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1 Introduction

The Standard Model Effective Field Theory is a robust framework to parametrise New
Physics (NP), as it extends the Standard Model (SM) with effective interactions accounting
for the experimental observations supporting physics beyond SM (BSM) [1]. These effective
interactions formed out of the SM particle content respect the gauge symmetry SU(3)c ®
SU(2)r, ® U(1)y and are suppressed by the SMEFT cut-off scale. In the presence of these
effective operators, the modifications to the observables are parameterised in terms of the
SMEFT Wilson coefficients (WCs), which encapsulate the deviations from the SM [2-9].
To analyse NP interactions via the observables defined at separated energy scales,
one needs to consistently relate WC from these scales. In the present scenario, where
the NP is apparently beyond the reach of current searches, it is sensible to assume that
the NP scale is much larger than that of the Electroweak (EW) Theory. In a generic
(top-down) EFT scenario where NP models are matched to SMEFT, the WCs of effective
operators defined at high scale encapsulate the NP interactions and scale. The WCs encode



the couplings featured by a theory defined at a certain energy level. Renormalisation
Group Equations (RGEs) are key to expressing these WCs at energies accessible to the
measurements. We construct these relations for SMEFT, and for this, we consider a finite
experimental resolution, which facilitates a truncation on the infinite tower of effective
operators suppressed by according powers of cut-off (A).

Recent studies indicate that the SMEFT truncation at order 1/A? is insufficient for
making consistent predictions in several cases. For instance, dimension-8 interactions are
leading contributors in many observables [5, 10-13]. In the weakly-coupled Ultraviolet (UV)
completions of the SMEFT, certain dimension-6 classes of operators are not generated at
tree-level [14-17]. The contribution from dimension-8 (and dimension-6 squared) effects is
significant when the SMEFT cut-off is chosen relatively low [18, 19]. Order 1/A* is also
needed in certain cases where the observables are measured so precisely that they become
sensitive to higher mass dimension operators’ effects [7, 20, 21].

These studies motivate to extend the SMEFT analysis to order 1/A* by including
dimension-8 operators effects, which is the method followed in many recent theoretical
studies [7, 13, 22-25]. Renormalisation up to order 1/A* in the SMEFT from two dimension-
6 operators [26, 27], and one dimension-8 operator [28, 29] have been studied in detail. This
paper aims to compute the renormalisation of SMEFT bosonic interactions up to dimension-
8 by including the running induced by lepton number violating operators up to dimension-7.
The effects of these dimension-5 and dimension-7 effective operators are suppressed by lepton
number violating scale. This scale is typically assumed to be very high (> O(10%) GeV) in
certain models (for instance, in Type-I seesaw: M, ~ Mp(My)~*Mp, taking Mp ~ O(1),
and M, and My are light and heavy neutrino masses respectively). However, there are
also models of neutrino mass generation which explore the possibility of lighter LNV scale,
for instance, radiative seesaw models [30, 31], neutrino texture models [32, 33], etc.! Here,
we take an agnostic approach on the LNV scale relying upon the robustness of bottom-up
approach of EFTs.

With LNV operators included in the RGEs, all the possible contributions to bosonic
operators of the SMEFT are known explicitly up to order 1/A* at 1-loop. There are
several reasons to approach this problem. For instance, the running of some operators can
provide the leading SMEFT corrections to SM predictions of observables in which loop-
induced interactions appear at leading order. Also, under certain conditions, constraints on
dimension-8 operators can reveal unique bounds on the space of LNV WCs. We discuss one
such case where the T-parameter bound is translated to LNV operators.

Dimension-8 Wilson coefficients are constrained by positivity bounds which are restric-
tions on S-matrix elements deduced from the fundamental axioms — analyticity, unitarity
and crossing symmetry on the underlying theory. [35-41]. Recently, these bounds for
the dimension-8 operators and their validity under RG running have been analysed in
detail [29, 42, 43]. Following the top-down approach, SMEFT WCs are related to model
dependent NP couplings. The RGE effects and the positivity bounds on these WCs impose

1See also ref. [34], where the possibility of observing baryon number violating processes in context of
top-quark production/decay at hadron colliders is discussed.



remarkable restrictions on the NP parameter space on a case-to-case basis. In this work, we
show unique constraints on the UV space deduced solely from the RGE computation in the
IR (SMEFT in this case) and positivity bounds. We also examine these constraints on two
BSMs — Type-I and III seesaw models — by matching them to SMEFT up to dimension-7
at tree-level, then validating the consistency of the derived constraints. Related to this,
the T-parameter impose restrictions on dimension-8 operators of the ¢%D? class. Based on
the RGE relations computed here, we deduce new restrictions on the LNVs driven by the
T-parameter constraint [44]. We comment on the complementarity of this outcome with
the one deduced from the neutrino mass. We point out that this RGE induced constraint
on LNV Wilson coefficients restrict them from arbitrary large (absolute) values which is a
flat direction in the current neutrino mass bound.

This article is arranged as follows. In section 2, we establish the relevant Lagrangian,
set the conventions used in the article, and discuss the approach we follow for computing
the renormalisation of the operators involved. In section 3, we discuss the derivation of
the divergences and RGEs and provide these at 1-loop up to order 1/A*. We point out the
global structure of the RGEs, and comment on contributions that are larger than expected
from naive dimensional analysis. In section 4, we derive constraints on LNV parameter
space using RGEs and positivity bounds for models where ¢*D?* are missing at tree-level,
and perform a case study on the seesaw models. We also discuss bounds induced from the
T-parameter to LNVs. Finally, in section 5, we summarise our findings. We tabulate all the
effective operators relevant for our analysis in the appendix A.

2 Theory and methodology
2.1 SMEFT conventions
We consider the SMEFT Lagrangian,

ov 0© o o0®
LsmerT = Lsm + (Ozgqgfj’ + h.C.) + Z Bi /{2 + ijﬁ + Z Ck Ak4 , (2.1)

where the expansion in the SMEFT cut-off scale A is truncated at order 1/A* and Qg
Bi, wj, and ¢y, represent ds, dg, d7, and dg Wilson coefficients,? respectively. The Standard
Model Lagrangian is written as:
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The covariant derivative is defined as:
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2We adopt the convention “dimension-n” as d,, for brevity.



