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1 Introduction

The Standard Model (SM) of particle physics has been tested with high precision across a
wide range of experiments. Nevertheless, the observation of tiny neutrino masses indicates
that the SM is not complete and new physics (NP) beyond it is required. NP particles
and interactions generally mediate flavor changing transitions that are forbidden or highly
suppressed within the SM, potentially leaving observable signals in high-precision and/or
high-intensity frontier experiments. Among the latter, a prominent role is played by searches
for processes with charged lepton flavor violation (CLFV) that are among the most powerful
and cleanest low-energy probes of NP, as they are suppressed to a negligible level within
the SM. These processes, which are presently the object of a robust experimental program
aimed at increasing current sensitivities by several orders of magnitude [1], are the main
focus of the present work.

In addition to direct or indirect searches for new degrees of freedom beyond the SM,
another widely explored direction to unveil new underlying dynamics is investigating possible
internal correlations among the SM parameters. One fundamental feature of the SM is the rich
flavor sector: we observe the existence of three families (or flavors) for each chiral fermion with
given gauge quantum numbers, only differing in their masses. Although the flavor parameters,
including fermion masses, mixing angles, and CP violating (CPV) phases, are free parameters
within the SM, they do not appear to be random. Rather, they mostly exhibit peculiar
hierarchical patterns. The very existence of three families and the origin of the observed
patterns of fermion masses and mixing is often referred to as the SM “flavor puzzle” [2, 3],
as the flavor sector has no fundamental principle explaining its structure within the SM. In
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addition, a number of flavor parameters seem to obey special interrelationships. The existence
of hidden flavor textures for the fermion mass matrices is therefore a well-motivated possibility.

Already in 1977 [4–7], it was noted that the phenomenological relation among the Cabibbo
angle θc and quark masses θc = arctan

√
md
ms

− arctan
√

mu
mc

may originate from quark mass
matrices with vanishing (1, 1) entries:

MD =

 0 √
mdms

√
mdms ms

 , MU =

 0 √
mumc

√
mumc mc

 . (1.1)

Non-trivial flavor textures like the above one may also appear in the lepton sector. For
instance, neutrino oscillation data hints at an approximate “tribimaximal” flavor mixing
pattern [8–13]: θ12 = arctan 1√

2 , θ23 = π
4 , θ13 ≪ θ12, θ23, where θ12, θ23, and θ13 are the

mixing angles observed, respectively, in solar, atmospheric, and reactor neutrino oscillations.
Since the absolute neutrino masses mν1 , mν2 , and mν3 are only constrained but not yet
measured, the flavor texture of the neutrino mass matrix Mν cannot be fully inferred. Despite
this, texture zeros similar to those for quarks shown in eq. (1.1) are conjectured to arise
for Mν [14–20], in the basis where the charged lepton mass matrix is diagonal, as they
introduce constraints that reduce the number of free parameters tightening the connection
between flavor texture and measured quantities. In fact, current experimental measurements
of neutrino oscillations allow up to two vanishing elements in Mν , and some of such one-
and two-zero textures can be tested in the near future — see, for instance, refs. [21–28] for
analyses published after the measurement of the reactor mixing angle. For instance, even
without knowledge of the absolute neutrino masses, future oscillation experiments such as
JUNO [29] and DUNE [30] can shed light on certain two-zero textures, once the Dirac CPV
phase is measured or constrained. Interestingly, a recent work [31] points out that for the
case of a normal neutrino mass hierarchy, one of the two-zero textures allowed by NuFit-6.0
data [32] is in tension with the newly released JUNO 2025 data [33].

Non-trivial flavor textures are generally employed for the interactions of NP fields as
well. An extensively studied framework is minimal flavor violation (MFV) [34–38], which
assumes that, also in the NP sector, the U(3)5 global flavor symmetry of the SM gauge sector
is only broken by the SM Yukawas, Yu, Yd, and Ye, acting as “spurions”. A less restrictive
flavor symmetry is U(2)5, which only acts on the two lightest fermion families [38–44]. Both
frameworks are well-motivated since U(3)5 and U(2)5 are accidental symmetries of the SM
gauge sector and, in particular, the latter one naturally addresses the observed fact that
the first and second generations are, in first approximation, massless compared to third
generation fermions. In addition, both paradigms ensure a sufficient protection of dangerous
flavor-violating transitions between light fermions. Recently, refs. [43, 44] showed that for all
U(2)5-symmetric operators of the SM effective field theory (SMEFT), a TeV-scale cutoff is
consistent with all present experimental bounds, given that the Wilson coefficients (WCs)
of operators involving light fields and/or Higgs fields are mildly suppressed.

An interesting question then arises: are there any other flavor textures, for either
renormalizable models or effective theories, that also suppress the light flavor transitions
while allow third-generation or Higgs specific signals for near-future experiments? Since large
neutrino mixing angles break both the U(2)ℓ and U(3)ℓ symmetry in the lepton sector, many
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other options for leptonic textures were also considered. One approach is to explore the
alternative (broken) subgroups of U(3)ℓ × U(3)e that are distinct from U(2)ℓ × U(2)e [42, 45–
47]. On the other hand, symmetries directly linked to the tribimaximal flavor mixing pattern
are broadly studied as well, especially discrete symmetries that may originate from modular
symmetries inspired by string compactification — see refs. [27, 48–65] for examples relating
such symmetries to CLFV. In some scenarios, µ → e transition amplitudes vanish if certain
discrete symmetries are exact — see [64] for a recent example — with a flavor structure
significantly differing from those restricted by the U(2)5 ansatz. This fact indicates that
the possible flavor structures for the TeV-scale NP are highly diverse. Furthermore, beyond
the extensively explored landscape of flavor symmetries, a wide range of equally predictive
textures may still remain uncovered.

The purpose of this work is to study a set of more general flavor textures that suppress
µ → e transitions and predict correlated CLFV processes across all three generations. In
particular, we focus on the above-mentioned texture zeros in the neutrino mass matrix that
have been first introduced in [14]. Working within the minimal type II seesaw model [66–70]
as a benchmark, we find that certain textures that do not entail enhanced flavor symmetries
can also be consistent with 5− 10TeV new physics. We choose type II seesaw model because
it is one of the simplest UV-complete neutrino mass model (only requiring the introduction
of a new scalar field) and it is therefore highly predictive: (i) CLFV interactions are directly
linked to the neutrino mass matrix without involving further free parameters, (ii) they can
be sizable while still leading to tiny neutrino masses through a small lepton number breaking
parameter (with no need to extend the model).

Specifically, the model extends the SM by adding an SU(2)L triplet field ∆ with non-zero
hypercharge. In the limit of a small breaking of the lepton number, the mass of ∆ can be as
low as the TeV scale. As mentioned, the ∆-lepton Yukawa coupling Y∆ is proportional to
the neutrino mass matrix Mν , which breaks the chiral U(2)ℓ flavor symmetry because the
approximate tribimaximal flavor mixing pattern is not third-generation specific. Restoring
the U(2)ℓ symmetry and suppressing µ → e transitions is only possible by taking the limit
Y∆ → 0 that, however, pushes the effective cutoff scale to high values and suppresses all other
CLFV operators as well. In this work, we find that the limits of a heavy ∆ or preserved
U(2)ℓ are not necessary conditions to evade the tight µ → e constraints. An alternative way
out is requiring Mν to exhibit the above-mentioned texture zeros. This conclusion holds even
when one-loop matching and running of the CLFV WCs are included.

If the zero textures of Mν are protected by (generalized) flavor symmetries, the minimal
seesaw model needs extensions in general — see, for instance, refs. [21, 58, 71–91]. However,
we find that within minimal type II seesaw, even if the renormalization group (RG) evolution
from a high scale ΛUV is included, µ → e can still be sufficiently suppressed. As a result, the
landscape of type II seesaw becomes more “flavorful”: besides µ → ēee, µ → eγ, and µ − e

conversion in nuclei, τ → µee, the process of τ decaying to one muon and two same-sign
electrons, could also provide the first signal for CLFV within type II seesaw. On the other
hand, if this τ CLFV decay is observed, the µ → e processes must also be sizable and are
guaranteed to be detected at running or upcoming experiments. The correlations of multiple
CLFV processes and their specific patterns can give a hint on the underlying flavor structure
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of Y∆, and perhaps also shed light on the scale ΛUV where this structure originates. Therefore,
we provide a further theoretical motivation to search for τ CLFV in high-intensity frontier
experiments such as Belle II, as a probe complementary to the currently running MEG II
and the upcoming Mu3e, COMET, and Mu2e experiments.

Some works in the literature have partly explored similar ideas, in particular [92–95].
Refs. [92, 93] are early studies on CLFV within type II seesaw that also discussed the
conditions on Y∆ required to suppress µ → e transitions, which additionally link CLFV
processes to neutrino oscillation parameters. However, the crucial one-loop enhancement for
µ → ēee was not included. In the context of a general bottom-up effective field theory (EFT)
analysis, ref. [94] studied the full RG running of the CLFV WCs (hence capturing all one-loop
effects) and mapped them to UV-complete models including type II seesaw. In this context,
they considered the one-zero texture with Mν

eµ = 0 to suppress µ → e transitions and
presented correlations between µ → ēee and the other CLFV decay rates for a benchmark
choice of the neutrino mixing parameters. Nevertheless, we find that the correlations with
τ CLFV feature large variance when the uncertainty of the neutrino parameters is taken
into account. Predictive patterns of CLFV observables can only be identified within more
constraining textures for Y∆, e.g. with two vanishing entries. To the best of our knowledge,
two-zero textures for Y∆ were only considered in ref. [95], where the one-loop enhanced
contribution to µ → ēee was again omitted and other loop-induced processes, such as µ → eγ,
were not included in the analysis. In addition, all previous works assumed that the zero
textures for Y∆ are defined exactly at the scale m∆. If this assumption is relaxed, corrections
originated from the RG evolution from ΛUV to m∆ have yet to be quantified.

