p  Chg h €0

where we use the notation s, = sin«, ¢, = cos . The physical states h, £° are defined by

Re¢? h
= U : (C.11)
EO 60
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with masses given by

1 1 4K202?
’I’)’Liéo = ()\’U2 —+ 2M2> + <)\U2 _ 2M2) \/1 —+ m (012)

Hence, h is associated to the SM-like Higgs, while &Y is the novel neutral scalar state.

The charged sector is a bit more complicated, because = enters in the definition of
the Goldstones. To determine the mass matrix, we first need to identify the gauge-fixing
Lagrangian:

2

1 2
Lyt O —7— |"W,] +igéw (”T5+ - v¢>*> + g%w |orEt — Sot| | (C.13)
Ew K 2 2

where &y is the gauge-fixing parameter for Wﬁf The mass matrix for the charged sector
then reads

k= - - 2
voer = | T ) e . e

— v
vrET — §¢+

kzv  M? =T

Notice that only a particular combination, namely vp=" — £¢T, enters in the gauge fixing,
meaning that this is the combination that plays the role of the Goldstone boson for the
charged vectors. Then, the natural choice for us is to rotate the charged states to give us
this specific combination. Thus,

G+ = 09+¢+ - 89+E+ —vur —'U/2
) Se+ - —7 CeJr -
t =50, 0" 4o, ET /U3 + (v/2)2 \/ V3 + (v/2)2

The transformation above not only selects appropriately the Goldstone, but also diagonalizes

(C.15)

the mass matrix in eq. (C.14). The complete mass matrix becomes

2
v
V D ¢*w <U% + 4) G~ GT+miete, (C.16)
with the charged mass given by
mgi = c§+M2 + 253+UT/<;E + 2cp,, 50, VK=. (C.17)

Through these rotations we can now consistently take the limit &y — 0o to go to unitary
gauge and completely decouple the Goldstone G*.

Lastly, from the kinetic term of the triplet in eq. (C.3) we obtain a contribution to the
W boson mass. Its mass written in term of the Lagrangian parameters is

2,2 2
g-v v
miy, = 1 ll +4 <UT) ] . (C.18)

The mass of the Z boson is given by the SM expression.
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Particles Feynman rule (incoming momenta)

V€T (p+)€ (p-) —ie(p— = P+)p
Z,6" (p4)€ (p-) —iecot Ow (p— — p+)u + O(kz=)
h&ere™ hete— = —89083+ K — 2¢y56, Co, (K= + 2T )
YuZy€TE 2ie? cot Ownuw + O(k=)

WE)W ()W, (=) | —ie M (P — p-)x + 10w (= — Py)p + Mur(Dy — 4 )]

h(pn) &= (pe)W,F +%(2co, 59, — 50, ¢0,) (Ph — De )
+ 1egusg
§ W;FZV n 82WJr

Table 5. Feynman rules relevant for the computation of h — «Z, to leading order in k= and in
unitary gauge.

C.2 Computation of the h — vZ amplitude

We now report the results obtained for the diagrams in figure 4, which give BSM contributions
to h — ~Z.

We summarise the relevant Feynman rules in table 5. Using them, we can easily evaluate
the diagrams in figure 4(a) with only charged scalars in the loop. The full result reads
ie?x? cot Ow Gne+e-
8m2m% (zy, — x7)?

X {\/1 —dxp f(zp) + 2z f(xn)® + % —1-V1—-dazf(xz) - iEZf(JEZ)Q},
(C.19)

i-AH,scalar =

where z; = mgi / mf and the function f is defined as

F(z) = log [1 - % (1- @)} . (C.20)

This result, though in a different notation, agrees with was what previously found in the
literature for scalar loops [88, 90, 124].

