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1 Introduction

Despite the great success of the Standard Model (SM) of Particle Physics, there are still open
questions that need to be addressed, introducing the need to go Beyond the SM (BSM). This
has motivated a plethora of new theoretical models, usually predicting the existence of new
particles that have been searched for at numerous experiments. Unfortunately, no experiment
has been able to discover any of these new particles, leaving us with two possibilities: either the
new particles are very heavy, or they interact very feebly with the SM. The former invites us to
consider an effective field theory (EFT) framework, such as the SMEFT [1, 2], which is gaining
popularity due to the lack of positive signals at the LHC and as it allows for model-agnostic
analyses. The latter usually considers specific models with new light but weakly-interacting
particles, such as models to explain the origin of dark matter or the generation of neutrino
masses. Here we consider both hypotheses at the same time, adding to the usual EFT
framework new light degrees of freedom associated to neutrino mass generation mechanisms.

Among the many UV-complete models for generating neutrino masses [3], many of them in-
troduce new massive almost-sterile neutrinos, usually known as sterile neutrinos, right-handed
neutrinos or heavy neutral leptons (HNLs). The simplest of these models is the type-I seesaw
model [4–7], although its canonical formulation becomes almost impossible to probe since it
requires either too heavy neutrino masses or tiny Yukawa couplings. Fortunately, symmetry
protected scenarios such as the inverse [8, 9] or linear [10, 11] seesaw models allow for a low-
energy realization of the model, where lighter neutrinos can still have large Yukawa couplings.
This enriches the phenomenology of the models and, therefore, enhances their testability.
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Nevertheless, these low-scale seesaw models also open new theoretical questions. On the
one hand, we might wonder where this new symmetry protecting neutrino masses is coming
from, including also the different patterns in the neutrino mass matrix distinguishing between
the different low-scale realizations. On the other hand, having a model with new electroweak-
scale masses and large Yukawa couplings worsens the Higgs stability problem [12]. These points
call for an UV-completion of low scale seesaw models with not very heavy new dynamics, as has
been studied for instance in refs. [13–34]. In this work, we also assume that such completion
exists, but we will instead parametrize it in an EFT framework, the so-called νSMEFT.

The νSMEFT considers the SMEFT extended with new massive neutrinos as light degrees
of freedom. Complete non-redundant basis of operators up to dim-9 have been introduced in
refs. [35–39], and the gauge contributions to the Renormalization Group Evolution equations
(RGEs) of dim-6 operators have been calculated in [40], see also [41, 42]. Moreover, the
matching onto the low-energy version of the effective theory, commonly referred to as νLEFT,
and which includes QED and QCD invariant operators with sterile neutrinos, is known
at the tree level [43].

The phenomenology of the νSMEFT operators received increasing attention over the
last years [44–76]. However, these previous νSMEFT studies usually neglect the effect of the
neutrino Yukawa couplings, as the standard assumption is to consider a single (Majorana)
neutrino with a small mixing to the active ones, and study only the effects of the new EFT
operators. Among the few exceptions, ref. [77] did consider the neutrino Yukawa couplings
and computed their contributions to the RGEs of 4-fermion operators. Our goal here is to
fill this gap, considering the effects of having sizable neutrino Yukawa couplings, as in the
case of the low scale seesaw models. In particular, we study the complete set of contributions
from Yukawa couplings to the νSMEFT RGEs, extending previous partial results [40, 42, 77],
and arriving at the complete set of one-loop RGEs of this framework.

Moreover, as a particular phenomenological application of our computation, we focus
on charged lepton flavor violating (LFV) transitions. Being forbidden in the SM, these
processes provide one of our best opportunities to discover new physics (see [78, 79] for recent
reviews), and as such they have been extensively studied in the EFT context [80–101]. Our
new computation of Yukawa neutrino contribution to the RGEs allows for similar analysis
also in the νSMEFT and, as we will show, provides new bounds to its operators.

This paper is organized as follows. In section 2 we define the notation and introduce our
conventions for the operator basis. In section 3, we briefly review the RGE derivation and
describe the setup for our calculation. The complete results for the anomalous dimensions
are presented in appendix A. In section 4 we illustrate an example of the phenomenological
interest of our results, determining the sensitivity of µ→ e transitions to νSMEFT operators
by calculating their RGE mixing with charged lepton-flavour-changing operators. Finally,
we draw our conclusions in section 5.
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ψ2H3 + h.c.

OℓNH (ℓH̃N)(H†H)

ψ4 : (R̄R)(R̄R)

ONN (NγµN)(NγµN)

ONe (NγµN)(eγµe)

ONu (NγµN)(uγµu)

ONd (NγµN)(dγµd)

ONedu (Nγµe)(dγµu) + h.c.

ψ2XH + h.c.

ONB (ℓH̃σµνN)Bµν

ONW (ℓτ IH̃σµνN)W I
µν

ψ4 : (R̄R)(L̄L)

ONℓ (NγµN)(ℓγµℓ)

ONq (NγµN)(qγµq)

ψ4 : (R̄L)(L̄R) + h.c.

ONℓqu (Nℓ)(qu)

ψ2H2D

OHN (NγµN)(H†i
↔
DµH)

OHNe + h.c. (Nγµe)(H̃†iDµH)

ψ4 : (L̄R)(L̄R) + h.c.

OℓNℓe (ℓN)ϵ(ℓe)

OℓNqd (ℓN)ϵ(qd)

OℓdqN (ℓd)ϵ(qN)

Table 1. Dimension six operators containing at least one sterile neutrino in the νSMEFT. We divide
them into the same classes of SMEFT operators introduced in [2]. The scalar operator OℓdqN can be
replaced by the Fierz equivalent four-tensor O(3)αaij

ℓNqd = −4Oαaij
ℓNqd − 8Oαjia

ℓdqN .

2 The νSMEFT

We augment the Standard Model with n right-handed fermion gauge singlets, denoted as Na,
as well as all possible dimension 6 operators. The resulting Lagrangian is given by

L = LSM+Na + L(6) , (2.1)

where

LSM+Na = −1
4BµνB

µν − 1
4W

I
µνW

Iµν − 1
4G

A
µνG

Aµν

+(DµH)†(DµH) + µ2
HH

†H − λ(H†H)2

+
∑

f=q,u,d,ℓ,e

if̄ /Df + iNa/∂Na − 1
2MabN c

aNb

−
(
qYuH̃u+ qYdHd+ ℓYeHe+ ℓYνH̃N + h.c

)
. (2.2)

Here, we have defined the SM fields following the notation of [102–104]. We write the
covariant derivatives as

Dµ = ∂µ + ig′YBµ + ig
τ I

2 W
I
µ + igs

λA

2 GA , (2.3)

where Y represents the hypercharge, I and A are the adjoint indices of SU(2) and SU(3), and
τ I and λA are Pauli and Gell-Mann matrices, respectively. The electric charge is given by
Q = Y + τ3/2. H̃ is defined as H̃I = ϵIJH

∗
J , where ϵ is the anti-symmetric SU(2) tensor with

ϵ12 = −ϵ21 = 1. The matrices Yu, Yd, and Ye are 3 × 3 flavor matrices, while the neutrino
Yukawa matrix Yν has dimensions 3 × n.