The paper is structured as follows. In section 2, we first revisit the Lagrangian of minimal
type II seesaw and summarize the relevant effective operators up to one-loop matching. In
section 3, we review the seven realistic two-zero textures for the Majorana neutrino mass
matrix Mν , and apply them to the Yukawa matrix Y∆. We then analyze how the current
CLFV experiments constrain the effective cutoff scale for each texture and briefly compare our
results with other patterns predicted by U(2), A4, and Z3 flavor symmetries. In the following
section 4, the stability of the two-zero textures under the renormalization group (RG) running
is examined in both regions above and below the scale of ∆. In section 5, we first analyze the
correlation among various µ and τ CLFV processes and then discuss the absolute transition
rates. After that, we quantify the RG evolution corrections to the predicted ratios of the
branching ratios (BRs), and explain why they can shed light on scales far higher than that of
∆. We also comment on complementary information that could be obtained at high-energy
colliders. Finally, our findings are summarized in section 6. In the appendix we give more
technical details on our calculations. In appendix A, we provide the loop functions related
to the penguin diagram. The explicit expressions of the dependence of Mν with two-zero
textures on the neutrino oscillation parameters, and present benchmark matrices for each
pattern, are collected in appendix B. Appendix C presents more details on the RG running.
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2 Type II seesaw and the low energy theory

The complete Lagrangian of the type II seesaw model reads (see e.g. [96, 97] for reviews):

L = LSM + Tr
[
(Dµ∆)†(Dµ∆)

]
− m2

∆Tr(∆∆†)− V (4)(H,∆)

− (Y∆ℓL∆iτ2ℓc
L − µ∆HT iτ2∆H + h.c.) ,

(2.1)

where ℓL is the left-handed lepton doublet (with ℓc
L = iγ2γ0ℓL denoting the charge-conjugated

field), H is the SM Higgs doublet, and ∆ is the new SU(2)L scalar triplet:

∆ ≡

∆−/
√
2 ∆0

∆−− −∆−/
√
2

 . (2.2)

In the above Lagrangian, Y∆ is a 3× 3 complex symmetric matrix, whose flavor indices
are not shown explicitly, and µ is the trilinear coupling between the triplet and the SM Higgs
doublet. The quartic self-interactions involving ∆ and H in V (4)(H,∆) have the general form:

V (4)(H,∆) = λ1
[
Tr(∆†∆)

]2
+ λ2Det(∆†∆) + λ3(H†H)Tr(∆†∆)

+ λ4(H†σiH)Tr(∆†σi∆) . (2.3)

Once the scalar doublet H develops a vacuum expectation value (VEV) v ≃ 246 GeV by
spontaneous symmetry breaking, this also induces a VEV v∆ for the triplet ∆, from which
the Majorana neutrino masses matrix arises:

Mν =
√
2Y∆v∆ = µ∆Y∆

v2

m2
∆

. (2.4)

As customary, Mν is diagonalized by a unitary transformation [98, 99]:

Mν = U


mν1 0 0
0 mν2 0
0 0 mν3

UT , (2.5)

where the mixing matrix U can be parametrized by three mixing angles and three CPV phases:

U =


c13c12 c13s12 s13e−iδ

−s12c23 − c12s13s23eiδ +c12c23 − s12s13s23eiδ c13s23

+s12s23 − c12s13c23eiδ −c12s23 − s12s13c23eiδ c13c23

 .


eiρ 0 0
0 eiσ 0
0 0 1

 , (2.6)

with cij ≡ cos θij and sij ≡ sin θij . Throughout the paper, we work in the basis with a
flavor-diagonal charged-lepton mass matrix, hence U represents the matrix that relates
neutrino flavor and mass eigenstates.

In the limit µ∆ = 0, the lepton number L is conserved, that is, the Lagrangian in eq. (2.1)
is invariant under the global U(1) symmetry:

∆ → ∆e−2iθL , ℓL → ℓLeiθL , H → H . (2.7)
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(b) (c) (d) (e)(a)

(f) (i)(g) (h)

Figure 1. (a)-(e): Feynman diagrams contributing to CLFV processes within the full type II seesaw
model. (f)-(i): corresponding Feynman diagrams in the effective theory at low-energy scales, q2 ≪ m2

W .
We do not apply the on-shell condition so a pair of quarks or charged leptons can be attached to the
external gauge boson lines. Self-energy diagrams are not included for simplicity.

In other words, if µ∆ ̸= 0, thus for non-vanishing Majorana neutrino mass terms in Mν ,
L is explicitly broken. Neutrino masses can thus be suppressed by a small value of µ∆

— a situation that can be regarded as “natural” since it leads to the enhancement of the
symmetry of the theory [100]. As a consequence, large Yukawa couplings, Y∆ ∼ O(1), and/or
a relatively low-energy triplet mass, m∆ ∼ O(TeV), are not in conflict with the observed
smallness of neutrino masses. This opens up the possibility of testing the theory searching
for L-conserving CLFV processes, see e.g. [96, 101].

The doubly-charged state of the triplet directly contributes to processes such as µ → ēee

via the diagram (a) of figure 1. Upon integrating out ∆, this amplitude matches to the
following low-energy CLFV operators:

δLd=6
tree = 1

2m2
∆

Y∆jlY
∗

∆ik(ℓiγµPLℓj)(ℓkγµPLℓl) , (2.8)

where ℓi = eL i + eR i with eL (eR) denoting the left-handed (right-handed) charged leptons
and i, j, k, l = e, µ, τ being flavor indices. According to [102], the WCs of all the other
dimension-six operators originating from tree-level matching are proportional to µ∆ and are
therefore suppressed when µ∆ ≪ m∆. At one-loop level, quark flavor-violating operators can
arise but all their WCs also depend on µ∆ [102]. As a consequence, constraints from lepton
flavor universality (LFU) tests in flavor-changing hadronic decays, such as the bounds from
R(K(∗)) ≡ Γ(B → K(∗)µ+µ−)/Γ(B → K(∗)e+e−) [103, 104], are automatically evaded.

On the other hand, a set of new CLFV operators that arise at one-loop level can be
sizable. They are complementary to δLd=6

tree because they feature different flavor structures.
At low energy scales q2 ≪ m2

W , we have:

δLd=6
FV = Cik

dipole

(
ℓiσ

µνPRℓk

)
Fµν + Cik

penguin(ℓiγµPLℓk)
(

ℓlγ
µℓl +

2
3ulγ

µul −
1
3dlγ

µdl

)
+ Cijkl

box (ℓiγµPLℓj)(ℓkγµPLℓl) ,

(2.9)
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where

Cik
penguin = e2

12π2m2
∆

Y∆ ijY ∗
∆ kj

(
1
12 + f

(
q2

m2
∆

,
m2

j

m2
∆

))
,

Cik
dipole =

3e

64π2m2
∆
(Y∆Y †

∆)ikmk ,

Cijkl
box = − 1

32π2m2
∆
(Y∆Y †

∆)ij(Y∆Y †
∆)kl −

1
8π2m2

∆
(Y∆Y †

∆)il(Y∆Y †
∆)kj .

(2.10)

The above one-loop matching is also discussed in [101, 102, 105]. The corresponding Feynman
diagrams of the full renormalizable theory are illustrated in the panels (b)-(e) of figure 1.
Notice that we do not use the standard operator basis (see e.g. [106]) of the low-energy
effective field theory (LEFT), in order to keep a clear correspondence between operators
and diagrams of figure 1.

As we do not enforce the on-shell condition for the external gauge bosons, a fermion
line (hence a pair of quarks or charged leptons) can be attached. Both diagram (b) and (c)
contribute to Cpenguin and the explicit form for the corresponding loop function f is shown
in appendix A. In the limit q2 ≲ m2

j ≪ m2
∆ (corresponding to a µ decay through µ or τ

in the loop), this reads [107]:

f

(
−q2

m2
∆

,
m2

j

m2
∆

)
= 2 log

(
mj

m∆

)
+ 5

3 , mj = mµ or mτ . (2.11)

The large mass hierarchy ensures that varying m∆ from 1 to 10 TeV does not significantly
change the numerical value of eq. (2.11), so for simplicity we always take m∆ = 3TeV as a
benchmark. In the view of the effective theory, the log function contained in Cpenguin encodes
the RG running of the tree-level WCs in diagram (f). This running evolves from m∆ to mµ or
mτ , and its anomalous dimension can be calculated from diagram (g) of figure 1. Diagrams
(h) and (i) cancel the divergent part of diagram (g) as counter terms. Their finite parts are
matched from diagram (b)-(e) and lead to Cdipole and Cbox in eq. (2.10).