The result of the loops in figure 4(b) is more involved due to the extra mass scale in
the loop, resulting in dilogarithms. Defining

— 40 —



and using the Feynman rules from table 5, we can build the loop integrals:

; 1eqUs
Z.Allf]ljl = —2X %(269+890 — 89+090) X % X (—ie) x i3
/ Ak (pn + k) amun Mps(—a2 — @) + wp(@1 + Dy)s + s (g2 — Py),p)
(2m)* (k2 — mZ.]laf — miyllas — miy ]
_ 4284925 _ d1pq1x .29
X( 7755"— ma})( 77)\p+ m%/]/)’ ( . )
) 1eqUs
7,./4;]{]”72 = —2X %(269+890 — 89+690) X % X (—ie) X 33
d'k (g2 — Pn)anus(q1 + g2)v kokgp
X —MNap + . (C.23)
/ (2m)* (k% —miylaf — mgi][(é - mﬁi] o miy

The factor of 2 in the expressions above come from considering the same diagrams with
reversed arrows. Then, Apg mixed is given by

-AH,mixed = (A”Hljl + AHHI:Q)‘p (024)

%Yy piece’
where we select only the coefficient proportional to p%pk. As explained in refs. [88, 89], the
Ward identity and on-shell conditions enforce an overall Lorentz structure PP — (pz - py)n™.
This allows the reconstruction of the full integral from only the Lorentz structure p7p.
This is also the reason why we omitted other diagrams, which only contribute with terms
proportional to n*¥, due to the particular Lorentz structure of the interactions. The expression
obtained from eq. (C.24) agrees with previous results [88, 90].

D Table of operators

For completeness, we introduce in this appendix the notation for the operators used throughout
this work. This notation has been introduced in refs. [28, 53] for the dimension-six operators
and refs. [47, 73] for operators at dimension eight.
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Class Notation Operators Notation Operators
¢ Oys ¢
5D 0y (¢'0)*(D,e! D) o (616)(@1a'9)(Dyglo! D)
RS (67¢)2(61 D% + h.c.) RS (6'0)2 D (011D 4e)
o) (Du¢' D, ¢) (D' DHe) o (Duo' D, ¢)(D"¢T D)
oL (D¢ D,u)(D" ' Dyo) Ry D¢ D* (¢ D% + h.c.)
R D¢ Dl (¢1iD2¢ + h.c.) RS (D,u¢7) (D2t Do) + h.c.
¢*D* R (Dot ¢)(D2TiD,¢) + h.c. RS (D2¢1¢) (D2t ) + h.c.
RS (D2616)(iD%$1¢) + h.c. Ry (D261 D?)(g1¢)
RV (67 D2¢)(D¢19) Ry (Dug’0) (D6 D) + hc.
Ry (D,ot9)(DF1iD2g) + h.c.
Ofpape  i(@lo)(Drola’ DY 6)W], O\ ape  i(@lo)(Drola’ DY o)W,
O\ ape €K (@laTo)(Drola D )WL | OF)ipe 17K (dlo9)(Drolo? DY o)W
X¢ D2 | RY) . (6l DWI(Duplo’e+he) | Rihipe (616)D, W (Duoliol¢+h.e)
Rg/)¢4D2 EIJK(D/L¢TUI¢)(¢T0JDVN¢)WKMV Og354D2 1(¢f¢) (DM¢TDV¢)B/U/
O i(¢16) (D6 D ¢) By RE. 02 (616)D,B* (Dudlio + hc)
0% (¢9)2G1, G Oy (¢9)2G, A
Ol (61)2 Wy, Wi 02 (61 0)2 W1, W
X29* | Ohy  (slole)(elal o)W LW Orgs (90" 0)(0lo )WL, wr
O (¢le) (ool o)W/, Br O (810) (61 )W, B
O (¢16)? B, B O (61¢)? B B
sipz | O (¢ Do) (6 D,0) 0401 (¢'$)0(g76)
Riyp (¢'$)Dyug D¢
@° 04 ¢°

Table 6. Operator notation introduced in the matching calculations performed in the paper.
redundant operator is labeled with R, whereas a physical one has the label O.
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