The dimension six Lagrangian is given by

L(6) = 1
Λ2

∑
A, ξ

Cξ
A Oξ

A , (2.4)
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where Cξ
A stands for the Wilson Coefficients (WCs), A runs over the physical operator

basis, and ξ sums over all possible flavor permutations for a given operator. We employ the
dimension-six SMEFT basis from [1, 2] and organize them into the same operator classes.
The new dimension-six operators of the νSMEFT are similarly categorized and summarized
in table 1. To avoid double counting, we add the Hermitian conjugates only for non-self-
conjugate operators, i.e. those that do not differ from their Hermitian conjugates just for
flavour index permutations.

3 Computation of νSMEFT RGEs

Our main goal is to compute the RGEs that describe the evolution within the νSMEFT from
the new physics scale Λ down to the sterile neutrino mass scale M or the EW scale, the highest
of both scales. We focus on the mixing of the νSMEFT operators listed in table 1 with both
the SMEFT operators and themselves, and restrict our calculation to the anomalous dimension
sub-matrix that contains at least one Yukawa insertion. Once added to the other Yukawa
terms1 in the SMEFT [102–104], our results provide the complete Yukawa contributions to
the νSMEFT RGEs, complementing the already available gauge coupling contributions [40].

Schematically, the RGEs take the following form

16π2 dCi

d logµ = γjiCj , (3.1)

where Ci are the operator coefficients and γji is the anomalous dimension matrix, related
to the divergent part of loop diagrams that mix the operators.

To calculate the RGEs, we determine the divergent part of diagrams involving one
νSMEFT operator dressed with Higgs field insertions. We work in D = 4−2ϵ dimensions and
renormalize using the modified minimal subtraction scheme (MS). We implement a model file
in FeynArts [105] to include the νSMEFT dimension-six operators and generate the required
diagrams. The 1/ϵ poles are calculated both by hand and using FeynCalc [106–108].

We use the Equation of Motions (EOM) to project redundant counterterms into the
physical operator basis specified in section 2. Whenever a loop diagram is renormalized by
a redundant operator Ored, which differs from a basis operator by an operator OEOM that
vanishes when the classical EOM are satisfied, Ored = Ophy + OEOM, the counterterm

A

16π2ϵ
Ored , (3.2)

is equivalent to

A

16π2ϵ
Ophy , (3.3)

because EOM vanishing operators like OEOM lead to zero S-matrix elements, and cannot
mix with the physical basis in the RGEs [109].

1Our computation also includes mixed gauge-Yukawa and λ-Yukawa contributions, not only the pure
Yukawa ones. We also calculate the self-running of CℓNH given by the Higgs self-coupling λ, although the
corresponding anomalous dimension does not contain Yukawa couplings, and find agreement with [42].
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The structure of the anomalous dimension sub-matrix we calculate is similar to the
SMEFT Yukawa mixing involving up-type quarks. Whenever possible, we cross-checked our
results against those in the SMEFT [102–104] after performing the appropriate substitutions
and found agreement. Notice however that this does not apply to the novel operator type
introduced by adding sterile neutrinos, the two-lepton two-quark vector operator ONedu

(see table 1), which does not have an analogue in SMEFT. We also cross-checked with
the partial results for the four-fermion operators [77] and found agreement, up to some
minor discrepancies, except for the anomalous dimension of Cℓℓ.2 Our RGE results are
given in appendix A.

4 Phenomenological implications: lepton flavor violation

As a phenomenological application of the RGEs derived in the previous section, we study
now their implications for lepton flavor violation observables. These exotic processes provide
extremely sensitive probe for SMEFT operators and, as we will see, introducing sterile
neutrinos with large Yukawa couplings can extend this sensitivity also to the new νSMEFT
operators.

Large Yukawa couplings with the sterile neutrinos lead to sizable LFV rates already at
the renormalizable level, stemming from their exchange in loop diagrams with charged lepton
external legs (for a review, see e.g. [110]). The dimension four LFV predictions, i.e. not
suppressed by Λ, are typically parametrised by the off-diagonal elements of the η matrix [111]

η = 1
2v

2 YνM
−2Y †

ν . (4.1)

The same matrix is in general responsible for non-unitary contributions to the lepton mixing
matrix [112], which can be probed by various lepton flavour conserving and violating observ-
ables [113]. Although these effects significantly constrain the size of the LFV contributions
from dimension four operators, it is still possible to have large flavor off-diagonal contributions
from the new νSMEFT operators, which can then generate sizeable charged LFV transitions
due to the operator mixing induced by the neutrino Yukawa insertions.

The key point here is that, in general, LFV transitions induced by νSMEFT operators
are parametrised by a different combination of couplings, which can be large despite having
suppressed d = 4 contributions. In other words, the Yukawa texture can be such that
v2(YνM

−2Y †
ν ) is diagonal,3 while for example v2/Λ2(YνCNfY

†
ν ) is flavour changing. In

addition, some contributions feature only one insertion of a sterile Yukawa, which are
generally less constrained.

In order to simplify our computations, we assume that the sterile neutrino mass scale
to be of the order of the EW scale, so they are integrated out at the same time as the top,
Higgs, Z and W bosons. This implies that our νSMEFT running, which takes the form

CA(mW ) = UBA(Λ,mW )CB(Λ) , (4.2)
2In particular, we find that some exchanged flavor contributions from CℓNℓe and C

(3)
Hℓ are missing. The rest

of minor discrepancies refer to signs or conjugates in some Yukawa couplings.
3Notice that such configuration can be in agreement with neutrino oscillation data. For instance, in an

inverse seesaw model, even diagonal Yν are possible if one chooses the proper µ-term [114].
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Process Current 90%CL upper bound Upcoming Sensitivity

µ→ eγ 3.1 × 10−13 [115] ∼ 6 × 10−14 [116]

µ→ ēee 1.0 × 10−12 [117] 10−14 → 10−16 [118]

µA→ eA 7 × 10−13 [119] ∼ 10−16 [120, 121]

Table 2. Current bounds for some µ → e processes, as well as the estimated reach of upcoming
experiments. For µ→ e conversion in nuclei, A=Au(Al) for current (future) experiments.

is valid from Λ to the EW scale (∼ mW ), where we match the νSMEFT directly to the
standard low-energy EFT without N [122]. If one considers instead the hypothesis M > v,
the only difference would be applying the νSMEFT RGEs down to M , then integrating out
the sterile neutrinos, and running with the SMEFT RGEs down to mW . Nevertheless, we
consider that the M ∼ v hypothesis is enough to obtain a first feeling about the potential
of LFV experiments to probe the new νSMEFT operators.