Here, e, u and d represent the right-handed leptons, up- and down-type quarks; ¢ and ¢
represent the left-handed leptons and quarks; and B, W, and G represent the gauge fields
corresponding to U(1)y, SU(2); and SU(3)¢, with g1, g2 and g3 as their gauge couplings,
respectively. We represent the SM Higgs doublet by ¢ (Y = %), and ¢ = io2¢*, where o’s
denote the Pauli matrices (I = 1,2,3). We denote the U(1)y hypercharge by Y, and \’s
are the Gell-Mann matrices (A =1,...,8).

In the SMEFT expansion, the dg Wilson coefficients are suppressed by a power of 1/A%.
From power counting, we deduce that the running of dg at this order is triggered by the
insertions of (I) one dg [29], (IT) two dg [26], (III) one d5 and one d7, (IV) two ds and one dg
or (V) four ds Wilson coefficients. The Weinberg operator is the only operator at ds [2]. We
use physical bases for the insertions of dg [45] and d7 [46]. However, the method employed
to compute the divergences requires Green’s bases for dg [47] and dg [48] 3.

We perform the renormalisation of the dg Wilson coefficients using an off-shell scheme [48].
The rationale of this method consists in considering only diagrams that are 1-particle ir-
reducible (1PI) to generate the divergences of the Wilson coefficients (including those of
non-physical operators). In general, we do this by extending the physical basis with a set of
redundant operators spanning all the possible interactions.

We compute the off-shell 1PI diagrams to generate amplitudes, which are then captured
in the Wilson coefficients of the Green’s basis operators. The redundant operators can be
reduced to the physical subset by applying field redefinitions or the Equations of Motion
(EoMs). Consequently, we find that the contribution of the redundant operators amounts
to a shift in the definition of the Wilson coefficients of the physical operators:

h; h,
phys  phys

7 ) 1 red
R +ﬁ§k:b’“c’“ , (2.4)
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where, b, usually contains powers of the SM couplings but can also enclose SMEFT
coeflicients of lower dimension provided the mass dimension of each term in the shift is the
same. Combinations of more than one SMEFT WC appear when the EoMs for some field
are applied at a greater order in A. For dg WCs, this means that the shift of the physical
coefficients contain linear combinations of redundant dg WCs but also pairs of redundant
dg WCs. In principle we could also find contributions of ds and d7y WCs but applying the
EoMs to these operators leads only to fermionic operators, which are out of the scope of
this paper. Hence, the only redundant degrees of freedom we need to consider are those
contained in the Green’s bases for dg and ds.

The computation is feasible without introducing redundant operators, but it would
imply dealing with all connected diagrams. In contrast, the off-shell approach just adds
an extra systematical step translating the WCs from the Green’s basis to the physical
basis, and it is already worked out for bosonic interactions in ref. [48]. In practice, the
contribution from connected diagrams in the on-shell approach is indirectly taken care of
when the WC shift is applied since it contains the information given by the EoMs.

30ther choices for SMEFT dr and dg operators basis are available at [49-51].



1/AY | d} | d2 x dg ds % d7
8-Higgs | la - -
6-Higgs | - 1b le, 1i, 1c
4-Higgs | - - 1d, 1f, 1g, 1h
2-Higgs | - - -
0-Higgs | - - -

Table 1. Relevant contributions for the renormalisation of bosonic operators to order 1/A%. Rows
represent the classes of dg bosonic operators, grouped by the number of Higgs they contain. Columns
represent the possibilities for the insertion of LNV operators. A number means the contribution
is sizeable and considered in this paper in the figure corresponding to that number. A hyphen (-)
means the contribution vanishes or is out of the scope of this paper. See the text for more details.

2.2 Organizing the calculation

The main goal of this paper is to compute the contributions of all LNV operators to the
RGEs of the dg bosonic Wilson coefficients and to order 1/A*. At first, one may think of
the many possible different topologies generated by combinations of ds, dg and d7 operators
and SM couplings. Considering that the great number of operators (14-20+63) can lead
to several valid diagrams, it seems inevitable that the amplitudes for some processes get
contributions from many operators. Restricting to bosonic processes removes a significant
number of these, and -after a more exhaustive analysis- we show more valid contributions
that actually vanish, thus remarkably reducing the effort needed for the whole computation.
In table 1, we schematically show the variety of possibilities and the diagrams we are left
with. Throughout the rest of this section, we elaborate on the reasoning for which most of
these contributions vanish.

As we can see in the Lagrangian eq. (2.1), the WCs are suppressed by a power of
the energy scale A related to the mass dimension of the operator it refers to. With this
Lagrangian and to order 1/A* the following contributions need to be considered: (d?),
(d? x dg) and (ds x d7). The divergences of the bosonic dg operators with d2 and the
self-contribution of dg are available in [26] and [29], respectively, so we do not consider them
anymore. What remains is precisely the aim of this work: contributions including at least
one LNV operator. Before discussing each set of insertions individually, there are some
global remarks that apply to all cases.

A priori, we deal with insertions of ds, dg and d7 combined as dé, d% X dg and ds X d7 to
make 1PI diagrams of processes that only include bosons as external fields, as we renormalise
the bosonic dg operators. That would be the maximum number of contributions we would
have to compute, but now we argue that most of the calculations vanish, and the nonzero
combinations are but a small subset of the total amount of possibilities.

First of all, notice that the field content of the loops in the diagrams can only consist
of fermions, and not bosons. It follows from the fact that all of the LNV operators inserted



Figure 1. Contributions from all possible insertions of LNV operators to order 1/A%. Vertices in
red, and blue represent insertions of a ds, dg, and d7 operators, respectively. Dashed, solid,
and wavy lines represent scalar, fermion, and gauge boson propagators/legs, respectively.

(a) (b) ()
(d) () (f)

Figure 2. Relevant diagrams with insertions of LNV operators. Diagrams 2a and 2b vanish due to
symmetries. 2d is included in the Wilson coefficient shift. 2e and 2f are also included in the Wilson
coefficient shift, but their overall contribution vanishes after computing all the divergences. Vertices
in red, and blue represent insertions of a ds, dg, or d; operators, respectively.

include one or two pairs of fermion fields (a bispinor and its conjugate for each pair),
which generate a vertex with two or four fermionic legs. Since the operators we strive to
renormalise do not contain fermions, the fermionic legs cannot be external, thus forcing
them to be closed in a loop. This directly affects the renormalisation operators of mass
dimension lower than eight (See subsection 2.2.4).

The point made above can be exploited from a different perspective. Since fermion
lines must be closed, then the contribution of a four-fermion operator to a certain bosonic
WC would necessarily lead to a 2-loop diagram, thus being out of the scope of this analysis.
Therefore, we only need to consider operators with less than four fermions at the loop. In
particular, this means baryon and lepton number violating operators from the dg set cannot
renormalise the bosonic operators at 1-loop order.



