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The discovery of the lepton number violation would be a smoking gun signal for physics beyond the
Standard Model, and its most sensitive probe is the search for neutrinoless double beta decay (0νββ).
Working in the framework of the Standard Model effective field theory (SMEFT), we show that one-loop
effects can remarkably improve the tree-level bounds on the new physics scales for several dimension-7
operators. Using ultraviolet model examples, we then showcase the competition among 0νββ contributions
induced by dimension-7 and loop-level dimension-5 SMEFT operators.
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I. INTRODUCTION

Observation of lepton number violation (LNV) would be a
ground-breaking discovery and indisputable evidence for
physics beyond the Standard Model (BSM). It can be
intimately related to the key puzzles of contemporary particle
physics, particularly to the nonzero neutrinomasses indicated
by the observed neutrino oscillations and theobservedmatter-
antimatter asymmetry of the Universe. The celebrated seesaw
mechanisms for Majorana neutrino masses [1–6] (often
extended in various forms to bring the new physics energy
scales within the experimental reach) along with various
radiative neutrino mass models [7] have been explored in the
literature to reproduce the tiny active neutrino masses, which
is achieved by either a heavy-scale or a loop suppression.
From a model-independent viewpoint employing non-

renormalizable effective interactions respecting the local
gauge symmetry of the SM, often referred to as the
Standard Model effective field theory (SMEFT), the three
types of conventional seesaw mechanisms correspond to
the three minimal tree-level realizations for the non-
renormalizable lepton-number-violating dimension-5
Weinberg operator [6]. Besides that, there exist a vast

number of models realizing the neutrino masses radiatively,
thus giving rise to the Weinberg operator at a certain loop
level [8–10]. These scenarios can, however, lead at the
same time to tree-level realization of the higher-dimen-
sional LNVoperators, which always appear at odd dimen-
sions of SMEFT [11–13]. A priori, there is no reason for
the LNV to necessarily manifest at the tree level at
dimension 5; see, e.g., Ref. [14] for a study of various
UV completions with the tree-level realization of dimen-
sion-7 operators where dimension-5 operators are realized
at loop level. In such scenarios, the loop-induced lower-
dimensional operators compete with the tree-level higher-
dimensional operators, which may lead to important
implications for the constraints on the LNV effective
interactions obtained from the current experimental limits
(in the bottom-up picture) and for making experimental
predictions for low-energy LNV observable rates starting
from simple, realistic UV models (in the top-down picture).
A simplistic scale estimate for the contribution of LNV
higher-dimensional operators to light neutrino masses by
closing the loops of light SM particles [13] suggests that the
contribution to LNV observables like neutrinoless double
beta decay (0νββ) from the light-neutrino-exchange mecha-
nism realized at the loop level can potentially be more
important compared to the direct contribution from the
higher-dimensional operators.1 However, such loop effects
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1This naive correlation between contribution to absolute light
neutrino mass and the light-neutrino-exchange mechanism con-
tribution to 0νββ (often parametrized by the effective neutrino
mass parameter mββ at low-energies) can be broken, e.g. if a
cancellation can be arranged such that mββ is vanishingly small
but the rate of 0νββ is not.
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have been estimated using only the mixing contributions,
mainly in the context of a simple naturalness-based
correction to the absolute scale of neutrino masses, without
a direct link to LNV experimental observables.
In this work, taking the example of one of the most

promising experimental LNV observables, 0νββ, we dem-
onstrate for the first time using a proper SMEFT framework,
including the fullmatching andmixing contributions, how the
contributions induced at loop level can lead to large correc-
tions changing the existing tree-level results in the literature in
both the top-down and the bottom-up approaches. In par-
ticular, we focus on the interdimensional mixing among
dimension-7 and -5 operators to highlight how loop-induced
contributions to 0νββ can lead to significantly stronger
constraints on many higher-dimensional LNV operators
compared to existing ones. On the flip side, we also
demonstrate that the observable rate for 0νββ can change
by several orders of magnitude due to the interplay of loop-
level matching and mixing effects.