We focus on µ → e transitions because they are the most constraining and expect a
significant improvement of their sensitivities in the upcoming years (see table 2). To calculate
the contributions of νSMEFT we solve the RGEs of eq. (3.1) from Λ to mW , match onto
the low-energy effective operator relevant for the µ → e observables, and run down to the
scale of the experiments in the effective theory with the QED and QCD invariant operators.
Neglecting the running of the SM couplings, the leading-log solution to the νSMEFT RGEs is4

CA(mW ) = − γBA

16π2 log
( Λ
mW

)
CB(Λ) , (4.3)

where γ is the anomalous dimension matrix.
Given the large number of operators that can contribute, we consider one operator at

a time to find the sensitivities of µ→ e observables to νSMEFT operator coefficients. We
summarise our results in tables 3–4 for the operators to which µ → e transitions are most
sensitive. In most cases, the leading-log approximation of eq. (4.3) is sufficient to find the
main contribution of each operator to µ → e observables, however there are cases where
second-order, O(log2 /(16π2)2) effects are also relevant. For instance, the operator Caµbt

Nedu can
mix with the tensor having top quarks C(3)eµtt

ℓequ , which in turn can mix efficiently with the
µ→ eγ dipole thanks to the chiral enhancement given by the large top Yukawa (see figure 1).
These second contributions are also included in tables 3–4. The tables were obtained fixing
the new physics scale Λ to 1 TeV.

Alternatively, we can fix the size of Yν and compute which scale we can probe for each
observable, as shown in figure 2. Here, and for concreteness, we have chosen a diagonal
Yν matrix with entries of 10−2, which gives η ∼ O(10−4), in agreement with the latest
bounds [113]. Considering heavier masses would allow for larger Yukawa couplings, enhancing
the anomalous couplings at the prize of (logarithmically) reducing the gap between Λ and M .
All in all, we see that due to the impressive experimental sensitivities and the Yν RGE mixings,
we are able to probe scales up to Λ ∼ 10 − 100 TeV for the new νSMEFT LFV operators.

4We also take into account the QCD running of the scalar and tensor operators, which results in a few×10%
rescaling of their coefficients.
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Figure 1. Second order one-loop mixing of Caµbt
Nedu onto the µ→ eγ dipole. Caµbt

Nedu mixes with C(3)eµtt
ℓequ ,

which in turn can mix with Ceµ
eB,W with a top-Yukawa chiral enhancement.
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5 Conclusions

The νSMEFT extends the SMEFT to incorporate the well-motivated right-handed, sterile
neutrinos, also known as Heavy Neutral Leptons. This interesting framework, however, is still
less developed than the SMEFT itself. In particular, the role of the neutrino Yukawa coupling
has been neglected despite the fact it can be large in symmetry protected low scale scenarios.

In this work, we contributed to this task by computing the full Yukawa contributions
to the one-loop anomalous dimensions. When combined with previous computations in
the literature, our results provide the complete one-loop renormalization group evolution
equations of the dimension 6 νSMEFT.

As an application of our results, we have explored the implications for the lepton flavor
violating operators, focusing in particular on the µ− e sector. We showed that combining
the relatively large neutrino Yukawa couplings expected in low scale seesaw models with
the strong current experimental bounds on these rare processes, we can probe dimension
6 νSMEFT operators up to scales of Λ ∼ 10 − 100 TeV.
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Operator (Λ = 1 TeV) 90%CL upper limit Constraining observable

Cea
NB

2.5 × 10−5
(∣∣[Yν ]µa

∣∣)−1
µ→ eγ

5.6 × 10−4
(∣∣[Yν ]µa

∣∣)−1
µAu→ eAu

Cea
NW

4.6 × 10−5
(∣∣[Yν ]µa

∣∣)−1
µ→ eγ

1 × 10−3
(∣∣[Yν ]µa

∣∣)−1
µAu→ eAu

Cµa
NB 5 × 10−3

(∣∣[Yν ]ea

∣∣)−1
µ→ eγ

Cµa
NW 1 × 10−2

(∣∣[Yν ]ea

∣∣)−1
µ→ eγ

Caµ
HNe 1.5 × 10−3

(∣∣2[YνY
†

ν Yν ]ea − 1.2[Yν ]ea

∣∣)−1
µ→ eγ

Cab
HN

1.8 × 10−2
(∣∣[Y ∗

ν ]µa[Yν ]eb

∣∣)−1
µ→ eγ

3.6 × 10−5
(∣∣[Y ∗

ν ]µa[Yν ]eb

∣∣)−1
µAu→ eAu

Caµdc
Nedu 5.6 × 10−3

(∣∣[Yν ]ea

∣∣)−1
µAu→ eAu

Caµdt
Nedu 1.1 × 10−3

(∣∣[Yν ]ea

∣∣)−1
µAu→ eAu

Caµsc
Nedu 2.5 × 10−2

(∣∣[Yν ]ea

∣∣)−1
µAu→ eAu

Caµst
Nedu 4.2 × 10−3

(∣∣[Yν ]ea

∣∣)−1
µAu→ eAu

Caµbt
Nedu

1.7 × 10−5
(∣∣[Yν ]ea

∣∣)−1
µ→ eγ

1.4 × 10−4
(∣∣[Yν ]ea

∣∣)−1
µAu→ eAu

Table 3. Sensitivity of µ→ e processes to νSMEFT operators. We use up-type generation indices for
the quark doublet to highlight that these limits are obtained in the u−basis, where Yu is diagonal.
These limits apply to the absolute values of the WCs.
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Operator (Λ = 1 TeV) 90%CL upper limit Constraining observable