We do not need to consider all operators for insertions, even if they meet the requirements
above. Among the different classes of dg operators we find some of them that are not
tree-level generated in the UV completions of SMEFT [15]. This means that any diagram
including these operators would effectively be loop-suppressed with respect to those that
include only tree-level generated operators. The loop-generated operators would lead to a
process of greater order in loop expansion, which we ignore for this paper.

One last general remark about the divergent diagrams is in order: there are dg operators
2)16’2’3’4)). For these to be
renormalised, we need to find a diagram with as many legs as fields. It is somewhat easy

containing more than six fields in their definition (i.e., Oy, O

to reach this number with certain insertions of operators; for example, with the Weinberg
operator and a d operator from class 1)2¢* we get six Higgs as external fields (diagram le).
One can also try reaching six or eight external legs using SM couplings like Yukawas or
gauge boson couplings. However, since we are only considering 1PI diagrams, any vertex we
add increases the number of propagators in the loop, which can render the diagram finite.
Thus, the insertion of operators is capped.

Regarding the dg Wilson coefficients, not all 89+86 physical and redundant bosonic
operators are renormalised. Recalling the Weinberg operator

OF) = eijemn (ﬁ'cgm) o, (2.5)

we see that two Higgs fields appear as external legs since the loop is formed by the fermion
lines. Thus, the insertion of ayg implies that the final diagram will have at least two Higgs
as external legs, and we ignore all those dg operators that do not include Higgs fields.
Furthermore, considering that for di and d2 x dg there are two or more insertions of the
Weinberg operator, then diagrams with these insertions do not contribute to operators with
less than four Higgs fields. It so happens that all of the d7 operators meeting the previous
properties have at least two Higgs fields as well, so the diagrams for ds x dy have at least
four Higgs external legs too. In conclusion, there are no contributions from LNV insertions
to the RGEs of operators with less than four Higgs fields, including all of the loop-generated
bosonic dg operators.

Finally, we argue why most operators featuring gauge bosons can be neglected too.
All instances containing a gluon field are not renormalised since there are no gluonic LNV
operators. The renormalisation of operators with B bosons is also heavily restricted due to
charge conservation or other symmetries.

Summing up,

e For all diagrams with insertions of LNV, there is only one loop always formed by
fermions.

e Only 2-fermion operators are inserted. In particular, this means the dg¢ LNV and
baryon number violating operators cannot renormalise the dg bosonic operators.

e Only tree-level generated dg operators are inserted.

e There is a limit to the number of Yukawa and gauge couplings that can be inserted
in a diagram before it is no longer divergent.



e Operators with less than four Higgs fields do not get any contribution to the RGEs.
This includes class X2¢?D?.

These points greatly reduce the scenarios of possible insertions to the computations
needed thus simplifying their difficulty. Nevertheless, we can take this analysis further by
focusing on each combination.

2.2.1 Insertions of ds X dr

Let us study a particular case of ds x d7. If we consider the vertex generated by the dr
Weinberg operator,

Ofy) = €ijemn (£C™) F6" (610) (2.6)
we could link the ds operator vertex in several different ways. However, since we are
interested in the bosonic contributions, we must close all fermion lines. There is only one
way to do this for the purpose of renormalisation at 1-loop, which is joining the fermion
lines of both operators so that a loop is formed. Thus, we discard contributions to operators
with less than six Higgs legs from diagram le.

There are more d; operators, which could lead to different contributions, but some
vanish. This is the case of figure 2b, which represents a topology where we could have

the insertion of (’)2) and (Oé;))T or ((’)é?)T and (’)é(?. However, we find that the total
amplitude vanishes due to the cancellation among diagrams which differ in permutations of
internal loop propagators. The presence of the Yukawas is essential for this cancellation; in
particular, diagram le looks similar to 2b but does not vanish for those insertions. We do
not see such cancellations when the d7 operator inserted is from class 122 D? since there is
no symmetry in their definitions, so diagrams like 1i and 1g are nonzero.

2b is actually the only possible divergence of ds x d7 with eight Higgs in the external
legs. Knowing its contribution vanishes implies no direct contribution from ds x d7 appear
in the divergences of the 8-Higgs operator while we can see direct contributions in operators
with less number of Higgs.

Regarding the renormalisation of operatos with gauge bosons, the only LNV operators
containing gauge fields are Oyyp and Oy which, by definition, are skew-symmetric to
)

flavor transposition, while (’)2 is symmetric:

O —— (O , o) = (o®) . 2.7
(Ot W), (OeoB, W), ( w)pq ( £¢>) (2.7)

It follows from this fact, that the amplitude of diagrams like 2¢ will trivially vanish since
they are proportional to the trace of these two operators. For the same reason, diagram 1h
will also lead to null amplitudes unless the two gauge bosons in the process are W bosons.
In that case, the commutation of Pauli matrices can lead to non-vanishing terms.

2.2.2 Insertions of ds X ds X dg

We could use a similar reasoning for the insertion of two Weinberg operators and one dg
operator. It is clear by the points argued before that both ds operators must be in the
loop. A dg operator will also be in the loop if it has fermionic lines, forming the diagrams



in figure 1b. Note how there are no physical tree-level generated dg two-fermion operators
without at least two Higgs fields, implying we cannot draw a diagram with less than 6-Higgs
as external legs, and so, there do not be any direct contribution to operators with 4-Higgs
legs (i.e. classes ¢*D*, X¢*D? and X2¢%).

However, we can also think of insertions of bosonic dg operators. In this case, precisely
due to the lack of fermions, the vertex cannot be part of the loop. Instead, it appears in an
external leg, thus forming a 1-particle-reducible diagram. We have chosen not to consider
these in the off-shell approach (as argued in section 2), so we discard diagrams like 2d, 2e
or 2f. Instead, we use the divergences of the generated redundant operators to order 1/A2,
which yield 1/A* terms after the WC shift.

Once again, there is a remark about the contribution to the 8-Higgs operator, Oys.
For the 1PI amplitudes, figure 2a shows the diagram that would need to be considered.
Just as 2b, the total amplitude for the insertion of (’)2) and Oyg vanishes due to mutual
cancellation among the diagrams.