We calculate the tree-level and one-loop contributions to CLFV processes inserting the
above coefficients into the expressions provided in ref. [108] and show the results in table 1.
The one-loop BRs are calculated in the limit that the tree-level amplitudes are zero (as
the former would be subdominant otherwise), so interference terms are not displayed. For
simplicity, we take mj = mτ to evaluate eq. (2.11), which is a good approximation for all
one-loop τ decay BRs.1 Moreover, we define:

(Y∆Y†
∆)µµ = (Y∆Y †

∆)µµ − 4
(Y∆Y †

∆)eµ(Y∆Y †
∆)∗τµ

(Y∆Y †
∆)eτ

,

(Y∆Y†
∆)ee = (Y∆Y †

∆)ee − 4
(Y∆Y †

∆)µe(Y∆Y †
∆)∗τe

(Y∆Y †
∆)µτ

,

(2.12)

in order to simplify the expressions of box diagram contributions.
1Instead, for what concerns BR(µ → ēee), the expression of the table should be modified by adding the

term
(

25
∣∣(Y∆Y †

∆)ee

∣∣2 + 26 Re
[
(Y∆Y †

∆)ee

]
+ 10

) ∣∣(Y∆Y †
∆)eµ

∣∣2 to account for µ running in the loop, which
enhances the log term by a factor ≈ 1.8.
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Observable Tree-level (×m4
∆G2

F ) One-loop (×105 m4
∆G2

F ) 90 % CL UL

BR(µ −→ eee) 0.25
∣∣Y∆µeY∆ee

∣∣2 (
25
∣∣∣(Y∆Y †

∆)ee

∣∣∣2 + 19Re
[
(Y∆Y †

∆)ee

]
+ 5.8

) ∣∣∣(Y∆Y †
∆)eµ

∣∣∣2 1.0× 10−12 [109]

BR(τ −→ eee) 0.085 |Y∆τeY∆ee|2
(
25
∣∣∣(Y∆Y †

∆)ee

∣∣∣2 + 19Re
[
(Y∆Y †

∆)ee

]
+ 6.3

) ∣∣∣(Y∆Y †
∆)eτ

∣∣∣2 2.5× 10−8 [110]

BR(τ −→ eeµ) 0.043
∣∣Y∆τeY∆eµ

∣∣2 (
0.085

∣∣∣(Y∆Y†
∆)ee

∣∣∣2 + 0.32Re
[
(Y∆Y†

∆)
ee

]
+ 0.76

) ∣∣∣(Y∆Y †
∆)µτ

∣∣∣2 1.6× 10−8 [110]

BR(τ −→ µee) 0.043
∣∣Y∆τµY∆ee

∣∣2 25
∣∣∣(Y∆Y †

∆)eµ

∣∣∣ ∣∣∣(Y∆Y †
∆)eτ

∣∣∣2 1.5× 10−8 [111]

BR(τ −→ eµµ) 0.043
∣∣Y∆τeY∆µµ

∣∣2 25
∣∣∣(Y∆Y †

∆)µe

∣∣∣ ∣∣∣(Y∆Y †
∆)µτ

∣∣∣2 1.3× 10−8 [110]

BR(τ −→ µµe) 0.085
∣∣Y∆τµY∆µe

∣∣2 (
0.085

∣∣∣(Y∆Y†
∆)µµ

∣∣∣2 + 0.32Re
[
(Y∆Y†

∆)µµ

]
+ 0.63

) ∣∣∣(Y∆Y †
∆)eτ

∣∣∣2 2.4× 10−8 [110]

BR(τ −→ µµµ) 0.043
∣∣Y∆τµY∆µµ

∣∣2 (
4.3
∣∣∣(Y∆Y †

∆)µµ

∣∣∣2 + 3.2Re
[
(Y∆Y †

∆)µµ

]
+ 0.93

) ∣∣∣(Y∆Y †
∆)µτ

∣∣∣2 1.9× 10−8 [112]

BR(µ −→ eγ) 0 98
∣∣∣(Y∆Y †

∆)eµ

∣∣∣2 1.5× 10−13 [113]

BR(τ −→ eγ) 0 17
∣∣∣(Y∆Y †

∆)eτ

∣∣∣2 3.3× 10−8 [114]

BR(τ −→ µγ) 0 17
∣∣∣(Y∆Y †

∆)µτ

∣∣∣2 4.2× 10−8 [115]

CR(µAu −→ eAu) 0 71
∣∣∣(Y∆Y †

∆)eµ

∣∣∣2 7.0× 10−13 [116]

CR(µAl −→ eAl) 0 32
∣∣∣(Y∆Y †

∆)eµ

∣∣∣2 —

Table 1. Branching ratios of various CLFV processes in minimal type II seesaw. For illustration, the
one-loop BRs are shown in the limit that the tree-level amplitudes vanish, so interference terms are
not displayed. However, in the following numerical analysis, these contributions are included. The last
column displays the current experimental 90 % confidence level (CL) upper limits (UL). The notation
(Y∆Y†

∆)ee/µµ is defined in eq. (2.12). We take m∆ = 3TeV to evaluate the logarithmic function in
eq. (2.11). However, varying m∆ from 1 to 10 TeV does not significantly change the numerical values
displayed.

It is worth remarking that the Higgs and the W and Z gauge bosons, as well as the top
quark, do not appear in the loop diagrams of figure 1. Hence, one can directly match the UV
theory to the LEFT, instead of the SMEFT as an intermediate step, which is what we did
above. However, being an SU(2)L triplet, ∆ also couple to the W , Z, and H bosons, thus
giving rise to the following SMEFT operators that inducing flavor-violating Z and H decays:

δLd=6
Z,H-FV = CeW (ℓLσµνeR)τ IHW I

µν + CeB(ℓLσµνeR)HBµν + CeH(H†H)(ℓLeRH)

+ C(3)
Hℓ(H

†τ Ii
↔
DµH)(ℓLτ IγµℓL) + C(1)

Hℓ(H
†i

↔
DµH)(ℓLγµℓL) .

(2.13)

At the scale q2 = m2
W , these operators are then matched to LEFT operators and their

contributions are already included in the coefficients of dipole and four-fermion operators
shown in eq. (2.8) and eq. (2.9). Compared to the CLFV decays of µ and τ leptons, the Z-pole
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observables such as Z → ℓ̄iℓj currently provide weaker constraints on the set of coefficients
{CeW , CeB, CeH , C(3)

Hℓ , C(1)
Hℓ} [117], so we do not include them in the following analysis. We

also do not include the operator (H†i
↔
DµH)(eRγµeR) that gives rise to CLFV Higgs decays,

because its coefficient is suppressed by a double chirality flip ∝ y2
τ .

All other one-loop induced operators are flavor conserving. Here, we do not discuss
the corresponding observables in detail, because the resulting constraints are in general
weaker than those from CLFV processes. In type-II seesaw, almost all flavor conserving
operators are suppressed by µ∆, loop factors, and/or chirality flipping terms [102], so they are
phenomenologically irrelevant. The only exception is provided by the lepton flavor conserving
but LFU violating four-fermion operators in eq. (2.8), such as (µγµPLτ)(τγµPLµ). LFU tests
in τ decays constrain the cut-off scale of such kind of operators to be above 4.5TeV [43]. As
we will see, this bound is still weaker than those we obtain from the CLFV τ decays.

3 Texture zeros and bounds on the type II seesaw scale

In the charged-lepton mass basis, all six possible one-zero textures for the neutrino mass
matrix Mν are consistent with the neutrino mixing angles and mass splittings measured in
neutrino oscillation experiments [27, 95, 118–123]:

A :


0 b a

b y c

a c z

 , B :


x 0 a

0 y c

a c z

 , C :


x b 0
b y c

0 c z

 ,

D :


x b a

b 0 c

a c z

 , E :


x b a

b y 0
a 0 z

 , F :


x b a

b y c

a c 0

 .

(3.1)

This is not the case for two-zero textures. The only patterns that, at present, are compatible
with neutrino oscillation data are [23–28]:

A1 :


0 0 a

0 y c

a c z

 , A2 :


0 b 0
b y c

0 c z

 , B1 :


x b 0
b 0 c

0 c z

 , B2 :


x 0 a

0 y c

a c 0

 ,

B3 :


x 0 a

0 0 c

a c z

 , B4 :


x b 0
b y c

0 c 0

 , C :


x b a

b 0 c

a c 0

 .

(3.2)

Textures with three or more zeros are excluded by oscillation experiments [21, 119]. The
above two-zero textures are also consistent with beta decay and neutrinoless double beta
decay (0νββ) data [28].2 They serve as the maximal possible hierarchal structure for Mν

and, in the context of type II seesaw, Y∆.
2Only textures A1 and A2 are compatible with the stringent cosmological bound on the sum of neutrino

masses Σmν < 0.09 eV [26], while all seven textures remain viable under more conservative cosmological lim-
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In general, Mν contains 9 real physical parameters, as shown by eqs. (2.5) and (2.6): two
mass differences ∆m12, ∆m13, three mixing angles θ12, θ13, θ23, one Dirac CPV phase δ, two
Majorana CPV phases ρ and σ, and the lightest mass m0, which is equal to mν1 in case of
normal ordering (NO) or mν3 in case of inverted ordering (IO). Oscillation experiments can
precisely measure the first five parameters, while they constrain the Dirac CPV phase δ only
poorly at present and they are not sensitive to the absolute mass and the Majorana phases.
Cosmological observations [127, 128] and β-decay experiments such as KATRIN [129] can
set upper limits to the absolute neutrino mass scale m0.