II. LOOP EFFECTS FOR LNV OPERATORS AND
ITS IMPLICATIONS

In the framework of SMEFT, the effective interactions
beyond the renormalizable SM can be expressed in the form

Leff ¼ Cð5Þ
LHO

ð5Þ
LH þ

X
i

Cð6Þ
i Oð6Þ

i þ
X
j

Cð7Þ
j Oð7Þ

j þ…; ð1Þ

where CðdÞ’s denote the dimensionful (½M�4−d) Wilson
coefficients and OðdÞ’s are the d-dimensional operators.
The interactions violating the lepton number by two units
appear only at the odd dimensions [11]. In this work, we will
primarily focus on LNVoperators at dimension 7, the next-to-
minimal dimensional LNVoperators after the single dimen-

sion-5Weinberg operatorOð5Þ
LH ¼ ϵijϵmnðLT

i CLmÞHjHn.We
will follow the notation of Ref. [15] in denoting the 12
independent LNV dimension-7 operators, reiterated in the
Appendix for easy reference.
In the top-down picture, the loop level matching to

different dimensional LNV operators needs to be done on
an individual UV complete model basis after integrating out
the heavy NP degrees of freedom at a given scale Λ,
followed by taking into account any subsequent mixing
between same and different dimensional operators
to the scale of the experimental observable. On the other
hand, when employing the bottom-up approach for deriving
the constraints on the NP scale under a single SMEFT
operator dominance assumption, operator mixing is of main
relevance. Loop-level mixing effects among operators can be
systematically analyzed using the renormalization
group equations (RGEs) [16]. The running of the couplings
in d ≤ 4 is given by the usual β-functions of
the SM. Considering the LNV operators up to dimension
7, the RGEs that dictate the mixing for dimension-5 and

dimension-7 operators can be expressed up to OðΛ−3Þ
as [17]

Ċð5Þ ¼ γð5;5ÞCð5Þ þ γ̂ð5;5ÞCð5ÞCð5ÞCð5Þ þ γð5;6Þi Cð5ÞCð6Þ
i

þ γð5;7Þi Cð7Þ
i ; ð2Þ

Ċð7Þ
i ¼ γð7;7Þij Cð7Þ

j þ γð7;5Þi Cð5ÞCð5ÞCð5Þ þ γð7;6Þij Cð5ÞCð6Þ
j ; ð3Þ

where dots denote the rate of change with respect to the
logarithm of the scale, while γ’s denote the anomalous
dimension tensors (or matrices). The repeated indices are
summed over, and the flavor indices are suppressed for
brevity. The RGEs for dimension-6 operators can be found
in [18–21]. RGEs corresponding to LNV operators have
been partially derived and used in the context of neutrino
masses in [22–25], while in [17,26,27] a complete set of
anomalous dimension tensor entries has been recently
derived.2 The mixing among dimension-7 operators them-
selves (γð7;7Þ) has been known to provide important effects in
the context of light neutrino masses originating from LNV
effective interaction [15,25]. In what follows, we will show,
for the first time, how the loop-level operator matching and
operator mixing can dominate over the tree-level matching
for the LNV observables, such as 0νββ.
In many UV constructions, the LNV can manifest

directly at a higher dimension, e.g., at dimension 7 without
any tree-level contribution toOð5Þ

LH [14]. In such a case, even

though absent at the tree level, Oð5Þ
LH is induced via operator

mixing at the loop level; see, e.g., Fig. 1. Given the quite
different sensitivities of LNVobservables, such as 0νββ, to
dimension-5 and dimension-7 operators, the loop-induced
contributions can become competitive and even dominant
over the direct tree-level contributions from the original
operator. Hence, they can provide constraints orders of
magnitude stronger than those obtained using only the tree-
level matching [15,28,29]. In certain cases, the LNV
SMEFT operators do not contribute to 0νββ at the tree

FIG. 1. One-loop matching and mixing contributions to the
dimension-5 Weinberg operator (absent at tree level) in a UV-
model example generating only Oð7Þ

LLēH at tree level.