2.2.3 Insertions of ds X ds X dg X ds

Finally, we arrive at the contribution of four Weinberg operators inserted in one loop.
Since fermion lines must be closed, their WCs will appear contracted in the same trace,
resulting in eight Higgs as external legs (figure 1a). This clearly contributes to the 8-Higgs
dg operator

O = (¢0)" . (2.8)

The amplitude is proportional to a trace of the four WCs. The eight legs of the diagram
are the maximum number allowed for an amplitude of order 1/A*. Since there is only the
Weinberg operator inserted several times, the remaining freedom resides in the fermions of
the loop. Summing all the combinations yields the only contribution from this configuration.

As argued in the previous sections, the ¢® class of dg operators receives no other
contribution from 1PI diagrams, meaning the only term in eq. (3.3) accounts for all the
divergences of Oys coming from the LNV operators.

2.2.4 Renormalisation below dg

Here, we comment on the renormalisation of operators with lower mass dimension. Since
we are only considering contributions to bosonic operators, it is clear that there must be an
even number of LNV operators inserted to get a non-LNV contribution, which implies that
the Wilson coefficients could only be renormalised to order 1/A? by two insertions of the
Weinberg operator: d2. The bosonic operator’s coefficients of the renormalisable SM do not
get a contribution from these, and for the dg bosonic operators are computed in ref. [52].

About the renormalisation to order 1/A* of operators below dg, we know the divergences
carry a factor of 1/A* in the amplitude compensated by another mass scale to get the
correct mass dimension below eight for the operators. The only mass scale in the Lagrangian
eq. (2.1) is p14, meaning that a loop of Higgs fields would need to appear in the diagram. We
have already established in section 2.2 that the loop for the bosonic contributions needs to
be formed by fermions, thus no contribution to order 1/A% is added directly by di, d2 x dg



and ds x dr to the RGEs of Wilson coefficients from bosonic operators with mass dimension
below 8. Nonetheless, this does not necessarily imply that there is no contribution. In
the off-shell approach, these contribution is encoded in the non-physical operators from
the Green’s basis. Once the divergences have been computed, one must shift the physical
coefficients (as discussed in ref. [48]), this is a consequence of applying the equations of
Motion. The shift causes a mixing of operators of different classes with coupling factors
which, in fact, give a nonzero indirect contribution to the RGE of some operators even if all
their divergent 1PI diagrams are null.

3 The RGEs

In this section, we present the RGEs of the dg Wilson coefficients up to order 1/A*
and discuss the derivation in detail. The main results have been uploaded to a public
Mathematica notebook.

In section 3.1, we show the divergences we use to get the RGEs in 3.2, where we also
tabulated the greatest contributions to the anomalous dimension matrix. The process is
simple, but we explain it here for a complete analysis.

In general, we shall have three sources of LNV contributions to the anomalous dimension
matrix to order 1/A%:

1672

dln,U,Ck('u) = G = YRQup g Qg g + Yik g g Bi + VjkCupW; (3.1)

where hereafter c;, are Wilson coefficients of dg bosonic operators (shown in table 4), but
any other coefficient of dimension lower than eight can be either bosonic or fermionic (see
table 5). Note this only affects 3;, which are the d¢ Wilson coefficients — the ds (ays) and
d7 (wj;) only include fermionic operators.

Following the steps in section 2, the divergences are obtained. Now, they are applied
to the formula for the computation of the RGEs up to 1-loop order:

. d (&
i =—¢ anxjaixj ( ) ) (3.2)
J

Ci

where n; is the tree-level anomalous dimension,® and z; are all the Wilson coefficients (run-
ning or not) that enter the Lagrangian. ¢; are the Wilson coefficients that are renormalised,
whereas, ¢; are the computed divergences. They should also include contributions from
the field redefinition needed to normalise the Higgs kinetic term canonically, as well as
the Wave Function Renormalisation (WFR) for gauge bosons; however, these only affect
self-contributions to the RGEs, which we do not consider here.

For an exhaustive computation of the anomalous dimension matrix to order 1/A%, we
must also consider the divergences of dg operators to order 1/A? by LNV operators. The
insertions can only be of two ds operators. Nonetheless, we have attached these results in
section 3.1 for completeness.

3For an operator with n,, fermions, nx field strength tensors, ng Higgs fields then n; = ny +nx +ng —2
in D=4-2e

~10 -
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3.1 Divergences

The calculation of the divergences is the key step to determine the running of the Wilson
coefficients. We have already shown in section 2 the 1PI diagrams whose amplitudes we
need to compute for renormalisation. These divergent amplitudes are matched with those
of the corresponding tree-level processes with dg vertices.

In order to do this, both the SMEFT and the dg effective Lagrangians are implemented
in FeynRules [53] models, and the amplitudes are computed with the help of FormCalc [54]
and FeynArts [55]. The amplitudes are a sum of expressions that depend on the couplings
and kinematic invariants (i.e. a set of algebraically independent contractions of momenta
and polarisation vectors). Equating the amplitudes for each process, we get a set of as
many equations as unique kinematic invariants. The solutions of these equations are
the divergences for the dg Wilson coefficients of the Green’s basis operators, which we
present here.?

N 1
Cys D —27r26Tr {awa}qﬁawa%] , (3.3)

(1 1 1 3 1
céG)DQ D —2 5Tt {—36(5%)04};(]504% + 4,6’;201%04%} + T2 Im (Tr {awyew;d,l)e})

+ WRG (Tr [Oéww;[(z)D - 16711'2 (Tr [a&zﬁ (y e)* (v°) wé?DD

1 ) 1 DAY
~ o —Re <Tr [am (¥°)" (¥°) <Wé¢)D wécb)D )

(3.4)

éé%)DQ > 27: [ 26 Oz&baw + IBM awaw} Im (Tr {awy wwDeD

+ mRe (Tr {Oé&z)w;d)D - 167172 (Tr [a&zﬁ( ) (y )wéi)DD

1 . T
_ 167T2€Re <Tr [oz;d) (y©)* (¥°) <w2b)D éqlb)D ) (3.5)

s > g T [~ B0l + A oy — g Re (T o)) (3.6)
e D ﬁlm (Tr [argely) ) (3.7)
e > g Re (Tr [afiZp]). (3.5)
e > g Re (Tr [afwiy]) (3.9)
i > < Re (Tr [afwf2)]) (3.10)

4The divergences of classes ¢® and ¢°D? are cross-checked using matchmakereft [56].