In presence of a two-zero texture, Mν only contains five independent real physical
parameters, which we can choose to be the precisely measured ones: the mixing angles
and the mass splittings {θ12, θ13, θ23, ∆m12, ∆m13}. The other physical parameters are
predictions of the texture. The explicit relations among the entries of Mν and the physical
observables are shown in appendix B. It is worth remarking that flavor patterns less restrictive
than two-zero textures are only poorly constrained by data at present. Although Mν with
certain one-zero textures contains the same number of free parameters and experimental
inputs, the non-zero elements can only be inferred with large uncertainties, unless δ and m0
are measured or constrained at a better precision level. Typically, in order to narrow down
the allowed ranges for the parameters in eq. (3.1), the sensitivity for m0 should reach the
O(0.05) eV level so that the uncertainty of the dimensionless variable (m2

0/∆m2
13) becomes

smaller than O(1), a result that is supported by the m0 dependence of the Mν elements [97].
In the context of type II seesaw, the two-zero textures B1, B4, and C all predict the

µ → ēee decay to occur at the tree level, as Y∆ eµ and Y∆ ee are both non-vanishing —
cf. eq. (3.2) and table 1. For all the other two-zero textures, µ → ēee vanishes at the tree level
such that its BR is suppressed by a loop factor 1/(4π)4 = 4×10−5. The best probe for type II
seesaw then becomes µ → eγ, whose branching ratio is proportional to (Y∆Y †

∆)µe — cf. table 1
— and is thus connected to the neutrino oscillation parameters by the following expression [105]:

BR(µ → eγ) ∝
∣∣∣(Y∆Y †

∆)µe

∣∣∣2 ∝
∣∣∣(MνMν †)µe

∣∣∣2 ≈
(
∆m2

13 cos θ13 sin θ13 sin θ23
)2

. (3.3)

This relation is valid for both normal and inverted ordering in the limit ∆m2
12 → 0. Therefore,

BR(µ → eγ) only weakly depends on the unknown neutrino mass scale and Majorana phases,
and is non-vanishing for all textures. As a result, simultaneously observing µ → ēee, µ → eγ,
and, in some cases, tree-level τ CLFV decays is, in principle, possible at current and upcoming
experiments, as discussed below. This interesting situation is in stark contrast to the standard
expectation for type II seesaw with a generic flavor structure of Y∆, where the strong limit
set by µ → ēee typically prevents the rates of other CLFV modes (especially for τ leptons)
from resulting in the observable range; see e.g. [96, 101] for detailed discussions based on
the generic flavor structure.

its [28]. We include all textures because the information from cosmology is indirect and can be modified by new
physics irrelevant to the type II seesaw. For instance, light dark sector particles can suppress the neutrino abun-
dance and thereby relax the cosmological constraints, see [124–126] and references therein for further examples.

– 10 –



J
H
E
P
0
5
(
2
0
2
6
)
1
8
8

A1 A2 B1 B2 B3 B4 C

µ → ēee 8.3+0.6
−0.5 10.1+0.8

−0.9 22+7
−9 3.3+0.7

−0.8 3.1+0.5
−0.6 20+5

−9 75+49
−58

µ → eγ 28.0+2.3
−1.9 29.4+2.9

−4.0 9.3+2.8
−4.0 9.8+3.5

−5.0 8.9+2.6
−4.0 9.5+3.3

−5.0 38+18
−35

τ → µ̄µµ 6.1+0.7
−0.7 6.0+0.4

−0.4 0.5+0.2
−0.2 2.9+0.9

−1.3 0.2+0.2
−0.2 2.7+0.8

−1.3 0.4+0.5
−0.3

τ → µ̄ee 0.64+0.04
−0.06 0.63+0.05

−0.06 5.7+0.2
−0.2 5.7+0.2

−0.2 5.7+0.2
−0.2 5.7+0.2

−0.2 6.4+1.5
−1.7

Table 2. Central values and 3σ uncertainties for the lower limit on the type II seesaw scale
Λ∆ ≡ m∆/(2|Y∆µτ |) (in TeV) set by various CLFV processes for the two-zero textures defined in
eq. (3.2). The uncertainties originate from the neutrino oscillation parameters. The neutrino mass
ordering (NO/IO) is a prediction of each texture, as discussed in appendix B. For each texture, the
strongest constraint is marked in red.

Since Y∆µτ is non-vanishing across all seven allowed two-zero textures, we define the
type II seesaw scale as:3

Λ∆ ≡ m∆
2|Y∆µτ |

, (3.4)

where the factor 2 accounts for the fact that Y∆µτ = Y∆τµ and both entries lead to the same
interaction term. Other non-zero Yukawa couplings have values of the same order of magnitude
as Y∆µτ , and can be connected to Y∆µτ by neutrino oscillation observables, as illustrated
in appendix B. The µ → ēee constraint requires Λ∆ larger than O(100)TeV [96, 101], if all
entries Y∆ are of the same order of magnitude, that is, for a democratic (or anarchical) flavor
structure. As mentioned above, this is no longer the case for some of the two-zero textures.

In order to compare the predictions of the seven textures in eq. (3.2), we calculate the
current lower bounds on Λ∆ for each texture as follows. First, we fix m∆ = 3TeV since
varying m∆ within the range 1− 10TeV does not significantly impact on the numerical value
of eq. (2.11). Then, for each texture, we calculate the relation between Y∆µτ and the other
entries of Y∆ using the neutrino oscillation data. Due to the experimental uncertainties of
the latter, we generate 104 neutrino oscillation data sets that follow the distribution fitted
by Nufit-6.0 [32] and use them to calculate 104 benchmarks for Y∆ij/Y∆µτ — we refer to
appendix B for more details, including the neutrino mass ordering predicted in each texture.
Using the expressions shown in table 1, these benchmark values can be used to obtain the
various CLFV BRs as a function of Y∆µτ only. Here, one-loop expressions are applied only
when the tree-level contribution vanishes. Next, we use the experimental limits collected in
the last column of table 1 to constrain each Y∆µτ benchmark and translate them to the lower
limits for Λ∆. Finally, we get 104 possible lower bounds on Λ∆ as output for each texture

3Notice that the scale Λ∆ that we define here is the cut-off scale of the dimension-six operators relevant for
CLFV, while for what concerns the renormalization group evolution of the parameters, it is the running from
ΛUV to m∆ that matters, as discussed in section 4.
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and process, and show the corresponding central values in table 2. The uncertainty displayed
for each entry of the table represents the range that 99.7 % of the output numbers lie within
(3σ range). As we can see, the variance for texture C is especially sizable because, within this
texture, the entry Y∆µe can be tuned to be small when the CPV phase δ takes specific values.

In table 2, we highlight in red the strongest bound for each texture, in all cases coming
from µ → e transitions. These results inform us that the textures A1, A2, B1, B4, and
C are inconsistent with an effective scale Λ∆ ≲ 10TeV, which, of course, does not imply
that m∆ cannot be in the TeV range if Y∆µτ is sufficiently small. On the other hand, B2
and B3 are more effective in suppressing µ → e transitions, so that they allow m∆ to be as
light as of 5 − 6TeV even for Y∆µτ ≈ 0.5.4 In addition, the table shows that fulfilling the
µ → ēee constraint does not always require Λ∆ ≳ O(100)TeV as expected for a democratic
flavor structure, no matter whether this process is induced at tree or one-loop level. Table 2
also shows that µ → eγ provides tight constraints for all the textures, but still up to large
uncertainties. Meanwhile, combined τ CLFV decays provide a universal bound Λ∆ ≳ 5−6TeV
for all textures. As we can see for B2 and B3, the scales probed by τ → µ̄ee and µ → eγ

are comparable within uncertainties.

We conclude this section with a brief comparison between the results presented above
and some well-studied frameworks introducing flavor symmetries in the leptonic sector. A
widely used framework to suppress 2-1 flavor changing processes relative to 3-2 and 3-1
transitions involves the assumption that the SMEFT operators (thus the NP interactions)
are invariant under the same U(2)5 global symmetry approximately displayed by SM flavor
sector, which acts on the lightest two generations only. See ref. [130] for a recent analysis
on the charged lepton sector. If unbroken, this symmetry suppresses all µ → e transitions
because of µ − e flavor universality. In addition, the U(2)5 symmetry is chiral so that dipole
operators do not involve the two lightest lepton families. In this framework, the strongest
bound for the cutoff scale in the lepton sector is about 5 TeV, mainly following from LFU
tests in τ decays [43, 44]. This bound can be further relaxed to values even closer to the TeV
scale if the NP couplings to e and µ are mildly suppressed [43]. Here we want to highlight
that, for textures B2 and B3, constraints on the NP scale comparable to those within the
U(2)5 framework are obtained, even if ∆ couples to e and µ non-universally. Textures B2
and B3 are simple examples showing that TeV-scale NP can be consistent with the µ → e

constraints, even without flavor symmetries.