2In Ref. [17], it was shown that γ̂ð5;5Þ vanishes for the
dimension-5 operator, while γð7;5Þ vanishes for all dimension-7
operators except one, Oð7Þ

LH.
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level, and the current best constraints available in the
literature stem from other probes [e.g., from nonstandard

muon decay for the case of the leptonic operator Oð7Þ
LLēH].

We will see that, even in such cases, the loop-level operator
mixing can lead to a 0νββ bound more stringent than any
other experimental limit.

III. LOOP-INDUCED CONSTRAINTS ON LNV
SCALE FROM 0νββ

It is well-known that 0νββ provides the most stringent
constraints on LNV in the electron flavor. In fact, it is
sensitive to some of the dimension-7 and dimension-9 LNV
SMEFT operators for NP scales well beyond the current
and future collider reach [30]. The half-life for 0νββ can be
expressed as [15,31]

T−1
1=2 ¼ g4A

X
k

G0kjAkðfCigÞj2; ð4Þ

where gA ≃ 1.27 is the axial coupling,G0k denotes the phase
space factors (PSFs) [32,33], while most of the physics is
captured by the so-called sub-amplitudes AkðfCigÞ, which
depend on nuclear matrix elements [34], chiral-EFT low
energy constants [35–44], and the Wilson coefficients of
lepton-number-violating higher-dimensional operators
labeled by fCig. The full expressions of the subamplitudes
are rather lengthy and can be found, for instance, in
Refs. [15,31]. For the nuclear matrix elements, we employ
numerical values fromRef. [34], and for the PSFs, we use the
values obtained from the exact solutions to the electron radial
wave functions in a pointlike nucleus approximation [30,33].
The limits on the dimension-7 SMEFT Wilson coeffi-

cients Cð7Þ
i can be translated into bounds on the corre-

sponding new physics scale Λ as Λ3 ≃ 1=Cð7Þ
i . The most

up-to-date tree-level constraints imposed by 0νββ searches
can be found, for instance, in Ref. [29], which updated the
constraints in Refs. [15,31], taking into account the latest
experimental results from KamLAND-Zen [45]. We find
that these tree-level constraints change significantly for
several of the dimension-7 SMEFT operators once the
mixing among them and the dimension-5 Weinberg oper-
ator is taken into account. In Fig. 2, we show the sensitivity
of 0νββ in current and future generations of experiments to
the various dimension-7 SMEFT operators without and

with one-loop mixing. We find that the operators Oð7Þ
LHD1,

Oð7Þ
LHD2, and Oð7Þ

LHW experience a striking increase in
sensitivity. The one-loop level limits are stronger by more
than two orders of magnitude when compared with the
tree-level results. For these operators, both the loop-level
mixing among different dimension-7 operators themselves
as well as the loop mixing with the dimension-5 Weinberg
operator lead to a fairly large contribution to 0νββ
compared to the simple tree-level contribution. What

further sticks out is the purely leptonic operator Oð7Þ
LLēH,

which does not trigger 0νββ at the tree level. However, at the
one-loop level, 0νββ also yields a limit of tens of TeV for the
NP scale associated with this operator, which stems from its
mixing with the Weinberg operator. Intriguingly, the loop-
level 0νββ constraint surpasses the current best limit on this
operator, imposed by LNV muon decay [15,29], by two
orders ofmagnitude. Less striking but significant changes are

also observed for Oð7Þ
LH and Oð7Þ

LLduD1.

IV. IMPACT OF LOOP MIXING FOR UV
COMPLETE THEORY PREDICTIONS

From the newly obtained more stringent limits on several
of the dimension-7 SMEFT operators above, it must be
apparent that, at least for these operators, the prediction of
0νββ rates should see large increments. However, several
interesting features and subtleties become apparentwhen the
one-loop effects are included in matching a UV complete
model to evaluate 0νββ rates using the top-down EFT
approach. To highlight these, let us consider three specific
examples, the last two of which have been previously
studied in the literature in other contexts.