Cabuu
Nq 6 × 10−5

(∣∣[Y ∗
ν ]µa[Yν ]eb

∣∣)−1
µAu→ eAu

Cabuc
Nq , Cabcu

Nq 5 × 10−4
(∣∣[Y ∗

ν ]µa[Yν ]eb

∣∣)−1
µAu→ eAu

Cabut
Nq , Cabtu

Nq 1.3 × 10−2
(∣∣[Y ∗

ν ]µa[Yν ]eb

∣∣)−1
µAu→ eAu

Cabcc
Nq 2.4 × 10−3

(∣∣[Y ∗
ν ]µa[Yν ]eb

∣∣)−1
µAu→ eAu

Cabtt
Nq 4.6 × 10−3

(∣∣[Y ∗
ν ]µa[Yν ]eb

∣∣)−1
µAu→ eAu

Cabuu
Nu 1.3 × 10−4

(∣∣[Y ∗
ν ]µa[Yν ]eb

∣∣)−1
µAu→ eAu

Cabdd
Nd 1 × 10−4

(∣∣[Y ∗
ν ]µa[Yν ]eb

∣∣)−1
µAu→ eAu

Cabee
Nℓ 1.5 × 10−3

(∣∣[Y ∗
ν ]µa[Yν ]eb

∣∣)−1
µ→ eēe

Cabeµ
Nℓ

1.7 × 10−4
(∣∣[Y ∗

ν ]αa[Yν ]αb

∣∣)−1
µAu→ eAu

2 × 10−3
(∣∣[Y ∗

ν ]αa[Yν ]αb

∣∣)−1
µ→ eēe

Cabee
Ne 2 × 10−3

(∣∣[Y ∗
ν ]µa[Yν ]eb

∣∣)−1
µ→ eēe

Cabeµ
Ne

1.5 × 10−4
(∣∣[Y ∗

ν ]αa[Yν ]αb

∣∣)−1
µAu→ eAu

1.6 × 10−4
(∣∣[Y ∗

ν ]αa[Yν ]αb

∣∣)−1
µ→ eēe

Cµaud
ℓNqd 1.4 × 10−2

(∣∣[Yν ]ea

∣∣)−1
µAu→ eAu

Caµuu
Nℓqu 1.4 × 10−2

(∣∣[Yν ]ea

∣∣)−1
µAu→ eAu

Ceaβµ
ℓNℓe 8 × 10−4

(∣∣[Y †
ν YνY

†
ν ]aβ

∣∣)−1
µ→ eγ

Cβaeµ
ℓNℓe 3.7 × 10−4

(∣∣[Y †
ν YνY

†
ν ]aβ

∣∣)−1
µ→ eγ

Ceaeµ
ℓNℓe 2.5 × 10−4

(∣∣[Y †
ν YνY

†
ν ]aµ

∣∣)−1
µ→ eγ

Table 4. Similar to table 3. The lepton index β can be µ or τ , while α runs over all three generations
(in [Y ∗

ν ]αa[Yν ]αb the sum is implicit).
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A Anomalous dimensions

In this appendix, we write the renormalization group equations. We use the short-hand
notation

Ċ ≡ (16π2) dC

d logµ , (A.1)

where µ is the renormalization scale. We collect only those terms containing Yukawa
contributions that are not already present in the SMEFT anomalous dimensions [102–104].
This means that, in order to obtain the complete Yukawa contributions in the νSMEFT, the
new terms in this appendix must be added to the SMEFT ones.

Furthermore, there are some definitions in refs. [102–104] that are also affected by the
neutrino Yukawa coupling. On the one hand, the wavefunction renormalization contributions
proportional to Yukawa couplings obtain a new contribution:5

γ
(Y )
ℓ = 1

2[YeY
†

e + YνY
†

ν ] , γ
(Y )
H = Tr

[
NcYuY

†
u +NcYd Y

†
d + YeY

†
e + YνY

†
ν

]
, (A.2)

as well as a new one associated to N :

γ
(Y )
N = 1

2[YνY
†

ν ] . (A.3)

On the other hand, the ξ and η parameters must be extended as

ηi = ηSMEFT
i + ην

i , ξf = ξSMEFT
f + ξν

f , (A.4)

where the SMEFT contributions are as in refs. [102–104], and the new terms due to the
neutrino Yukawa coupling read:

ην
1 = 1

2C
αa
ℓNH [Y †

ν ]aα + 1
2C

∗αa
ℓNH [Yν ]αa , (A.5)

ην
2 =Caα

HNe[Y †
e Yν ]αa +C∗aα

HNe[Y †
ν Ye]aα−2C(3)αβ

Hℓ [YνY
†

ν ]βα , (A.6)

ην
3 =Cab

HN [Y †
ν Yν ]ba−Caα

HNe[Y †
e Yν ]αa−C∗aα

HNe[Y †
ν Ye]aα−

[
C

(1)
Hℓ −3C(3)

Hℓ

]αβ [YνY
†

ν ]βα , (A.7)

ην
4 = 4Cab

HN [Y †
ν Yν ]ba +2Caα

HNe[Y †
e Yν ]αa +2C∗aα

HNe[Y †
ν Ye]aα−4C(1)αβ

Hℓ [YνY
†

ν ]βα , (A.8)

ην
5 = i

2C
αa
ℓNH [Y †

ν ]aα−
i

2C
∗αa
ℓNH [Yν ]αa , (A.9)

[ξν
u]ij =−Caαij

Nℓqu[Yν ]αa (A.10)

[ξν
d ]ij =−

(
Cαaij

ℓNqd−1/2Cαjia
ℓdqN

)
[Y †

ν ]aα , (A.11)

[ξν
e ]αβ =−

(
Cρaαβ

ℓNℓe +1/2Cαaρβ
ℓNℓe

)
[Y †

ν ]aρ . (A.12)

And, finally, the new coefficient in νSMEFT:

[ξN ]αb = 2Ccbαρ
Nℓ [Yν ]ρc −

(
Cαbρδ

ℓNℓe + 1
2C

ρbαδ
ℓNℓe

)
[Y †

e ]δρ −Nc

(
Cαbkl

ℓNqd −
1
2C

αlkb
ℓdqN

)
[Y †

d ]lk

−NcC
∗bαkl
Nℓqu [Yu]kl . (A.13)

5Notice that our definition of Yukawa coupling relates to that of refs. [102–104] by an hermitian conjugate.
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Through the results of this appendix, we will not write explicitly the new contributions
to the anomalous dimensions of the SMEFT WCs that are already taken into account by
the modifications of γ{ℓ,H}, ηi or ξi. The only exception will be in the mixed Yukawa-λ
contributions, since ref. [102] did not use ξi to express the terms originated from the equation
of motion. Conversely, if the SMEFT anomalous dimensions are expressed in terms of the ξi,
our new terms proportional to λξν

i will be already taken into account by the redefinition in
eq. (A.4) and needed to be removed from the following equations.