Next, let us remark that B textures feature a moderate hierarchy, as one can also see
from the numerical benchmark in eq. (B.6). As lowest order approximation, the normalized
Yukawa matrix can, in fact, be written as:

|Y∆ij |
|Y∆µτ |

≈


1 0 0
0 0 1
0 1 0

 , for textures B1 − B4 . (3.5)

4This is to be compared to the direct LHC limit m∆ ≳ 1 TeV — see section 5.1.
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This structure can originate from flavor symmetries such as A4 and its subgroup Z3 [59–
63, 76]. For instance, the finite transformation:

∆ → ∆, e → e, µ → ei 2π
3 µ, τ → ei 4π

3 τ, (3.6)

can protect the stability of the zero texture shown in eq. (3.5) without extending our model
beyond the minimal type II seesaw, and ensures that all µ → e transitions vanish. The only
CLFV operator arising at the tree level is (τγµPLe)(µγµPLe), whose direct bound comes from
a third-generation related process, the τ → µee decay. On the other hand, we notice that the
A4 (or Z3) discrete symmetry is also not strictly necessary in order to relax the lower limit of
Λ∆ down to the TeV scale. The benchmark textures shown in eq. (B.6) demonstrate that
Y∆µµ or Y∆ττ can be as large as 0.3− 0.4. These entries serve as sizable A4 or Z3 breaking
terms while not leading to overwhelming constraints from µ → e transitions.

4 Radiative stability of texture zeros

It is known that Mν texture zeros are absolutely stable below m∆ [21, 131]. Indeed, the rele-
vant RG equation describing the evolution of the matrix Mν with the scale µ reads [132, 133]:

16π2 dMν

d logµ
= −1

2
(
MνYℓY

†
ℓ + (YℓY

†
ℓ )

T Mν
)
+ Mν

(
−3g2

2 + 2λH + 6y2
t

)
, (4.1)

where g2, λH , and yt are respectively the SU(2)L gauge coupling, the Higgs quartic coupling,
and the top-quark Yukawa coupling. Yℓ is the Yukawa matrix of charged leptons. Other
Yukawa couplings are far smaller than O(1) and cannot change the flavor structure of
Mν , so they can be neglected to very good approximation. Working in the basis where
Yℓ = diag{ye, yµ, yτ}, eq. (4.1) can be solved analytically [134]:

Mν(µ) = Igλt


I2

e Mν
ee(m∆) IeIµMν

eµ(m∆) IeIτ Mν
τe(m∆)

IµIeMν
µe(m∆) I2

µMν
µµ(m∆) IµIτ Mν

τµ(m∆)
Iτ IeMν

τe(m∆) Iτ IµMν
τµ(m∆) I2

τ Mν
ττ (m∆)

 . (4.2)

The renormalization factors Igλt(µ) and Iℓ(µ), whose expressions are shown in appendix C, are
equal to one for µ = m∆. This solution implies that radiative corrections to Mν are always
multiplicative: as long as Mν

ℓℓ′ is zero at one scale below m∆, it vanishes at all scales below m∆.
On the other hand, texture zeros are typically not stable under the RG running above m∆.

In other words, the considered textures can be consistently defined only at the high-energy
scale ΛUV where they originate (e.g. from spontaneous breaking of a flavor symmetry) and,
unless ΛUV = m∆, radiative effects will, in general, generate non-zero entries. The scales
relevant to the problem are illustrated in figure 2. The relevant RG equations above the
scale m∆ are [135, 136]:

16π2 dYℓ

d logµ
= 3YℓY

†
∆Y∆ + Yℓ

(
3y2

t − 9
4g2

1 − 9
4g2

2

)
,

16π2 dY∆
d logµ

= 6Y∆Y †
∆Y∆ + Y∆

(
2tr

[
Y †

∆Y∆
]
− 9

10g2
1 − 9

2g2
2

)
,

(4.3)
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Figure 2. Schematic (approximately logarithmic) representation of the energy scale hierarchy in the
considered type II seesaw framework. Vertical arrows indicate the key energy scales: muon and tau
masses, mµ and mτ , the electroweak symmetry breaking scale ΛEW, the mass of the type II seesaw
scalar triplet m∆, the cut-off scale Λ∆ of the dimension-six operators relevant for CLFV, and the
ultraviolet cutoff scale ΛUV.

where, as before, we neglect all the couplings much smaller than O(1), including Y †
ℓ Yℓ ∼ y2

τ . As
mentioned, if a given zero texture for Y∆ originates at some scale ΛUV > m∆, running effects
from ΛUV down to m∆ can change the Y∆ flavor structure. The resulting matrices at m∆ are:

Yℓ(m∆) = ItgYℓ(ΛUV) ·
(

m∆
ΛUV

) 3
16π2

(
Y †

∆Y∆
)

eff
,

Y∆(m∆) = I∆g

(
m∆
ΛUV

) 3
16π2

(
Y †

∆Y∆
)T

eff · Y∆(ΛUV) ·
(

m∆
ΛUV

) 3
16π2

(
Y †

∆Y∆
)

eff
.

(4.4)

The notation used here is explained in detail in appendix C. Itg and I∆g are overall factors
accounting for the flavor-conserving contribution and are given in eq. (C.1). The effective
matrix

(
Y †

∆Y∆
)

eff
, defined in eq. (C.2), can be interpreted as the average of

(
Y †

∆Y∆
)

between
the scales m∆ and ΛUV. The expressions in eq. (4.4) involve matrix functions, which can be
effectively evaluated by matrix power expansion, as explained in and below eq. (C.3).

A new feature of the above solution is that Yℓ(m∆) in eq. (4.4) is no longer diagonal. To
quantify how radiative corrections destabilize the zero textures, one then has to diagonalize Yℓ

by rotating the ℓL and eR basis, which further modifies Y∆(m∆). Assuming Y∆ to vary slowly
with respect to µ, we derive the leading-log expansion for Y∆(m∆) in the basis of diagonal Yℓ:

Y∆(m∆) = I∆g

(
Y∆(ΛUV) +

3
16π2 log

(
m∆
ΛUV

)(
2Y∆Y †

∆Y∆ − (Y †
∆Y∆)ij

[
Y∆,O{ij}

])
(ΛUV)

)
.

(4.5)
To obtain this expression, we take into account the hierarchy mτ ≫ mµ ≫ me, which implies
that Yℓ(m∆) in eq. (4.4) can be diagonalized by rotating the ℓL basis only. Here, O{ij}
are matrices defined in terms of the Gell-Mann matrices [137] as O{12} = iλ2, O{13} = iλ5,
O{23} = iλ7, while the others are zero.

We proceed assuming that Y∆(ΛUV) displays one of the zero textures in eq. (3.1)
and eq. (3.2), plug it into the solution eq. (4.5), and check whether such texture is pre-
served for Y∆(m∆). We find that, starting with Y∆ee(ΛUV) = Y∆µe(ΛUV) = 0, one obtains
Y∆ee(m∆) = Y∆µe(m∆) = 0, hence the RG running does not give rise to the vanishing entries.
In addition, if Y∆µe(ΛUV) ̸= 0 but Y∆ee(ΛUV) = 0, the relation Y∆ee(m∆) = 0 still holds.

We further checked these features numerically and approximately confirmed the analytical
results discussed above. Taking

(
Y †

∆Y∆
)

eff
in eq. (4.4) as a random complex matrix whose
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elements vary between −1 and 1 (for both real and imaginary parts), we find that, if
Y∆ee(ΛUV) = Y∆µe(ΛUV) = 0, Y∆τµ(ΛUV) = 1, the entries Y∆(m∆)ee and Y∆(m∆)µe take
values of the order (me/mτ )2 ∼ 10−7 and (mµ/mτ )2 ∼ 10−3, respectively. As a consequence,
we can conclude that the zero textures A and A1 remain approximately stable for any scale
below ΛUV. Although we cannot identify a simple symmetry responsible for this result, we
note that one-loop RG stability is not necessarily enforced by symmetries. In some cases,
special flavor structures can also forbid loop corrections up to certain orders. Known examples
include the rank of the neutrino mass matrix [138] and CP violation in extended Higgs
sectors [139, 140]. On the other hand, the other zero textures we considered are not RG
stable. The elements that are zero at ΛUV receive additive corrections at one loop. These
radiative contributions must be included in the phenomenological analysis and, as we will
see, introduce some dependence of the results on the cutoff scale ΛUV.

5 Patterns of CLFV observables from two-zero textures

In this section, we study in greater detail the phenomenology of type II seesaw with Y∆
featuring a two-zero texture, with the aim of illustrating the distinctive patterns that CLFV
observables can display for each texture.

Our main results are shown in figures 3 and 4, which illustrate the correlations among
the relevant CLFV processes for the seven possible two-zero textures in eq. (3.2), together
with current and future experimental sensitivities. In these figures, we first set the observable
providing the strongest constraint to its current experimental limit and mark it as a blue
star. That is, we fix BR(µ → ēee) = 1.2 × 10−12 (the SINDRUM limit [109]) for textures
B1, B4 and C, and BR(µ → eγ) = 1.5× 10−13 (the recent MEG II limit [113]) for textures
A1, A2, B2, B3. In order to illustrate correlations with other processes independent of the
absolute size of |Y∆|, we assume |Y∆µτ | to be small enough that the terms proportional to
(Y∆Y †

∆)ee contained in the expression for BR(µ → ēee) shown in table 1 can be neglected.5

This also ensures that the RG effects discussed in section 4 are so small that they do not
destabilize the textures, as we will see in the following. As a consequence of this assumption,
all relevant CLFV BRs, no matter if they are dominated by tree-level or one-loop amplitudes,
scale as |Y∆µτ |4, and the ratios between different BRs are independent of the absolute size of
the Yukawa couplings. Therefore, in this limit, all CLFV BRs within the same zero texture
are connected by neutrino oscillation data only. The error bars illustrate the 3σ uncertainties
arising from oscillation parameters, which we calculate using the same method as for the
bounds on Λ∆ discussed in section 3. The red diamonds represent the current experimental
limits for each process, as listed in table 1.6 Expected future sensitivities [141–145] are
represented as green squares.