A. UV example I

The first UV model example we will consider is the SM
extended by a vectorlike fermion F∶ f1; 2; 3=2g and a
singlet charged scalar Φ∶ f1; 1; 1g, where we denote the
charges in notation {SUð3Þc, SUð2Þ, Uð1ÞY}. Here and in
the following discussions, we use the convention such that
electric charge Q ¼ T3 þ Y, and for simplicity we
also assume all heavy new physics fields to be of

FIG. 2. Comparison of the 0νββ sensitivities to the NP scale (Λ)
of different LNV dimension-7 SMEFT operators between only
tree-level matching (green) and with one-loop mixing effects
included (purple) between Λ and the electroweak scale, under the
assumption of a single SMEFToperator dominance. The dark and
light parts of the bands correspond to the sensitivities from the
complete KamLAND-Zen results [46] and the projected sensi-
tivity of the next-generation ton-scale experiment nEXO [47],
respectively.
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approximately the same mass MNP ∼ Λ.3 The relevant new
interactions are given by

LI ⊃ f1L̄iτ2LCΦ† þ f2eCFH† þ f3Fiτ2LCΦ; ð5Þ

where L denotes the SM lepton doublet, H denotes the SM
Higgs doublet, τ2 denotes the second Pauli matrix, and
Hermitian conjugated terms are implied. At the tree level,

this model only generates the dimension-7 operator Oð7Þ
LLēH

without any other dimension-7 or -5 contributions; hence,
there is no tree-level 0νββ contribution. At the one-loop
level, this model can generate a matching contribution to the
Weinberg operator at the new physics scale μ ¼ Λ (when F
andΦ are integrated out), depicted by the middle diagram of
Fig. 1.4 The one-loop matching contribution has the form

ΔCαβ
5 ¼ MFF

αβ
ASðyl; f†1; f2; f3Þ

32π2ðM2
F −M2

ΦÞ
ln

�
M2

F

M2
Φ

�
; ð6Þ

where yl is the SM leptonYukawa coupling and the function
Fαβ
AS ≡ yγλl ½ðf†γα1 − f†αγ1 Þfλ2fβ3 þ α ↔ β� is vanishing for a

symmetric f1 Yukawa matrix. The mixing of operators
between the NP scale Λ and the electroweak scale also
generates contributions to the dimension-5 Weinberg oper-
ator and, at a subdominant level, to other dimension-7
operators. The dimension-5 mixing contributions corre-
spond to the one-loop renormalization correction arising

from closing the two of the legs ofOð7Þ
LLēH via the SM lepton

Yukawa coupling, as shown in the right diagram of Fig. 1.
Finally, the left-most panel of Fig. 3 shows the different
contributions at the one-loop level arising in this model
assuming that the NP only couples to electrons, demonstrat-
ing that the mixing contribution to the Weinberg operator
dominates the contributions to 0νββ.5 The high sensitivity of
0νββ to theWeinberg operator allows for testing this kind of
scenario, giving orders of magnitude better sensitivity
compared to the currently known best probe for such a
scenario in the form of LNV muon decay [15,29].

B. UV example II

The secondUVmodel examplewewill consider is the SM
extended by a vectorlike fermion Σ∶ f1; 3; 1g and a scalar
S∶ f1; 4; 3=2g. The relevant new interactions are given by

LII ⊃ h1LCΣH† þ h2ΣLSþ λSHHHS†: ð7Þ

Thismodel, proposed inRef. [48], is oneof the earliest known

model examples where the dimension-7 operator Oð7Þ
LH is

known to be generated at tree level without any tree-level
Weinberg operator. The dimension-5 contribution is only
generated at one-loop order when two of the Higgs legs of

Oð7Þ
LH are closed into a loop using the quadratic Higgs term.

The relevant matching contribution to the Weinberg operator
has the form

ΔCαβ
5 ¼ MΣ

32π2
λ†Sðhα1hβ2 þ hβ1h

α
2Þ

ðM2
Σ −M2

SÞ
ln

�
M2

S

M2
Σ

�
; ð8Þ

which dominates the 0νββ rate over the tree-level contribu-

tions from the dimension-7 operator Oð7Þ
LH within the whole

range of energies accessible at the current and future gen-
eration experiments, as shown in the middle panel of Fig. 3.
This is, again, due to thevastly different sensitivity to the0νββ
rate triggered by the dimension-5 Weinberg operator com-
pared to the one induced by the dimension-7 operators.