A.1 H6

ĊH = −4Cαa
ℓNH [Y †

ν YνY
†

ν ]aα − 4C∗αa
ℓNH [YνY

†
ν Yν ]αa . (A.14)

A.2 X2H2

ĊHW = −gCαa
NW [Y †

ν ]aα − gC∗αa
NW [Yν ]αa , (A.15)

ĊHW̃ = igCαa
NW [Y †

ν ]aα − igC∗αa
NW [Yν ]αa , (A.16)

ĊHB = g′Cαa
NB[Y †

ν ]aα + g′C∗αa
NB [Yν ]αa , (A.17)

ĊHB̃ = −ig′Cαa
NB[Y †

ν ]aα + ig′C∗αa
NB [Yν ]αa , (A.18)

ĊHW B = gCαa
NW [Y †

ν ]aα + gC∗αa
NW [Yν ]αa − g′Cαa

NB[Y †
ν ]aα − g′C∗αa

NW [Yν ]αa , (A.19)
ĊHW̃ B = −igCαa

NW [Y †
ν ]aα + igC∗αa

NW [Yν ]αa + ig′Cαa
NB[Y †

ν ]aα − ig′C∗αa
NW [Yν ]αa . (A.20)

A.3 ψ2H3

Ċαa
ℓNH = 2(η1 +η2− iη5)[Yν ]αa +[YνY

†
ν Yν ]αa(CHD −6CH□)−2C(1)αρ

Hℓ [YνY
†

ν Yν ]ρa

+6C(3)αρ
Hℓ [YeY

†
e Yν ]ρa +[YνY

†
ν Yν ]αbC

ba
HN −2[YeY

†
e Ye]αβC

∗aβ
HNe +8[YνY

†
ν Yν ]βbC

baαβ
Nℓ

−4[Y †
e YeY

†
e ]ρσ(Cαaσρ

ℓNℓe +1/2Cσaαρ
ℓNℓe )−4Nc[Y †

d YdY
†

d ]ji(Cαaij
ℓNqd−1/2Cαjia

ℓdqN )

+4[Y †
ν Yν ]baC

αb
ℓNH +5[YνY

†
ν ]ασC

σa
ℓNH −2[Ye]αρC

∗ρσ
eH [Yν ]σa−Cαρ

eH [Y †
e Yν ]ρa−2[YeY

†
e ]ασC

σa
ℓNH

−4Nc[YuY
†

uYu]ijC∗aαij
Nℓqu +3γ(Y )

H Cαa
ℓNH +[γ(Y )

ℓ ]αβC
βa
ℓNH +Cαb

ℓNH [γ(Y )
N ]ba

+[Yν ]αa

[
10
3 g

2CH□− 3
2
(
g2−g′2

)
CHD

]
+ 4

3g
2[Yν ]αa

(
C

(3)ββ
Hℓ +NcC

(3)ii
Hq

)
+3[Yν ]αa

(
3g2(CHW + iCHW̃ )+g′2(CHB + iCHB̃)+gg′(CHW B + iCHW̃ B)

)
−12g[YeY

†
e ]αρC

ρa
NW −6gCαρ

eW [Y †
e Yν ]ρa−3

(
gCαb

NW−g′Cαb
NB

)
[Y †

ν Yν ]ba

+3[YνY
†

ν ]αρ

(
gCρa

NW +g′Cρa
NB

)
−3(g2 +g′2)[Yν ]αbC

ba
HN +3g2[Ye]ασC

∗aσ
HNe

+4λ
{

6Cαa
ℓNH −C(1)αβ

Hℓ [Yν ]βa +3C(3)αβ
Hℓ [Yν ]βa +[Yν ]αbC

ba
HN − [Ye]αβC

∗aβ
HNe

− [Yν ]αa

(
CH□− 1

2CHD

)
− [ξN ]αa

}
, (A.21)

Ċαβ
eH = 6C(3)αρ

Hℓ [YνY
†

ν Ye]ρβ −2[YνY
†

ν Yν ]αaC
aβ
HNe−2(2Cρaαβ

ℓNℓe +Cαaρβ
ℓNℓe )[Y †

ν YνY
†

ν ]aρ

−2[Yν ]αaC
∗ρa
ℓNH [Ye]ρβ −Cαa

ℓNH [Y †
ν Ye]aβ −2[YνY

†
ν ]αρC

ρβ
eH

−12g[YνY
†

ν ]αρC
ρβ
eW −6gCαa

NW [Y †
ν Ye]aβ +3g2[Yν ]αaC

aβ
HNe

−4λ
{

[Yν ]αaC
aβ
HNe +[ξν

e ]αβ

}
, (A.22)

Ċij
uH =−4[YνY

†
ν Yν ]αaC

aαij
Nℓqu−4λ[ξν

u]ij . (A.23)

Ċij
dH =−4

(
Cαaij

ℓNqd−1/2Cαjia
ℓdqN

)
[Y †

ν YνY
†

ν ]aα−4λ[ξν
d ]ij . (A.24)
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A.4 ψ2XH

Ċαa
NB = 2[YνY

†
ν − YeY

†
e ]αρC

ρa
NB + Cαb

NB[Y †
ν Yν ]ba − Cαρ

eB[Y †
e Yν ]ρa

+ γ
(Y )
H Cαa

NB + [γ(Y )
ℓ ]αβC

βa
NB + Cαb

NB[γ(Y )
N ]ba

+ 1
12g

′Nc[Y †
d ]ijCαjia

ℓdqN + 3
4g

′[Y †
e ]ρσC

σaαρ
ℓNℓe

+ [Yν ]αa

(
g′(CHB + iCHB̃) + 3

2g(CHW B + iCHW̃ B)
)
, (A.25)

Ċαa
NW = 2[YeY

†
e ]αρC

ρa
NW + Cαb

NW [Y †
ν Yν ]ba − Cαρ

eW [Y †
e Yν ]ρa

+ γ
(Y )
H Cαa

NW + [γ(Y )
ℓ ]αβC

βa
NW + Cαb

NW [γ(Y )
N ]ba

+ 1
4gNc[Y †

d ]ijCαjia
ℓdqN + 1

4g[Y †
e ]ρσC

σaαρ
ℓNℓe

− [Yν ]αa

(
g(CHW + iCHW̃ ) + 1

2g
′(CHW B + iCHW̃ B)

)
, (A.26)

Ċαβ
eB = −Cαa

NB[Y †
ν Ye]aβ − 2[YνY

†
ν ]αρC

ρβ
eB+1

4g
′Cαbσβ

ℓNℓe [Y †
ν ]bσ , (A.27)

Ċαβ
eW = −Cαa

NW [Y †
ν Ye]aβ + 2[YνY

†
ν ]αρC

ρβ
eW +1

4gC
αbσβ
ℓNℓe [Y †

ν ]bσ . (A.28)