A few comments about the results shown in figures 3 and 4 are in order. For textures
B1, B4, C, the µ → ēee decay arises at tree level and thus is the most sensitive probe of
type II seesaw. Observing µ → eγ within the sensitivity of the MEG II experiment [141]

5For B2, B3, this requires |Y∆µτ | ≪ 0.7, which is the value for which those terms become dominant. This
can be relaxed to about 1.5 for A1, A2.

6For µ → e conversion in nuclei, we use the expressions in table 1 to rescale the bound on CR(µ Au → e Au)
translating it into a limit on CR(µ Al → e Al).
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Figure 3. Predicted branching ratios of various CLFV processes for textures B1-B4. The strongest
constraint, BR(µ → eγ) or BR(µ → ēee), is fixed to the value that saturates the current experimental
limit (blue star). The predicted BRs for the other processes are denoted by blue dots with error bars
corresponding to 3σ uncertainties from neutrino oscillation data. Red diamonds and green squares
respectively indicate current and future experimental sensitivities. See the main text for details.

would then directly exclude B1 and B4. On the other hand, texture C still allows for the
simultaneous observation of µ → ēee and µ → eγ due to the large theoretical uncertainty. For
the remaining textures, the loop induced process µ → eγ provides the strongest constraint
on the model because it cannot be accidentally suppressed by our flavor structures. However,
even if µ → eγ is observed in the near future, the µ → ēee rate is predicted to be within the
future experimental sensitivity, due to the significant projected improvement of the Mu3e
experiment [142]. In addition, all textures predict that, as long as either µ → eγ or µ → ēee

are discovered, observing µ → e conversion in nuclei would be ensured at the upcoming
COMET [143] and Mu2e [144] experiments.

In the τ sector, all textures of type B and (marginally) texture C allow the possibility
of detecting τ → µee at Belle II [145, 146], even under the strict constraints from µ → e

transitions. This is consistent with general predictions based on Z3 flavor symmetries, as
discussed at the end of section 3, while our two-zero textures are more general. In particular,
textures B2 and B3 ensure detection of τ → µee at Belle II, given that µ → eγ is observed.
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Texture C: Mμμ=0, Mττ=0

Figure 4. Same as figure 3 for textures A1, A2 and C.

Current neutrino data even allows the possibility that τ → µee be discovered before µ → eγ.
In case either µ → eγ or τ → µee is discovered, both µ → ēee and µ → e conversion would
also be within the sensitivity of upcoming experiments. Interestingly, although textures A1
and A2 can be interpreted as originated from a U(1)e symmetry with a (rather large) explicit
breaking term — see the benchmark in eq. (B.6) — the predicted rate of the most sizable
τ CLFV process, τ → µ̄µµ, remains below the expected Belle II sensitivity. In general, our
figures show that observing this process (as well as any τ decay besides τ → µee) would
exclude all the considered textures within type II seesaw. It is worth remarking that figures 3
and 4 also imply that the less restrictive one-zero textures, such as A and B in eq. (3.1), are
not predictive within the present knowledge of neutrino parameters. For instance, one can
see that textures A1 and B2 both satisfy the one-zero structure B, but they give distinctive
predictions for τ → µee.

The results presented above show how each two-zero texture predicts a peculiar pattern for
the CLFV processes within type II seesaw, enabling to experimentally discriminate between
them in case several processes are observed. This motivates us to study the absolute CLFV
rates in more detail focusing on those textures that suppress the tree-level contribution to
µ → ēee, that is, A1, A2, B2, and B3. The scatter plots in figure 5 show how BR(µ → eγ),
BR(µ → ēee), BR(τ → µee), and BR(τ → µµµ) are correlated and how they depend on
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Figure 5. Predicted BR(µ → eγ) within textures A1, A2, B2, B3, versus the second most
constraining observable, BR(µ → ēee) (for all textures) and BR(τ → µ̄ee) (for B2, B3 only). The
parameters are set to m∆ = 3TeV and 0 ≤ |Y∆τµ| ≤ 0.25. The other entries of Y∆ are calculated as
in appendix B. Solid (dashed) lines represent current (future) experimental limits.

the absolute size of Y∆ for the benchmark triplet mass m∆ = 3TeV. To generate these
plots, we randomly vary |Y∆τµ| between 0 and 0.25 (each point’s color denotes the value
of |Y∆τµ| as indicated by the bar below the plots), and calculate the other entries of Y∆
using the neutrino oscillation data as done before. The branching ratios are then obtained
using the (full) expressions in table 1. Solid and dashed lines represent the current and
expected future limits, respectively.

Figure 5 shows that, currently, µ → eγ is consistently the strongest constraint for all the
four considered textures. The spread of the points corresponds to the error bars in figures 3
and 4. The sizable uncertainty of the B2 and B3 prediction for BR(µ → eγ) allows Y∆τµ

with values as large as 0.25. Hence, these textures are still consistent with a TeV-scale ∆
and sizable Yukawa couplings, enriching the phenomenology of the minimal type II seesaw,
especially in view of present and future collider searches. On the other hand, the µ → eγ

constraint implies a more stringent limit |Y∆µτ | ≲ 0.05 for the A textures. In all cases
displayed in figure 5, if BR(µ → eγ) is within the future experimental sensitivity, so is
BR(µ → ēee). This encouraging result also applies to BR(τ → µee) for textures B2, B3.
By contrast, this is not the case for A1, A2, in which τ → µee vanishes at tree-level and is
not enhanced by the leading-log term at one loop. A1 and A2 predict τ → µ̄µµ to be the τ
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Figure 6. Ratios of CLFV BRs as functions of the scale ΛUV where a given texture is assumed to
be exact, including the RG evolution of Y∆ above m∆. Green points correspond to Y∆µτ = 0.1, red
points to Y∆µτ = 0.3. The gray solid lines show the ratios of the current experimental limits.

CLFV process with the largest rate, albeit far below the expected sensitivity. These textures
can be then excluded if any of the τ CLFV decays is detected at Belle II.

Figure 5 also illustrates the correlations between different processes more transparently
than in our previous discussion. As one can see, µ → ēee and µ → eγ are in all cases linearly
correlated to very good approximation. Texture A2 predicts BR(µ → ēee)/BR(µ → eγ)
nearly twice as large as the value predicted by A1, B2, and B3, because it features µ instead
of τ running in the penguin loop (diagram (g) of figure 1), which enhances the log term in
the decay amplitude. For all considered textures, on the other hand, the correlation between
µ and τ decays is less sharp because of the dependence on the neutrino oscillation data.

So far, we have not included in the analysis the RG corrections discussed in section 4.
In general, the RG corrections to the ‘would-be’ zero elements in Y∆ are negligible for what
concerns neutrino masses and mixing, so that the formulae in appendix B remain valid and
the non-zero elements are still correlated by neutrino oscillation data. As a consequence, the
leading non-zero values of Y∆(m∆) can always be understood as experimental inputs and
definitions. However, the would-be zero elements receive additive RG corrections as discussed
in section 4 and, for the physical observables depending on these elements, such corrections
can become phenomenologically important even if small.

Figure 6 shows ratios of the CLFV BRs including the RG effects, with the gray lines
indicating the ratios of the present experimental limits. Hence, the process in the numerator
(denominator) sets the stronger constraint for a point lying above (below) such line. For
each point in the plots, we choose Y∆µτ (m∆) = 0.1 (green) and 0.3 (red) as benchmark
values for the absolute size of the Yukawa couplings, because larger couplings would require
m∆ ≳ 3TeV to fulfill the experimental limits on CLFV processes. To quantify the corrections
to the would-be zero entries, we first assume a given texture to be defined at the scale
ΛUV in the basis Yℓ(ΛUV) = diag{ye, yµ, yτ}. The triplet mass m∆ is taken equal to 3 TeV
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and the value of the cutoff scale is randomly varied in the range 3 ≤ ΛUV ≤ 3 × 1014 TeV.
Then, we adopt the approximation that the flavor structure of Y∆ varies slowly so that
Y∆ij(Λ) = kY∆ij(m∆) if Y∆ij(ΛUV) ̸= 0, where k is a common overall factor to be fixed. We
also take

(
Y †

∆Y∆
)

eff
≈ Y †

∆(m∆)Y∆(m∆) because the deviation from this approximation is
always suppressed by an additional loop factor. Next, we use the solution to the RG equations
shown in eq. (4.4) to evolve Y∆, Yℓ from ΛUV to m∆. Afterwards, we numerically diagonalize
Yℓ(m∆) by a bi-unitary transformation U †

RYℓ(m∆)UL, extract the unitary matrix UL, and
rotate Y∆(m∆) to the basis of the charged lepton mass eigenstates, Y∆(m∆) → UT

L Y∆(m∆)UL.
Finally, we rescale Y∆(m∆) by multiplying a new overall factor so that Y∆µτ (m∆) matches
the benchmark value 0.1 or 0.3, and extract the generated entry Y∆µe(m∆) for textures A1,
B2, B3, and Y∆ee(m∆) for textures A1, A2.