- 11 -



Chips D 47:26Re (“ [O%Wﬁ)DD 7 (3.11)

~(VII/)q%l)? > 12772 Re (Tr [20‘}¢W1S¢)D + a%“égﬁDD (3.12)
~(v121)<;s4D2 > 8i226 (Tr [20‘%“25)13 + Oélqswﬁ)p}) ; (3.13)
5§)¢4D2 > 169;2€Im (Tr {Qazd)wgs)D + a}qswé;)DD , (3.14)
~§/;1/)¢4D2 2 - 167T26Re (Tr [204E¢w§¢)D + %Wéi)DD ) (3.15)
eipe O 489;261m (Tr [20f,wigh + ofgwin]) (3.16)
~(6)¢4D2 S 4897326Re (Tr :2az¢w2§)D + a};(bwé?D:) , (3.17)
ég,)&DQ D 4897326Re (Tr :2a}¢wéé)D + azd)wéi)D:) , (3.18)
e > 2 Re (T [0dy il + afyl2]) = L2 Re (T [orly]). (319
~$/12/)2¢4 >\ 12‘gi261m (Tr :2az¢wéyD + az(bwﬁ))D:) 8er26 m (Tr :aww;f(bw:) . (3.20)
~$/)2¢4 >\ 193i26Re (Tr :2az¢wé?D + a;¢wéz)D:> + 8;(]1_226Re (Tr :a€¢w;f¢w:) , o (3.21)
A > ot (T2 [0l + alyeZy]) = Lt (T [orcle]) . (322)
6%1,)3& D 99617522€Re (Tr [204%”&)1) + a%wé?DD , (3.23)
s 2 et (Tr [2afywiy + afywifp]) (3.24)

The absent coefficients are not receiving any contribution from LNV operators.

3.2 Explicit expression for the RGEs

We compute the terms of the anomalous dimension matrix, as discussed at the beginning of
this section. The nonzero RGEs for the dg physical basis operators are:

é¢8 = 8>\¢ﬂ¢p Tr [Otg(paz(b} + 32)\¢ Tr [—5;18)04&1,&%) + ﬁéi)ozwazqs}

— 163 Re (T [af o] ) — Aol Re (Tr [2af,i, + af i)

+ 16 Tr [aggarfyaugarly] (3.25)
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&) =48y Tr [%%} + 16Ty [3%4 argal, — 485, %a}qﬁ}
— 16Re (Tr [awww]) + %92 Re (Tr [Qo‘wwéqs)fj + azWé;)DD
— 322 Re (T [afwiDp|) — 41m (Tr [ausy wiype| )
—2Re <ﬁ [a% (v)" (v°) ( o+ (w éi}))T)D
—2Re (TY [oz}q5 (v°)" (¥°) Wgs)p}) ;

&5 = 84 Tr [auga,| +16 T [2B¢g augay — By argarly]
— 8Re (Tr [O‘ZWM’D + EQQ Re (Tl" [QC%WLSJD + O%O‘ZBDD
— 16X Re (Tr |afyafp|) +4Tm (Tr [ag (5°) wisne )
+2Re (Tr [aw ()" () (wﬁ)D + (wign) > )

+2Re (Tr [af, ()" (1) i) )

.(2 2
c((z,4) = —8Re (Tr {O‘EW%)DD ,
cg,ll,)& p2 = —4g92Re (Tr _204; ¢w25)D + aquwéi)jj_) ,

.(2 [ 1 2) ]
CE/V)¢4D2 = —4goIm (Tr _2az¢w§¢)D + az¢wé¢)l)_) ,

.(3)

C

2
WeiD? = —2go Im (Tr 2az¢w§¢)D + a€¢w§¢)l) ) )

4 2
g/V)&DQ =292 Re (Tr {2az¢w§¢)D + a€¢w§¢)DD

c%/{l/)2¢4 - % (Tr 2a£¢w§¢)[) + awwéi)[) ) + 492 Re (Tr :O‘ng(zuw_
%2/)2(}34 = i Im (Tr 20‘&;&"‘)2))1) + ozzd)wéi)D:) — 4g2 Im (Tr :awwg(bw_
%?,)Qdﬂ = % 2 Re (Tr 2a£¢wé¢)D + awwé?D ) — 492 Re (Tr :awwgqu_
C'E/?/)%“ = —% 2 Im (Tr 2az¢wg¢)D + azd)wé(b)D ) + 492 Im (Tr :ag¢w;r¢w_

b = —9192Re (T [fywyip] ) - 39192 Re (T [a)gwii))
(

|
N—

g/V)B¢4 = —g1goIm (Tt [awwwDD %glgg Im (Tr [azqﬁwé?DD .

~13 -

(3.26)

(3.27)
(3.28)
(3.29)
(3.30)
(3.31)

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

(3.37)

(3.38)



As discussed in section 2.2.4, there is no renormalisation at order 1/A* coming directly
from the 1PI diagrams with LNV vertices for any coefficient of dimension less than eight.
However, the redundancies of the operators in the Green’s basis do contribute to these
equations. All of these yield a non-vanishing RGE for some coefficients. Again, we only
show the nonzero RGEs:

s — 84 Re (Tr {az¢wéz) D 7 (3.39)
Cp = —4,uiﬁ¢p Tr |:Oé£¢az¢} + 16#?5 Tr [5;15)0‘@050‘};(;5}
— 1643 Tr | B5) augarly| + 8123 Re (Tr [af e )

+ uig% Re (Tr [aijwé(?DD + luig% Re (Tr {a};quéi)DD

2

+ 1675013 Re (Tr [afywisp] ) (3.40)
éon = 1613 Re (Tr [af,wisp] ) (3.41)
¢op = 16;@ Re (Tr [a};(ﬁwéi) D . (3.42)

The previous results for the RGEs are expressed in table 2. There, it is easy to check
the numerical contribution for each operator coming from all the possible sources detailed
previously. In cases where there is more than one term for the same contribution, we show
only the greatest. Naive loop suppression v ~ 1 competes with a high numerical coefficient
for some of the terms, especially those of class ¢%D?, which hold the greatest terms of all
the renormalised WC.

As discussed in section 2.2, we see many vanishing contributions in table 2. All of the
entries are well understood in terms of the logic stated before: the order of the operator
expansion and loop expansion altogether with the restriction to bosonic operators leaves
little scope for non-vanishing anomalous dimension matrix elements. Nevertheless, there
are two cases worth remarking here, after the computations are done.