A.5 ψ2H2D

Ċab
HN = −[Y †

ν Yν ]ab(CH□ + CHD) − 2[Y †
ν ]aρC

(1)ρσ
Hℓ [Yν ]σb + 3Cac

HN [Y †
ν Yν ]cb + 3[Y †

ν Yν ]acC
cb
HN

+ [Y †
ν Ye]aρC

∗bρ
HNe + Caρ

HNe[Y †
e Yν ]ρb − 4[Y †

ν Yν ]dc(Cabcd
NN + Cadcb

NN )

− 2Nc[Y †
uYu]kjC

abjk
Nu − 2Nc[YdY

†
d ]kjC

abjk
Nq + 2Nc[YuY

†
u ]kjC

abjk
Nq + 2Nc[Y †

d Yd]kjC
abjk
Nd

+ 2[Y †
e Ye]ρβC

abβρ
Ne + 2[YνY

†
ν ]βαC

abαβ
Nℓ − 2[YeY

†
e ]ρβC

abβρ
Nℓ

+ 2γ(Y )
H Cab

HN + [γ(Y )
N ]acC

cb
HN + Cac

HN [γ(Y )
N ]cb , (A.29)

Ċaα
HNe = [Y †

ν Ye]aα(2CH□ − CHD) − 2[Y †
ν Ye]aρC

ρα
He + 2Cab

HN [Y †
ν Ye]bα + 4[Y †

ν Ye]bσC
abσα
Ne

+ 2[Y †
ν Yν ]abC

bα
HNe + 2Caβ

HNe[Y †
e Ye]βα + 4Nc[Y †

uYd]ikCaαki
Nedu

+ 2γ(Y )
H Caα

HNe + [γ(Y )
N ]acC

cα
HNe + Caβ

HNe[γ(Y )
e ]βα , (A.30)

Ċαβ
He = −[Y †

e Yν ]αaC
aβ
HNe − C∗aα

HNe[Y †
ν Ye]aβ − 2[Y †

ν Yν ]baC
abαβ
Ne + 2[YνY

†
ν ]ρσC

σραβ
ℓe , (A.31)

Ċ
(1)αβ
Hℓ = 1

2[YνY
†

ν ]αβ(CH□ + CHD) − [Yν ]αa[Y †
ν ]bβC

ab
HN − 2[Y †

ν Yν ]baC
abαβ
Nℓ

+ 3
2
(
[YνY

†
ν ]αρC

(1)ρβ
Hℓ + C

(1)αρ
Hℓ [YνY

†
ν ]ρβ

)
− 9

2
(
[YνY

†
ν ]αρC

(3)ρβ
Hℓ + C

(3)αρ
Hℓ [YνY

†
ν ]ρβ

)
+ 2[YνY

†
ν ]ρσ

(
2Cαβσρ

ℓℓ + Cαρσβ
ℓℓ

)
, (A.32)

Ċ
(3)αβ
Hℓ = −1

2[YνY
†

ν ]αβCH□ − 3
2
(
[YνY

†
ν ]αρC

(1)ρβ
Hℓ + C

(1)αρ
Hℓ [YνY

†
ν ]ρβ

)
+ 1

2
(
[YνY

†
ν ]αρC

(3)ρβ
Hℓ + C

(3)αρ
Hℓ [YνY

†
ν ]ρβ

)
− 2[YνY

†
ν ]ρσC

αρσβ
ℓℓ , (A.33)

Ċ
(1)ij
Hq = −2[Y †

ν Yν ]baC
abij
Nq + 2[YνY

†
ν ]σρC

(1)ρσij
ℓq , (A.34)

Ċ
(3)ij
Hq = −2[YνY

†
ν ]σρC

(3)ρσij
ℓq , (A.35)
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Ċij
Hud = −2[Y †

ν Ye]aαC
∗aαji
Nedu , (A.36)

Ċij
Hu = −2[Y †

ν Yν ]baC
abij
Nu +2[YνY

†
ν ]σρC

ρσij
ℓu , (A.37)

Ċij
Hd = −2[Y †

ν Yν ]baC
abij
Nd +2[YνY

†
ν ]σρC

ρσij
ℓd . (A.38)

A.6 ψ4

A.6.1 (R̄R)(R̄R)

Ċabcd
NN = −[Y †

ν Yν ]cdC
ab
HN − [Y †

ν Yν ]abC
cd
HN − [Y †

ν ]cρ[Yν ]σdC
abρσ
Nℓ − [Y †

ν ]aρ[Yν ]σbC
cdρσ
Nℓ

+ [γ(Y )
N ]aeC

ebcd
NN + Caecd

NN [γ(Y )
N ]eb + [γ(Y )

N ]ceC
abed
NN + Cabce

NN [γ(Y )
N ]ed , (A.39)

Ċabαβ
Ne = −2[Y †

ν Yν ]abC
αβ
He + 2[Y †

e Ye]αβC
ab
HN + 2[Y †

e Yν ]αbC
aβ
HNe + 2[Y †

ν Ye]aβC
∗bα
HNe

+ [Yν ]ρb[Ye]σβ

(
C∗σaρα

ℓNℓe − C∗ρaσα
ℓNℓe

)
+ [Y †

ν ]aρ[Y †
e ]ασ

(
Cσbρβ

ℓNℓe − Cρbσβ
ℓNℓe

)
− 2[Y †

ν ]aσ[Yν ]ρbC
σραβ
ℓe − 2[Y †

e ]αρ[Ye]σβC
abρσ
Nℓ

+ [γ(Y )
N ]acC

cbαβ
Ne + Cacαβ

Ne [γ(Y )
N ]cb + [γ(Y )

e ]αρC
abρβ
Ne + Cabαρ

Ne [γ(Y )
e ]ρβ , (A.40)

Ċabij
Nu = −2[Y †

uYu]ijCab
HN − 2[Y †

ν Yν ]abC
ij
Hu − 2[Y †

u ]ik[Yu]ljCabkl
Nq − 2[Y †

ν ]aσ[Yν ]ρbC
σρij
ℓu

+ [Yν ]ρb[Y †
u ]ikCaρkj

Nℓqu + [Y †
ν ]aρ[Yu]kjC

∗bρki
Nℓqu

+ [γ(Y )
N ]acC

cbij
Nu + Cacij

Nu [γ(Y )
N ]cb + [γ(Y )

u ]ikCabkj
Nu + Cabik

Nu [γ(Y )
u ]kj , (A.41)