The top-left and bottom-left panels of figure 6 show that the ratios of BRs remain
nearly constant, indicating that the A1, A2 textures are stable under the RG running as
expected. Consequently, these textures can be consistently defined at all scales without
invoking a UV completion to stabilize the zero entries. Their prediction for the ratio
BR(µ → ēee)/BR(µ → eγ) thus serves as a robust signature to distinguish them from one
another or from other textures. Falsifying these relations would directly exclude texture
A1 or A2 within type II seesaw, even without additional future information from neutrino
oscillation experiments. In contrast, the top-central and top-right panels show that, for
textures B2 and B3, the ratio BR(µ → ēee)/BR(µ → eγ) can be enhanced by more than
two orders of magnitude and is sensitive to ΛUV if there is a large hierarchy between m∆ and
ΛUV and the elements in Y∆ are sizable. The corresponding bottom panels also show that
µ → ēee becomes more constraining than τ → µ̄ee in such a case. On the other hand, sizable
RG effects do not exclude the possibility that τ → µee still be observed first. This is the case
even for Y∆µτ ≈ 0.3 and a separation between ΛUV and m∆ by up to four orders of magnitude.
This informs us that the zero-texture suppression of µ → ēee remains generally effective when
sizable RG effects are taken into account. Consequently, although the B2, B3 textures require
some kind of UV completion for stability, the corresponding UV physics can be decoupled in
practice without inducing over-enhanced µ → ēee rates. This feature is crucial, as it ensures
that contributions from ΛUV-suppressed dimension-six operators can remain negligible.

The results in figure 6 show that, in our scenario, RG effects may deteriorate texture
stability and thus robust predictions and correlations. On the other hand, if that occurs
it also opens up the interesting possibility of obtaining information on ΛUV by measuring
ratios of CLFV branching ratios.

5.1 Information from colliders

Determining ΛUV — the scale at which an enhanced flavor symmetry may emerge to generate
or protect the texture zeros, typically far above the energy scales accessible to high-energy
or high-intensity frontier experiments — based on the above-discussed RG effects would
require knowledge of the absolute strength of the triplet Yukawa couplings, that is, of Y∆µτ

in our parameterization. Extracting this parameter is, in principle, possible at the LHC
or future colliders by measuring the triplet mass and combining this piece of information
with the coefficients of the dimension-six operators obtained from low-energy processes. For
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instance, if ∆ lies not far above the TeV scale, it can be pair-produced at the LHC through
the electroweak Drell-Yan process, pp → ∆++∆−− — see e.g. refs. [147, 148]. These doubly-
charged states are expected to decay dominantly to charged leptons since the W±W± decay
mode is suppressed by the small L-breaking parameter µ∆, leading to spectacular 4-lepton
signatures, pp → ∆++(→ ℓ+ℓ+)∆−−(→ ℓ−ℓ−). The current lower bound m∆ ≳ 1TeV [149]
was obtained performing such kind of search and assuming equal BRs for the ∆±± decays.
In addition, directly producing ∆±± pairs even heavier than the TeV scale would be possible
at a future high-energy muon collider [150] — see [151, 152] for dedicated studies within the
minimal type II seesaw model — or at the proposed

√
s ≈ 100TeV pp colliders FCC-hh [153]

and SppC [154]. In particular, ∆++ can also be singly produced via µ+µ− → µ−ℓ−∆++ [155]
at a µ+µ− collider or through µ+µ+ → ∆++(γ) [156, 157] at a µ+µ+ collider such as the
µTRISTAN proposal [158]. Compared to pair production, these single production modes
require a lower energy threshold so that producing 2 − 3TeV ∆++ could be feasible for
near-term technology.

If m∆ is measured as the location of a resonance peak, this would allow directly determining
the Yukawa coupling Y∆µτ , once this observation is combined with information, e.g., on
BR(µ → eγ).7 In principle, one could directly extract the Yukawa couplings by measuring
the width of the resonance. However, the latter may be too narrow in realistic scenarios.
Figure 5 shows that |Y∆µτ | ≲ 0.2 for m∆ = 3TeV, hence |Y∆µτ | ≲ 0.07 for m∆ = 1TeV. As a
consequence, the resonance width Γ∆ ∼ m∆Y 2

∆µτ /(8π) is at most ≈ 5GeV for m∆ = 3TeV
(≈ 0.2GeV for m∆ = 1TeV). These numbers have to be compared with leptonic momentum
resolutions. The relative resolution of LHC detectors for electrons with a pT between a few
hundred GeV and 1 TeV is ≈ 1 % [161], while for muons it is as large as ≈ 5 − 10 % [162]
since, in the latter case, the deterioration of the tracker resolution cannot be compensated
by electromagnetic calorimeter (ECAL) information. Hence, combining collider information
with CLFV observations seems to be a more feasible way to determine the absolute size of
the Yukawa couplings and thus extract information on ΛUV.

On the other hand, if ∆±± is observed at colliders, its decay BRs also contain information
on the relative pattern of Y∆ and can complement CLFV data. We calculate the 6 BRs of
∆++ → ℓ+

i ℓ+
j for the 7 two-zero textures using the generated 104 possible configurations of Y∆

and show the results in table 3. As for table 1, the displayed 3σ uncertainties correspond to the
range that 99.7 % of the output numbers lie within. The dash indicates the vanishing decay
modes for each pattern. We do not include RG running effects for Y∆ as they would only give
subdominant corrections to these observables without modifying the overall patterns. As one
can see from the table, for all textures, the dominant decay mode is typically ∆++ → µ+τ+.
Besides that, each texture features a distinctive pattern of ∆++ decays. Hence, the (lucky)
observation of ∆++ at colliders would allow a direct test of the existence of this kind of
flavor structures. This result is to be compared with the predictions from generic textures,
which are subject to large uncertainties from the unknown absolute mass scale and Majorana

7Even if ∆++ is too heavy to be produced on shell, high-pT observables, such as σ(µ+µ+ → ℓ+
i ℓ+

j ), can
still be used to extract m∆. The cross sections predicted in the full type II seesaw model differ from those
obtained from the dimension-six EFT (whose WCs can be inferred from the CLFV observables) by a factor of
O(s/m2

∆) [60, 159, 160]. At µTRISTAN with
√

s = 2 TeV, such deviation is sizable even for m∆ ≃ 4 − 5 TeV.
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decay mode A1 A2 B1 B2 B3 B4 C

∆++ → e+µ+ — 8.0+1.7
−1.0 % 0.25+0.50

−0.23 % — — 0.16+0.26
−0.15 % 12+10

−12 %

∆++ → e+τ+ 8.3+1.8
−1.0 % — — 0.25+0.50

−0.24 % 0.16+0.26
−0.14 % — 9+12

−9 %

∆++ → µ+τ+ 39+8
−5 % 41+9

−6 % 69.8+0.3
−1.5 % 69.8+0.3

−1.7 % 69.8+0.4
−1.7 % 69.8+0.4

−1.9 % 49+23
−24 %

∆++ → e+e+ — — 28+4
−4 % 28+4

−4 % 28+4
−4 % 28+4

−4 % 30+12
−20 %

∆++ → µ+µ+ 27+10
−8 % 27+5

−7 % — 2.5+4.0
−2.3 % — 2.1+3.5

−1.9 % —

∆++ → τ+τ+ 25+5
−7 % 24+11

−8 % 2.5+4.0
−2.2 % — 2.0+3.5

−1.8 % — —

Table 3. Central values and 3σ uncertainties for the branching ratios of ∆++ → ℓ+
i ℓ+

j decays.

phases [97, 147, 163]. In addition, high-pT processes such as µ+µ+ → ℓ+
i ℓ+

j can also provide
information on the flavor structure of the matrix Y∆ [160], in a way similar to the BRs
of table 3. However, this probe is only possible for textures A1, A2, B2, and B4, since
Y∆µµ vanishes for the others.

6 Conclusions

Working in the context of the minimal type II seesaw, the results of this paper demonstrate
that the two-zero textures originally imposed on the Majorana neutrino mass matrix Mν

can be consistently extended to the flavor structure of NP at a scale as low as 5− 10TeV,
leading to distinctive correlations among several CLFV transition rates. The results of
our phenomenological study presented in section 5 provide a further example of the model
discriminating power of CLFV searches and of their capability to shed light on the NP flavor
structure, in particular in the fortunate eventuality that more than one CLFV process is
observed in the ongoing experimental campaign.

Compared with the flavor patterns protected by symmetries such as U(2), A4, and Z3,
the two-zero textures that we studied are equally predictive with respect to the following
key aspects:

i Certain two-zero textures can suppress the dangerous µ → e transitions and allow a
relatively low effective cutoff scale. NP at a few TeV can thus remain compatible with
sizable Yukawa couplings.
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ii Several CLFV processes can simultaneously lie within the reach of future experiments.
The ratios among their BRs are predicted, providing a possible method to distinguish
some of the two-zero textures from each other and the other flavor structures.

iii Although not all two-zero textures are stable under RG evolution, µ → e transitions
could remain suppressed even after the RG effects are included. By quantifying these
corrections, the CLFV observables — together with other TeV scale probes — can
potentially provide information on the ultra-high scale related to the origin of two-zero
textures.