First of all, the nonrenormalised WC of (9531) by awwé?D is the result of an accidental
zero. The contributions from class 12¢?D? to ¢* are not forbidden by any theoretical
argument and in fact they are expected to be non-zero like the contribution from awwg&).
In this case, the reason lies in the operator structure, Oéglz))[) = €ij€mnl'C(D"7)¢™(D,o"),
which under the contraction with the Weinberg operator to make a 4-Higgs process is
anti-symmetric under swapping of the internal loop propagators (¢! ++ /) and thus the
amplitude vanishes. This is an artefact of both the operator and the process, as in contrast,
the mixing contribution from (’)Z)D is non-vanishing.

All other non-trivial zeros come from the class X¢2D?. However, in this case, the
diagrams 2c vanish regardless of the internal structure of the operator. This can be
demonstrated through unitary cuts but also considering that there is only one independent
operator for each subclass B¢?D? and W¢?D? which means the symmetry argument
discussed in section 2.2.1 will hold after any possible redefinition of operators Osp and Oggw .

3.3 Detailed example

Let us work out a detailed example of this calculation for clarity: the contribution of all
the LNV operators to the RGE of c((;). First, we implement the Lagrangian eq. (2.1) in a
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1 3 1 2
(ar) (00)’ Bop (1)’ B (06)” BY)  cugwrs  ougwiyl, cugwign  cusrope  cugrow

788) 16 8o 320 320 16X, 21>;¢g;§ o3 0 0
o 0 4 48 64 16 39t 320, e 0
Y2 0 8 32 16 8 593 16), 4y° 0
Yer 0 0 0 0 0 i 8 0 0
Yopipr O 0 0 0 0 8¢> 4gs 0 g
W pe 0 0 0 0 0 892 49 0 g
Yopipe O 0 0 0 0 4g> 2¢5 0 g
Yopipe O 0 0 0 0 4gs 29> 0 /]
Niegs 0 0 0 0 0 1g2 163 0 dgo
Vgt O 0 0 0 0 %g% 193 0 4g>
Vgt O 0 0 0 0 393 193 0 4g>
Vgt O 0 0 0 0 152 1g2 0 dgo
“/511/)3(1)4 0 0 0 0 0 9192 10192 0 ¢
“/&2/)13(1)4 0 0 0 0 0 9192 39192 0 @
2 0 4/@ 16/@ 16/1?5 8/@ /Lig% 16/1,2)\(1, 0 0
Ye00 0 0 0 0 0 0 1647 0 0
Y6D 0 0 0 0 0 0 1647 0 0
Yo 0 0 0 0 0 0 8pigy 0 0

Table 2. Anomalous dimension matrix. The columns represent the greatest terms from each
contribution in absolute value that renormalise the coefficients in the rows. See equations (3.25)—
(3.42) for complete RGEs. 0 represents a trivially vanishing contribution due to the absence
of Feynman diagrams. {§ represents non-trivially vanishing contribution. See the discussion in
section 2.2.

FeynRules model. With this, we generate the topologies and processes in FeynArts, which
-paired with FormCalc- computes the amplitudes for the different processes. In particular,

2)
¢4
process that could yield the divergence for this particular coeflficient. Generally, different

for ¢;; we get information from the process ¢° — ¢°¢p¢~. Of course, this is not the only

processes give the divergences for the same set of coeflicients, so it is a matter of finding a
suitable process in each case. In our example, we have

. 1 2
—i1AR = 26( 4) (—kK1213+K1322+K1323) +262,4) (—kK1123+K1223+K1323)
(3) (4)
+26¢4 (—H1213+I€1223+/€1233)+2C¢4 (K1212+K1213 —K1223 —K1233)
+C¢4 (—R1112+K1113—K1123 — K1133 — K1222 + K1322 — K2223 — K2233)
+C¢4( 1112 —K1113 —K1122 — K1123 +K1233 — K1333 — K2223 — K2333)
(6) (8)
+2C (K1313+K1213— /%1322—51323)—1—4%4 (—K1112—K1113+K1123)
+26 (51111 +/<&1122+/€1133+f<&2233)+0((¢>4 ) (K3333+K1122+ k1133 +K2233)
( 0) (11)
+26¢4 (— /‘41233—f<31333+/i2333)+c¢4 (k2222 k1122 +K1133 1+ K2333)
11) 12)
—1—202)4 (—H1222—/i1322+/€2223)+26§54 (K323 +K1123 — k1223 — K1323)

12
+C((z,4 ) (—K1122—K1133+ K122+ K1233+K1322+ k1333 + k2223 +K2333) (3.43)
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where gk = p;i - pjpk - Py are the kinematic invariants, and we do not include CP-odd terms
since we already know they do not contribute to the CP-even 62)4). This amplitude has been
built at tree level, including redundant operators in the dg Green’s basis so that only 1PI
diagrams are considered here, as explained in section 2. Consequently, with this method,

the amplitude is off-shell. Now for the 1-loop amplitude, we have:

—iAyy = 8 % —Re {azqﬁwéq}[)} (k2222 + K3333 + 2K2233 + 4Ka323 + 4K2333) , (3.44)

which indicates that the only contribution for this process comes from the 4-Higgs diagram
displayed in figure 1d.

Equating the two amplitudes matches the Wilson coefficients effectively to their diver-
gences. The nonzero solutions for our example are:

11 12 1 2
B =2l =2V = [P = T Re lafswisn] - (3.45)

2)

We have obtained the divergences of ¢ e but following the off-shell method, we also

need the divergences for the redundant coefficients that appear in the redefinition of c( ).

According to ref. [48], the shift for this coefficient is:

((1524) — 0254) + 9105232,34 + 920$)¢2D4 Q%CBQD4 - ggCWQD‘*' (3.46)

Applying all the divergences to eq. (3.46), we get the physical 1-loop coefficient:

A2 _ 1
eyl = 5 Re lalswian] - (3.47)
Now, for equation eq. (3.2), we need the tree-level anomalous dimension n; of operators

aye and wé?D. One can trivially check that

(5)
Mass dim. | i~ (" FO‘X%@Z)} s d— (ng)e=4—2e=n) =2 (3.48)

(2)

And through a similar procedure n, sp =3 Finally, all that remains is to use the definition
of the RGEs eq. (3.2), which is straightforward since we have all the ingredients needed.
Note that x; in the formula comprehends all the coefficients, running or not, which includes
all the WCs, but also the SM couplings and masses ,u?p, A¢»> 91, g2, and g3. In this case, the
derivative is trivial, and so the RGE reads:

2 2

<(t>4) = —8Re [a%"‘)éqs)p} . (3.49)
There are other contributions to eq. (3.47) at order 1/A*, which are from lepton number
conserving operators. The rest of the terms, those coming from other dg operators or pairs
of dg, are explicitly shown in refs. [26, 29)].