C. UV example III

The third and final UV model example we will
consider is the extension of the SM gauge group by a
global U0ð1Þ symmetry and the field content with a
vectorlike triplet fermion Σ0∶ f1; 3; 1; qg and two doublet
scalars χ∶ f1; 2; 3=2; qg and η∶ f1; 2; 1=2; qg, where the
forth quantum number in the parentheses denotes the U0ð1Þ
charge. The relevant new interactions are given by

LIII ⊃ y1L̄Σ0χ̃ þ y2L̂
CΣ0η̃þ κðχ†HÞðη̃†HÞ; ð9Þ

where L̂ ¼ iτ2L and χ̃ ¼ iτ2χ�. This model was proposed in

Ref. [49] as a UV completion of theOð7Þ
LHD1 operator at one-

loop order.6 Because of the U0ð1Þ global symmetry, the
Weinberg operator is not generated at the tree level; however,
it can originate at one-loop order, i.e., the same order as the

Oð7Þ
LHD1 operator.

7 Following a careful examination, we find
that this model, in fact, also generates one-loop matching

contributions to Oð7Þ
LH, Oð7Þ

LHW , Oð7Þ
LHB, Oð7Þ

LHD2, Oð7Þ
LLēH,

Oð7Þ
LLQd̄H1

, Oð7Þ
LLQd̄H2

, and Oð7Þ
LLQ̄uH in our physical basis,

leading to a similar contribution to 0νββ as the dimen-
sion-5 Weinberg operator, which can be seen in the right

3If the heavy degrees of freedom are hierarchical in mass, then
one should employ step-by-step matching and mixing integrating
out one heavy degree of freedom at a time starting from the UV
model. In such a scenario, onewould expect logarithmic corrections
due to the running between the two hierarchical heavier scales.

4For the figure, we make the benchmark choice of fixing the NP
couplings to unity. However, for smaller values of the NP
couplings, bothdimension-5 and -7 lines shift upward,with slightly
different slopes because of a different Λ dependence.

5The behavior of the different contributions and the conclusion
remain very similar if we instead assume a flavor universal structure
for the f1 Yukawa matrix, with slight shift in scale.

6Note that we have slightly modified some of the interactions to
make the quantum number assignments consistent with the inter-
actions, which seemed to contain typos in the original reference.

7In the absence of any additional symmetry, the tree-level UV
completions of Oð7Þ

LHD1 involve one of the three particles leading
to tree-level dimension-5 seesaw realizations. The same is also
true for Oð7Þ

LHD2, O
ð7Þ
LHW , and Oð7Þ

LHB.
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panel of Fig. 3. The individual contributions of the different
dimension-7 Wilson coefficients are included in the
Appendix. Therefore, thismodel provides a counter-example
to the previous two scenarios, in which the loop-level
dimension-5 dominated over the dimension-7 contributions.8

V. DISCUSSION

In this work, we have primarily focused on 0νββ to
demonstrate the loop mixing effects for its prominent
sensitivity to LNV new physics coupling to the first-
generation leptons. However, similar effects are also
expected for other observables like the LNV meson decays
and collider searches. For the off-resonance collider searches
of effective contact interactions, the current best limits are
relatively poor [29,49,50] for the mixing effects between the
heavy NP scale and collider energy scale (e.g., center-of-
mass energy) to be of immediate importance. On the other
hand, for probes like the K → πνν decays, these effects can
be relevant and lead to new nontrivial interplay between the
dimension-5 and dimension-7 LNVoperators induced by the
mixing.
The effects discussed in this work imply that a careful

implementation of the operator mixing triggers important
contributions to the standard light-neutrino-exchange
mechanism, hinting at the challenging nature of the potential