Ċabij
Nd = 2[Y †

d Yd]ijCab
HN − 2[Y †

ν Yν ]abC
ij
Hd − 2[Y †

d ]ik[Yd]ljCabkl
Nq − 2[Y †

ν ]aσ[Yν ]ρbC
σρij
ℓd

−[Y †
ν ]aσ[Y †

d ]ik
(
Cσbkj

ℓNqd + Cσjkb
ℓdqN

)
− [Yν ]σb[Yd]kj

(
C∗σaki

ℓNqd + C∗σika
ℓdqN

)
+ [γ(Y )

N ]acC
cbij
Nd + Cacij

Nd [γ(Y )
N ]cb + [γ(Y )

d ]ikCabkj
Nd + Cabik

Nd [γ(Y )
d ]kj , (A.42)

Ċaαij
Nedu = [Yu]kj [Ye]ρα(C∗ρaki

ℓNqd + C∗ρika
ℓdqN ) + [Ye]ρα[Y †

d ]ikCaρkj
Nℓqu + [Y †

ν ]aσ[Yu]kjC
σαik
ℓedq

−[Y †
ν ]aσ[Y †

d ]ik
(
C

(1)σαkj
ℓequ − 12C(3)σαkj

ℓequ

)
+ 2[Y †

d Yu]ijCaα
HNe + 2[Y †

ν Ye]aαC
∗ji
Hud

+ [γ(Y )
N ]acC

cαij
Nedu + Caβij

Nedu[γ(Y )
e ]βα + [γ(Y )

d ]ikCaαkj
Nedu + Caαik

Nedu[γ(Y )
u ]kj . (A.43)

A.6.2 (L̄L)(R̄R)

Ċabαβ
Nℓ =[Y †

ν ]aβ [ξN ]αb+[Yν ]αb[ξ∗N ]βa+[(YνY
†

ν )−(YeY
†

e )]αβC
ab
HN−2[Y †

ν Yν ]abC
(1)αβ
Hℓ

+[Yν ]ρb[Y †
ν ]cβC

acαρ
Nℓ +[Yν ]αc[Y †

ν ]aρC
cbρβ
Nℓ −2[Yν ]σb[Y †

ν ]aρC
ασρβ
ℓℓ −4[Yν ]ρb[Y †

ν ]aσC
αβσρ
ℓℓ

−[Ye]αρ[Y †
e ]σβC

abρσ
Ne −2[Y †

ν ]βc[Yν ]αd(Cabdc
NN +Cacdb

NN )

+[Y †
ν ]aρ[Y †

e ]σβ

(
Cαbρσ

ℓNℓe +1
2C

ρbασ
ℓNℓe

)
+[Yν ]ρb[Ye]ασ

(
C∗βaρσ

ℓNℓe +1
2C

∗ρaβσ
ℓNℓe

)
+[γ(Y )

N ]acC
cbαβ
Nℓ +Cacαβ

Nℓ [γ(Y )
N ]cb+[γ(Y )

ℓ ]αρC
abρβ
Nℓ +Cabαρ

Nℓ [γ(Y )
ℓ ]ρβ , (A.44)

Ċabij
Nq =[(YuY

†
u )−(YdY

†
d )]ijCab

HN−2[Y †
ν Yν ]abC

(1)ij
Hq −2[Y †

ν ]aσ[Yν ]ρbC
(1)σρij
ℓq

−[Yu]ik[Y †
u ]ljCabkl

Nu −[Yd]ik[Y †
d ]ljCabkl

Nd −1
2[Yν ]ρb[Y †

u ]kjC
aρik
Nℓqu−

1
2[Y †

ν ]aρ[Yu]ikC∗bρjk
Nℓqu

+1
2[Y †

ν ]aρ[Y †
d ]kj(Cρbik

ℓNqd−2Cρkib
ℓdqN )+1

2[Yν ]ρb[Yd]ik(C∗ρajk
ℓNqd −2C∗ρkja

ℓdqN )

+[γ(Y )
N ]acC

cbij
Nq +Cacij

Nq [γ(Y )
N ]cb+[γ(Y )

q ]ikCabkj
Nq +Cabik

Nq [γ(Y )
q ]kj , (A.45)
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Ċαβij
ℓu =[YνY

†
ν ]αβC

ij
Hu−[Yν ]αa[Y †

ν ]bβC
abij
Nu −1

2[Yν ]αa[Y †
u ]ikCaβkj

Nℓqu−
1
2[Y †

ν ]aβ [Yu]kjC
∗aαki
Nℓqu , (A.46)

Ċαβij
ℓd =[YνY

†
ν ]αβC

ij
Hd−[Yν ]αa[Y †

ν ]bβC
abij
Nd +1

2[Y †
ν ]aβ [Y †

d ]ik(Cαakj
ℓNqd−2Cαjka

ℓdqN )

+1
2[Yν ]αc[Yd]kj(C∗βcki

ℓNqd −2C∗βikc
ℓdqN ), (A.47)

Ċαβδγ
ℓe =[YνY

†
ν ]αβC

δγ
He−[Yν ]αa[Y †

ν ]bβC
abδγ
Ne

+1
2[Y †

ν ]aβ [Y †
e ]δρ

(
Cαaργ

ℓNℓe +2Cρaαγ
ℓNℓe

)
+1

2[Yν ]αa[Ye]ργ

(
C∗βaρδ

ℓNℓe +2C∗ρaβδ
ℓNℓe

)
. (A.48)

A.6.3 (L̄L)(L̄L)

Ċαβγδ
ℓℓ = 1

2[YνY
†

ν ]αβ

(
C

(1)γδ
Hℓ + C

(3)γδ
Hℓ

)
+ 1

2[YνY
†

ν ]γδ

(
C

(1)αβ
Hℓ + C

(3)αβ
Hℓ

)
− [YνY

†
ν ]αδC

(3)γβ
Hℓ − [YνY

†
ν ]γβC

(3)αδ
Hℓ − 1

2[Yν ]αa[Y †
ν ]bβC

abγδ
Nℓ − 1

2[Yν ]γa[Y †
ν ]bδC

abαβ
Nℓ

− 1
4[Y †

ν ]aβ [Y †
e ]ρδC

αaγρ
ℓNℓe − 1

4[Y †
ν ]aδ[Y †

e ]ρβC
γaαρ
ℓNℓe + 1

4[Y †
ν ]aδ[Y †

e ]ρβC
αaγρ
ℓNℓe

+ 1
4[Y †

ν ]aβ [Y †
e ]ρδC

γaαρ
ℓNℓe − 1

4[Yν ]αa[Ye]γρC
∗βaδρ
ℓNℓe − 1

4[Yν ]γa[Ye]αρC
∗δaβρ
ℓNℓe

+ 1
4[Yν ]γa[Ye]αρC

∗βaδρ
ℓNℓe + 1

4[Yν ]αa[Ye]γρC
∗δaβρ
ℓNℓe , (A.49)