4 Discussions and outlook

Here, we discuss some implications on BSM parameter space based on these RGEs.
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4.1 Positivity bounds in seesaw models

Positivity bounds are restrictions on the S-matrix elements derived using the standard
axioms — analyticity, unitarity, and crossing symmetry on the underlying theory. In the
context of SMEFT, these bounds constrain the space of Wilson coefficients of dg operators.
The positivity bounds for 2 — 2 scattering amplitude A(s,t) in the forward scattering
limit (¢ = 0) are deduced using [35],

d2

—5A(5.0) B > 0. (4.1)

Assuming that A(s,0) is analytic around the origin and is expanded around s = 0,
A(s,0) = ap 4+ a1s+ ass® + ..., (4.2)

which implies that ag > 0 following eq. (4.1). ag is defined by combinations of dg operators
(or pairs of dg operators), and the positivity bounds restrict these combinations. For
example, the process ¢p¢p — ¢¢ yields positivity bounds affecting the Wilson coefficients of
#*D* operators [38],

G102 — P12 : 05524) >0,
P103 — 193 : 05;4) + 0;24) >0, (4.3)
P11 — P11 ¢ C((;z;) + 62,24) + Cf;i) >0.

The amplitude around s = 0 can be irregular in certain cases, such as contributions
from loops carrying massless propagators, where one encounters branch cuts extending to
the origin. Generally, one arrives at eq. (4.1) by lending a small mass ‘m’ to the massless
state to regularise the singularity at the origin and resetting it to zero at a later stage.
Nonetheless, one needs to scrutinise this procedure when loops with massless propagators
are present [42].

For ¢*D* operators, the running effects of lower dimensional operators (¢* and ¢*D?)
dominate the corresponding amplitude in the limit m — 0 [42]. The positivity bounds
on ¢*D* class are respected by the running of effective interactions, which implies the dg
RGEs restrict arbitrary values of the WCs provided that ¢* and ¢*D? are absent at the
tree-level. For instance, we can consider the bound c((;l) (A) > 0 and eq. (3.28), then, eq. (3.1)
evaluates to

167r202)24)(u) =8Re (Tr {O‘%WE?DD ln/: >0

= Re(Tr[afwiip]) 20, (4.4)
for 4 < A in the limit of scale-invariance of the LNVs. This inequality imposes significant

restrictions on new physics parameter space. Specifically, if we assume the WCs are nonzero
. 2
for one flavour index and are real-valued, then ayg nym and wéJD mm ust have the same
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signs in all possible UV completions of SMEFT that do not generate ¢*D* WCs at tree
level. For three flavour indices, the restriction is

3
Z O‘M,mnwtg?D,mn > 0. (4.5)
mn

We emphasise that this restriction is deduced using purely IR information , i.e. the RGE
calculation in the low energy theory (SMEFT in our case), and the positivity bounds impose
direct constraints on the UV space.

Let us inspect this inequality in BSMs where these LNVs are generated at tree-level
matching, but ¢*D* class of dg operators are not. A suitable choice for such BSMs are
Type-I and III seesaw models [57-59].

We add two heavy multiplets to the SM particle content N* : (1,1, O)% and X¢ : (1,3, 0)%
with SM gauge and spin quantum numbers shown as: (SU(3)¢, SU(2)r,U(1)y)s. The BSM
Lagrangian is defined as

L= Lsn+ N(za Mpy)N + Tr[ ¥ (i) — My)Y]

1 - . —— . e .

-3 { INTGHE 4 (YNENTGT 00T 1 Y7 IS0 4 Y5 ¢f S gty h.c.} . (4.6)
where ¥ is a SU(2) triplet expressed in 2-dimensional matrix form. We integrate out the
heavy fields at tree-level onto SMEFT up to order 1/A3, leading to the d; operator O/n‘j

and its WC C7,,

(MM R

7C 2.7 i
by = EFVPL), Oy = g~ ()

7;; is related to operators in the basis we have considered (table 5). Using the SM

equation of motions and properties of Dirac-gamma matrices, one can reduce it to operators
of classes ¢2¢?, 24, ¢, ¥2¢3D, and 1%2¢%X. Note that of all d; operators only Oé?D
renormalises the ¢?*D?* class operators as can be seen in the only nonzero RGE of that
class eq. (3.28). For these models, Oéi)D is not generated from tree-level matching, and so,
wé?D = 0. Therefore, we arrive at the important conclusion that the restrictions derived
from positivity bounds in egs. (4.4) and (4.5) are respected in these seesaw models.

4.2 Constraints from T-parameter

Here, using the RGE relations presented in subsection 3.2, we discuss the restrictions
imposed by the T-parameter on the LNVs via the dg class ¢%D?. The Wilson coefficients
Bsp (ds) and c( ) (dg) contribute to the T-parameter [44]:

1 v? 9y V2
T = Toa A2 <5¢D + C<(256)A2> ) (4.8)

(2)

where o ~ ﬁ is the fine structure constant. The LNVs renormalise O T and therefore,
the T-parameter restricts these WCs from arbitrary values. This becomes important where
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Figure 3. The restrictions imposed on Weinberg-like operators, Oé? at ds and OZ)) at dr, translated
from bounds on the T-parameter for one non-vanishing flavour direction. Neutrino mass bounds
restrict these two Wilson coeflicients to lie on the shown blue contour, whereas the T-parameter
bound restricts the Wilson coefficients within the yellow region. The plot is created for A =1 TeV,
and p = 246 GeV, with inputs 7' = 0.10 £ 0.12 [44], and My < 0.081 €V [60].

¢*D? and ¢%D? classes do not appear at tree-level. In such case, from the RGE of cfg

(eq. (3.27)) and from eq. (4.8), we get (in the limit of scale-invariant WCs),

1 ot Al
T="fapah M 2 gt mn: (4.9)

assuming that only the WCs of Weinberg-like operators (ays and wye) are non-vanishing
and real valued. This puts restrictions on the ayy — wyy plane, which can be compared to
the bounds from neutrino masses [60],

v? 02
(MN)p = =7 | Qgmn + 533%e0mn | - (4.10)

It is straightforward to visualise the restrictions on ayg vs wyy plane taking both the
T-parameter and neutrino mass bounds in the case of single non-vanishing flavor direction
as shown in figure 3. Note that, in general, neutrino masses do not restrain ayg and wyg
to possess large values. This blind direction is lifted by the T-parameter, as it imposes an
upper bound to these WCs on the account of the RGEs of dg operators, which is shown
in figure 3.