efforts to distinguish exotic high-energy 0νββ mechanism
from observations of this rare decay itself [51,52]. Also,
assuming a suppressed Weinberg-operator tree-level con-
tribution to 0νββ, the herein-discussed loop-induced con-
tributions induced by the higher-dimensional LNVoperators
may often be of greater importance than the ambiguities
stemming from the nuclear structure computations.
In conclusion, we have demonstrated how the loop-

induced contributions to 0νββ rate can often entirely domi-
nate over higher-dimensional tree-level rates and, hence,
improve the constraints on the NP scale by several orders of
magnitude. For realisticUVcompletemodel examples, these
effects can enhance the experimental predictions for 0νββ
rates by several orders ofmagnitude compared to purely tree-
level calculations. As such, these corrections are of signifi-
cant relevance for phenomenology, and they nicely comple-
ment the mosaic of recent improvements in the field of 0νββ.
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APPENDIX

1. Notes on the LNV dimension-7 SMEFT basis

In the literature, several bases for dimension-7 LNV
SMEFT operators have been proposed and used. In this
work, we follow the same basis as in Ref. [15]:

Oð7Þ
LH ¼ ϵijϵmnðLT

i CLmÞHjHnðH†HÞ;
Oð7Þ

LHD1 ¼ ϵijϵmnðLT
i CðDμLÞjÞHmðDμHÞn;

Oð7Þ
LHD2 ¼ ϵimϵjnðLT

i CðDμLÞjÞHmðDμHÞn;
Oð7Þ

LHDe ¼ ϵijϵmnðLT
i CγμeÞHjHmðDμHÞn;

Oð7Þ
LHB ¼ ϵijϵmng0ðLT

i Cσ
μνLmÞHjHnBμν;

Oð7Þ
LHW ¼ ϵijðϵτIÞmng2ðLT

i Cσ
μνLmÞHjHnWI

μν;

Oð7Þ
LLd̄uD1

¼ ϵijðd̄γμuÞðLT
i CðDμLÞjÞ;

Oð7Þ
LLēH ¼ ϵijϵmnðēLiÞðLT

j CLmÞHn;

Oð7Þ
LLQd̄H1

¼ ϵijϵmnðd̄LiÞðQT
j CLmÞHn;

Oð7Þ
LLQd̄H2

¼ ϵimϵjnðd̄LiÞðQT
j CLmÞHn;

Oð7Þ
LLQ̄uH

¼ ϵijðQ̄muÞðLT
mCLiÞHj;

Oð7Þ
Leud̄H

¼ ϵijðLT
i CγμeÞðd̄γμuÞHj; ðA1Þ

where the operators in bold contribute to the 0νββ directly
at the tree level. Another useful basis proposed in the
literature is the flavor symmetric basis in Refs. [17,27],
which provides a convenient form for the RGEs. While the
convention for some of the operators in this basis is
shared with Eq. (A1), the different ones are related as
follows:

CðSÞαβ
lH ¼ 1

2
fCαβ

LH þ Cβα
LHg;

CðSÞαβ
lHD1 ¼

1

2
fCαβ

LHD1 þ Cβα
LHD1g;

CðSÞαβ
lHD2 ¼

1

2
fCαβ

LHD2 þ Cβα
LHD2g;

CðAÞαβ
lHB ¼ 1

2g0
fCαβ

LHB − Cβα
LHBg;

Cαβ
lHW ¼ 1

g2
Cαβ
LHW;

Cαβγλ
d̄ullD

¼ iCαβγλ
LLd̄uD1

;

Cαβ
leHD ¼ iCαβ

LHDe;

CðSÞαβ
ēlllH ¼ 1

6
ðCαβγλ

LLēH þ Cαλβγ
LLēH þ Cαγλβ

LLēH

þ Cαβλγ
LLēH þ Cαγβλ

LLēH þ Cαλγβ
LLēHÞ;

CðMÞαβ
ēlllH ¼ 1

3
ðCαβγλ

LLēH þ Cαγβλ
LLēH − Cαλγβ

LLēH − Cαγλβ
LLēHÞ;

Cαβ
d̄lqlH1

¼ Cαβ
LLQd̄H1

;

Cαβγλ
d̄lqlH2

¼ Cαβ
LLQd̄H2

;