Ċ
(1)αβij
ℓq = [YνY

†
ν ]αβC

(1)ij
Hq − [Yν ]αa[Y †

ν ]bβC
abij
Nq + 1

4[Yν ]αa[Y †
u ]kjC

aβik
Nℓqu + 1

4[Y †
ν ]aβ [Yu]ikC∗aαjk

Nℓqu

− 1
4[Y †

ν ]aβ [Y †
d ]kj

(
Cαaik

ℓNqd + Cαkia
ℓdqN

)
− 1

4[Yν ]αa[Yd]ik
(
C∗βajk

ℓNqd + C∗βkja
ℓdqN

)
, (A.50)

Ċ
(3)αβij
ℓq = −[YνY

†
ν ]αβC

(3)ij
Hq + 1

4[Yν ]αa[Y †
u ]kjC

aβik
Nℓqu + 1

4[Y †
ν ]aβ [Yu]ikC∗aαjk

Nℓqu

+ 1
4[Y †

ν ]aβ [Y †
d ]kj

(
Cαaik

ℓNqd + Cαkia
ℓdqN

)
+ 1

4[Yν ]αa[Yd]ik
(
C∗βajk

ℓNqd + C∗βkja
ℓdqN

)
. (A.51)

A.6.4 (L̄R)(L̄R)

Ċαaβδ
ℓNℓe = −2[Yν ]αa[ξe]βδ − 2[Ye]βδ[ξN ]αa + 4[Yν ]βc[Ye]σδC

caασ
Nℓ + 4[Ye]ασ[Yν ]ρaC

βρσδ
ℓe

− 4
(
[Ye]σδ[Yν ]ρa−[Ye]ρδ[Yν ]σa

)
Cαρβσ

ℓℓ + 4
(
[Ye]σδ[Yν ]ρa−[Ye]ρδ[Yν ]σa

)
Cβρασ

ℓℓ

− 4
(
[Yν ]αc[Ye]βσ − [Yν ]βc[Ye]ασ

)
Ccδσa

Ne

+ [γ(Y )
ℓ ]αρC

ρaβδ
ℓNℓe + Cαbβδ

ℓNℓe [γ(Y )
N ]ba + [γ(Y )

ℓ ]βρC
αaρδ
ℓNℓe + Cαaβρ

ℓNℓe [γ(Y )
e ]ρδ

−2g′[Yν ]αaC
βδ
eB − 6g[Yν ]αaC

βδ
eW + 4g′[Yν ]βaC

αδ
eB + 12g[Yν ]βaC

αδ
eW

−6g′[Ye]αaC
βδ
NB − 6g[Ye]αaC

βδ
NW + 12g′[Ye]βaC

αδ
NB + 12g[Ye]βaC

αδ
NW , (A.52)

Ċαaij
ℓNqd = −2[Yd]ij [ξN ]αa − 2[Yν ]αa[ξd]ij

− 4[Yν ]αb[Yd]ikCbakj
Nd + 4[Ye]αρ[Yu]ikC∗aρjk

Nedu − 4[Yd]kj [Yν ]σaC
(1)ασij
ℓq

+ 12[Yd]kj [Yν ]σaC
(3)ασij
ℓq − 2[Yd]kj [Yu]ilC∗aαkl

Nℓqu − 2[Yν ]ρa[Ye]ασC
∗ρσji
ℓedq

+ [γ(Y )
ℓ ]αρC

ρaij
ℓNqd + Cαbij

ℓNqd[γ(Y )
N ]ba + [γ(Y )

q ]ikCαakj
ℓNqd + Cαaik

ℓNqd[γ(Y )
d ]kj

− 2
3g

′[Yd]ijCαa
NB − 6g[Yd]ijCαa

NW − 2g′[Yν ]αaC
ij
dB − 6g[Yν ]αaC

ij
dW , (A.53)
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Ċαjia
ℓdqN = −4[Yν ]αb[Yd]ikCbakj

Nd + 4[Ye]αρ[Yu]ikC∗aρjk
Nedu − 4[Yν ]αb[Yd]kjC

baik
Nq

− 4[Yd]kj [Yν ]σaC
(1)ασij
ℓq + 12[Yd]kj [Yν ]σaC

(3)ασij
ℓq − 4[Yd]ik[Yν ]σaC

ασkj
ℓd

+ [γ(Y )
ℓ ]αρC

ρjia
ℓdqN + Cαkia

ℓdqN [γ(Y )
d ]kj + [γ(Y )

q ]ikCαjka
ℓdqN + Cαjib

ℓdqN [γ(Y )
N ]ba

− 4
3g

′[Yd]ijCαa
NB − 12g[Yd]ijCαa

NW − 4g′[Yν ]αaC
ij
dB − 12g[Yν ]αaC

ij
dW , (A.54)

Ċ
(1)αβij
ℓequ = −2[Yν ]αa[Yd]ikCaβkj

Nedu+2[Yν ]αa[Ye]σβC
aσij
Nℓqu , (A.55)

Ċ
(3)αβij
ℓequ = 1

2[Yν ]αa[Yd]ikCaβkj
Nedu. (A.56)

A.6.5 (L̄R)(R̄L)

Ċaαij
Nℓqu = −2[Yu]ij [ξ∗N ]αa − 2[Y †

ν ]aα[ξu]ij + 2[Y †
ν ]cα[Yu]ikCackj

Nu + 2[Yd]ik[Y †
e ]σαC

aσkj
Nedu

− 2[Yu]kj [Y †
ν ]bαC

abik
Nq + 2[Yu]ik[Y †

ν ]aσC
σαkj
ℓu + 2[Yu]kj [Y †

ν ]aσC
(1)σαik
ℓq

+ 6[Yu]kj [Y †
ν ]aσC

(3)σαik
ℓq + 2[Y †

ν ]aσ[Y †
e ]ραC

(1)σρij
ℓequ − 2[Yd]ik[Yu]lj

(
C∗αalk

ℓNqd − 1
2C

∗αklN
ℓdqN

)
+ [γ(Y )

N ]abC
bαij
Nℓqu + Caβij

Nℓqu[γ(Y )
ℓ ]βα + [γ(Y )

q ]ikCaαkj
Nℓqu + Caαik

Nℓqu[γ(Y )
u ]kj , (A.57)

Ċαβij
ℓedq = 2[Yν ]αa[Y †

u ]kjC
aβik
Nedu+[Yν ]αa[Ye]ρβC

∗ρija
ℓdqN . (A.58)
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