5 Conclusions

Throughout the last years and with the effort of many authors, the different contributions
to the running of the Wilson coefficients of the SMEFT have been studied and revealed
part by part. With egs. (3.25)—(3.42), we have computed in this paper for the first time
the last set of operators to be included in the running of bosonic operators at order 1/A%.
Now that the LNVs contribution to the RGEs is computed, all the possible contributions to
bosonic operators of the SMEFT are available, as shown in table 3. There are some general
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ds &2 ds & dsxdg dy & & x dg &2 ds x ds dg
d<4 (bosonic) v [61] v [26] v [29]
d<y4 (fermionic) v [61] X X
ds v [62-64] v (8] 8]
ds (bosonic) v [52] v [61, 65, 66] v [26] v [29]
dg (fermionic) v [B2] v [61, 65-67] X X X
dr 18] 8] v [49, 68]
ds (bosonic) v [26] v [29]
ds (fermionic) X X X X [28]

Table 3. State of the art of the SMEFT renormalisation (adapted from refs. [26, 29]). The rows
show the renormalised operators (categorised by dimensions and statistics). The columns show
the operators contributing to RG running. Blank entries vanish, v denotes that the complete
contribution is available, v* implies that only (but substantial) partial results are present, and X
indicates that nothing, or very little, is known. The contribution made in this paper is marked by

remarks about the anomalous dimension matrices of the operators considered here that also
apply in this case and are worth mentioning.

All the bosonic operators being renormalised arise at tree-level in the UV completions of
SMEFT. All the bosonic operators that are loop-generated (those with less than four Higgs
fields) are not renormalised for the reasons mentioned in section 2.2. We have eliminated
all the vanishing divergences due to irrelevant or trivial amplitudes (caused, for example,
by extra loop suppression or the absence of LNV operators with gluon field strength) and
those being cancelled out by symmetries (like B-only operators). The remaining coefficients
are renormalised, and their equations’ contributions are sorted out. In particular, we have
found that four insertions of Weinberg operators can only renormalise the ¢® operator,
and they are the only contribution to 1PI diagrams for this class of operators. On the
other hand, the rest of the operators show at least one term containing the insertion of one
d7 operator.

We find it interesting that most of the anomalous dimension matrix terms for operators
with more than four Higgs legs (both of dg and dg) deviate from the naive dimensional
analysis expectation order O(«y) ~ 1. Table 2 shows that the insertion of a dg operator is
the contribution with the largest numerical coefficients in magnitude. More specifically,
operators of class ¢%D? are enhanced by factors beyond O(7y) ~ 50 from the insertion of
two Weinberg operators and O((;E’S).

We have discussed that the positivity bounds impose restrictions on dg WCs, and these
restrictions could be translated to LNV operators. We have shown one such case, where
the constraints on the WCs of Oé? and Ogs)[) are deduced using the RGE equation of cf;)
and its positivity bound. Assuming they are single-flavoured, these ds and d7 WCs must
have identical signs in any UV completion that does not generate ¢*D* at tree-level. We
have inspected the constraint in models extended with heavy fermions where these LNVs
are generated at tree-level, but the ¢*D? class operators are absent. We have found that
these bounds are respected in Type-I and III seesaw models. We also have shown that
the T-parameter bounds impact the LNV space on account of the RGEs. To elaborate
on this, we have derived the restrictions on the space of Weinberg-like operators based on
the T-parameter bound. To quantify the impact, we have shown in figure 3 that these put
restrictions on these Wilson coefficients complementary to those imposed by neutrino masses.
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A Tables of operators

Dimension 8

a Op | (¢79)"
D 0% | (610)2(Dyg Do) 0 | (410)(@la!6)(Dudlo! D)
Of.j?,) (¢T¢)* (o' D?¢ + h.c.) Of,j,) (9'9)2D, ((,‘)"Li(ﬁ“(:))
0% | (Duo! Do) (D76t Drg) 0% | (Duo! Duo) (D16 D 0)
o) | (D6 D) (D¢ Dy) 04 | Dyt Dr(67D% + hic.)
OF) | Dot Dr(411D2g + h.c.) o%) | (Duslo)(D?*¢1D,o) + hic.
¢t o) | (D.té)(D?¢1iD,¢) + hc. o) | (D%1¢)(D%6T¢) + h.c.
o) | (D%¢1¢)(iD%6T¢) + h.c. ol | (D%t D2g)(¢10)
ol | (¢ D2¢) (D61 ) 0% | (D¢ ) (DP6TD2g) + hc.
o) | (D,¢'¢)(DF¢TiD?p) + h.c.
Oy | (102G, G Oy | (#10)2GH,GAw
01(41/)2¢4 (¢T )QWI winv (91(/12/)%4 (¢ )QWI winv
X2t | O | (@lale)(elal oW, W Ofags | (010! @) (oTa )WL, W
OWps | (6T0) (01l )W/, B Ofpyr | (D1) (ool o)W}, B
Ody | (670)* By B Oy | (670)* By B
O\ape | 1(610)(D1ola! D)W, O\ ape | 1(610)(Drola! D)WL,
Oy | 117K (9lal o) (Dgla DY o)W, | OF) . | iel 7K (o1al0)(DFgla? DY) WIS
P Oif{)lpz (6'¢)D, W (D,gfa' ¢ +hec) | 08, . | (616)D, Wk (D,oliol ¢ + h.c.)
X¢°D On D VK (D, ¢t ol $) (g7 D, o) WER
Oflipe | i(618)(DF6I DY) B, O )ipe | i(618)(DFI DY) By
O, s | (67¢)D, B*(D,¢li¢ + h.c.)

Table 4. ds bosonic operators with four or more Higgs fields in the Green’s basis of ref. [48].
Operators in gray are redundant.
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Dimension 7

P2t | Of) | eijemn(CECEM) (@67 (610)

P2P2D? | Oy | €ijemnl:C(D* )™ (Dyd™) | O | €imeint’C(DH9)¢™(Dyus™)

V23D | Ouspe | €ijemn(LPCye) ¢l g™ D"
V22X | Op | €ijemnl'C(ouwl™)$ "B | Oow | €i5(T7€)mnliC (0 ™) "W

Dimension 6

¢° Op | (¢70)?
gip2 | 9F (¢'0)0(679) Osp | (6'D*¢)1(¢7D,u0)
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Table 5. ds, d¢ and d; from bases in refs. [2, 46, 47], needed for the renormalisation of dg
bosonic operators.
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