Cαβ
q̄ullH; ¼ Cαβ

LLQ̄uH;

Cαβγλ
d̄lueH

¼ 2Cβλαγ
Leud̄H

: ðA2Þ

In this flavor symmetric basis of Ref. [17], the RGE
for the evolution of dimension-5 Weinberg operator is
given by

Ċαβ
5 ¼ 1

16π2

�
ð−3g22 þ 4λþ 2TÞCαβ

5 −
3

2
ðCαβ

5 y†l Yl þ Y†
l YlTC

αβ
5 Þ þ 2m2

�
Cαβ
5 ð8CH□ − CHDÞ þ 8CðSÞ�αβ

lH

þ 3

2
g22ð2CðSÞ�αβ

lHD1 þ CðSÞ�αβ
lHD2 Þ þ

1

2
ðYlY

†
l C

ðSÞ†
lHD1Þαβ þ

1

2
ðYlY

†
l C

ðSÞ†
lHD1Þβα −

1

4
ðYlY

†
l C

ðSÞ†
lHD2Þαβ

−
1

4
ðYlY

†
l C

ðSÞ†
lHD2Þβα þ ðYlC

†
leHDÞαβ þ ðYlC

†
leHDÞβα − ðY†

l Þγλð3CðSÞ�γλαβ
ēlllH þ CðMÞ�γλαβ

ēlllH þ CðMÞ�γλβα
ēlllH Þ

−
3

2
ðY†

dÞγλðC�γαλβ
d̄lqlH1

þ C�γβλα
d̄lqlH1

Þ þ 3ðYuÞλγðC�λγαβ
q̄ullH þ C�λγβα

q̄ullHÞ
��

; ðA3Þ
where

T ¼ Trð3Y†
uYu þ 3Y†

dYd þ Y†
l YlÞ: ðA4Þ
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For the complete set of rather lengthy RGE equations for
LNV dimension-7 SMEFT operators and their derivations,
see, for instance, [17,27].

2. Notes on matching of the UV model examples

The matching and the running of the UV models in the
top-down approach must be done using a consistent
physical basis or a Green’s basis. For some simple UV
complete models, only one or a few contributions to the
physical basis might be generated. In some cases, however,
a large number of Green’s basis operators can be generated.
Some tools now provide the possibility to generate the tree-
level and one-loop matching contributions for a given UV
model in some standard complete Green’s basis up to an
arbitrary dimension, see e.g., Matchete [53]. Mapping those
contributions to a given physical basis can involve tedious
matching between redundant and physical operators, apply-
ing equations of motion, integration by parts, or algebraic
identities to express the generated green basis operators in
terms of the complete set of physical basis operators.

We have used the packages [53,54] to cross-check some
of our loop matching results for the sake of completeness.
Finally, for UV model example III, the matching contri-
bution to the dimension-5 Weinberg operator is given by

ΔCαβ
5 ¼ κyα2y

β
1MΣ0

64π2ðM2
Σ0 −M2

ηÞðM2
Σ0 −M2

χÞðM2
η −M2

χÞ

×

�
M2

Σ0M2
η ln

�
M2

Σ0

M2
η

�
− η ↔ χ þ Σ0 ↔ χ

�
: ðA5Þ

The expressions for the matching contributions to all the
other Wilson coefficients induced at the one-loop level are
quite lengthy and cannot be included here. However, for the
reference of interested readers, we show the evolution of
various Wilson coefficients as a function of the energy scale
μ for UVexample III in Fig. 4, assuming one-loop matching
at a scale of 1017 GeV and including the RGE mixing
effects subsequently until the electroweak symmetry break-
ing scale.

FIG. 4. Plot showing the evolution of various Wilson coefficients as a function of the energy scale μ for the UVexample III in the main
text. To obtain this plot, we have assumed one-loop matching at a scale of 1017 GeV and have included the RGE running effects
subsequently until the electroweak symmetry breaking scale. Some of the Wilson coefficients are rescaled for the convenience of
presentation, as specified in the legends corresponding to different Wilson coefficients.
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