In addition, we think that the physical implications of our work extend beyond seesaw
mechanisms and zero textures. For decades, precision measurements on processes such as
µ → eγ and neutral K meson oscillations have pushed the possible effective scale of transitions
between the first and second generation charged fermions to very high energies. Consequently,
it is commonly believed that TeV scale NP is only possible if accompanied with a protection
mechanism from flavor symmetries in order to evade these stringent constraints. So far, the
landscape of new renormalizable models or effective theories with MFV, U(2), or discrete
symmetries such as A4 and Z3 has been studied in depth. However, our examples suggest that
simple and predictive benchmarks can emerge even when the underlying flavor symmetries
(if any exist) remain implicit. We therefore argue that what we might call the swampland of
flavor symmetries could exhibit rich and unexplored structures for phenomenology in general.
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A Penguin diagram loop function

The complete form of the loop function f

(
−q2

m2
∆

,
m2

j

m2
∆

)
appearing in eq. (2.10) reads [107]:

f

(
−q2

m2
∆

,
m2

j

m2
∆

)
= log

(
m2

j

m2
∆

)
− 4m2

j

q2 +

(1 + 2m2
j

q2

)√
1− 4m2

j

q2 log


√

1−
4m2

j

q2 +1√
1−

4m2
j

q2 −1


 .

(A.1)
While eq. (2.11) is a good approximation when −q2 ≲ m2

j , the threshold correction 5/3
is absent if −q2 ≫ m2

j :

f

(
−q2

m2
∆

,
m2

j

m2
∆

)
= log

(
−q2

m2
∆

)
, when − q2 ≫ m2

j . (A.2)

This corresponds to the electron loop contributing to the µ → ēee decay.
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B Explicit two-zero textures

For the textures A1, B1, B3, C in eq. (3.2), the flavor structure of Mν is related to the
neutrino mixing angles θ13, θ12, θ12 and the Dirac CPV phase δ through the following
expressions. Here, we simplify the results for B1, B3 presented in ref. [164] and generalize
them to textures A1 and C.

A1:

y

a
= −eiδ cos3 (θ23) tan (θ13) + 2e−iδ sin2 (θ23) cos (θ23) tan (θ13)

+ 2e−iδ sin2 (θ23) cos (θ23) cot (2θ13)− sin (2θ23) cos (θ23) cot (2θ12) sec (θ13) ,

c

a
= 1

2eiδ sin (2θ23) cos (θ23) tan (θ13) + e−iδ sin (θ23) cos (2θ23) tan (θ13)

+ e−iδ sin (2θ23) cos (θ23) cot (2θ13) + sin (θ23) sin (2θ23) cot (2θ12) sec (θ13) ,

z

a
= 3

2e−iδ cos (θ23) cot (2θ13) +
1
2e−iδ cos (3θ23) cot (2θ13)

− 2e−iδ sin2 (θ23) cos (θ23) tan (θ13)− eiδ sin2 (θ23) cos (θ23) tan (θ13)
− 2 sin3 (θ23) cot (2θ12) sec (θ13) ,

(B.1)

B1:

x

b
=
(
−4eiδ sin3 (θ23) cot (2θ13) + 4eiδ sin (θ23) cos2 (θ23) tan (θ13)

+2e3iδ sin (θ23) cos2 (θ23) tan (θ13)− 4e2iδ cos3 (θ23) cot (2θ12) sec (θ13)
)

×
(
sin2 (θ23) + e2iδ cos2 (θ23)

)−1
,

c

b
=
(1
2e−iδ cos (θ23) tan (θ13)−

1
2eiδ cos (θ23) tan (θ13)

−1
2e−iδ cos (θ23) cos (2θ23) tan (θ13)−

1
2eiδ cos (θ23) cos (2θ23) tan (θ13)

+eiδ sin2 (θ23) cos (θ23) cot (θ13)− sin (2θ23) cos (θ23) cot (2θ12) sec (θ13)
)

×
(
sin2 (θ23) + e2iδ cos2 (θ23)

)−1
,

z

b
=
(1
2e−iδ tan (θ13) csc (θ23) +

1
2eiδ tan (θ13) csc (θ23)

−1
2e−iδ cos2 (2θ23) tan (θ13) csc (θ23)−

1
2eiδ cos2 (2θ23) tan (θ13) csc (θ23)

+eiδ sin (θ23) cos (2θ23) cot (θ13)−
1
2 sin (4θ23) cot (2θ12) csc (θ23) sec (θ13)

)
×
(
sin2 (θ23) + e2iδ cos2 (θ23)

)−1
,

(B.2)
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B3:
x

a
=
(
2e3iδ cos3 (θ23) tan (θ13)− eiδ cos (θ23) cot (2θ13) + eiδ cos (3θ23) cot (2θ13)

−4eiδ sin2 (θ23) cos (θ23) tan (θ13) + 2e2iδ sin (2θ23) cos (θ23) cot (2θ12) sec (θ13)
)

×
(
sin2 (θ23) + e2iδ cos2 (θ23)

)−1
,

c

a
=
(
−e−iδ sin (θ23) tan (θ13) + eiδ sin (θ23) tan (θ13)

+2eiδ sin (θ23) cos2 (θ23) cot (θ13) + e−iδ sin (θ23) cos (2θ23) tan (θ13)

+eiδ sin (θ23) cos (2θ23) tan (θ13) + 2 sin (θ23) sin (2θ23) cot (2θ12) sec (θ13)
)

×
(
sin2 (θ23) + e2iδ cos2 (θ23)

)−1
,

z

a
=
(
eiδ cos (θ23) cot (θ13) + eiδ cos (3θ23) cot (θ13)− e−iδ tan (θ13) sec (θ23)

−eiδ tan (θ13) sec (θ23) + e−iδ cos2 (2θ23) tan (θ13) sec (θ23)

+eiδ cos2 (2θ23) tan (θ13) sec (θ23) + sin (4θ23) cot (2θ12) sec (θ13) sec (θ23)
)

×
(
sin2 (θ23) + e2iδ cos2 (θ23)

)−1
,

(B.3)

C:
x

c
= e2iδ tan2 (θ13) csc (2θ23)− e2iδ cos (2θ23) tan2 (θ13) cot (2θ23)

+ 2eiδ cos (2θ13) cos (2θ23) cot (2θ12) csc (θ13) sec2 (θ13)− csc (2θ23)
+ cos (2θ23) cot (2θ23) + tan2 (θ13) csc (2θ23)− cos (2θ23) tan2 (θ13) cot (2θ23) ,

b

c
= −1

2eiδ cos (θ23) cot (θ13)−
1
2eiδ cos (3θ23) cot (θ13) +

1
2e−iδ tan (θ13) sec (θ23)

+ 1
2eiδ tan (θ13) sec (θ23)− e−iδ sin (θ23) cos (2θ23) tan (θ13) cot (2θ23)

− eiδ sin (θ23) cos (2θ23) tan (θ13) cot (2θ23)
− 2 sin (θ23) cos (2θ23) cot (2θ12) sec (θ13) ,

a

c
= −1

2eiδ sin (θ23) cot (θ13) +
1
2eiδ sin (3θ23) cot (θ13)

+ 2e−iδ sin (θ23) cos2 (θ23) tan (θ13) + 2eiδ sin (θ23) cos2 (θ23) tan (θ13)
− 2 cos (2θ23) cos (θ23) cot (2θ12) sec (θ13) .

(B.4)

To calculate the possible values for the entries of Y∆ and analyze their distributions,
we first generate 104 points of the parameter sets {θ13, θ12, θ12, ∆m2

12, ∆m2
13} that satisfy

the distributions resulting from the fit to neutrino oscillation data reported in [32]. Mν

for texture A1, B1, B3 and C are then calculated with eq. (B.1)–(B.4), using the updated
parameter set {θ13, θ12, θ12, δ}.

The CP violating phase δ is not a free parameter but is determined by the three mixing
angles and the ratio ∆m2

12/|∆m2
13|, whose explicit expressions are reported in ref. [21]. This

relation fully fixes the neutrino mass matrices with texture zeros, rendering the neutrino mass
ordering a prediction [22, 23, 28]. The A textures always lead to the NO mass spectrum.
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For B textures, the mass ordering depends on the octant of θ23. θ23 < 45◦ yields the NO
spectrum for B1, B3 and IO spectrum B2, B4. Conversely, θ23 > 45◦ generates the dual
solution, IO spectrum for B1, B3 and NO spectrum B2, B4. We have checked that these two
scenarios lead to nearly the same phenomenological consequences. The texture C produces
the NO spectrum only for θ23 = 45◦; otherwise, it predicts the IO spectrum.

As a result of the µ − τ reflection symmetry [165–167], textures A2, B2, B4 are dual
to textures A1, B1, B3 and correlated as follows:

a ↔ b∗ , y ↔ z∗ , θ23 ↔ π

2 − θ23 , δ ↔ δ − π , (B.5)

up to unphysical charged lepton phases. The relations for the flavor structures A2, B2, B4
can then be obtained by substituting eq. (B.5) into eq. (B.1)–(B.3).

Since Y∆ is proportional to Mν , the above formulae enable us to express the entries of the
matrix Y∆ in terms of physically observable parameters. As an illustration, we fix Y∆µτ = 1
and provide one numerical benchmark of the flavor structure of |Y∆ij | for each texture that
is compatible with neutrino oscillation data within the current uncertainties:

A1 :


0 0 0.43
0 1.07 1

0.43 1 1.12

 , A2 :


0 0.45 0

0.45 1.15 1
0 1 1.09

 , B1 :


0.83 0.10 0
0.10 0 1
0 1 0.42

 ,

B2 :


0.87 0 0.07
0 0.31 1

0.07 1 0

 , B3 :


0.84 0 0.07
0 0 1

0.07 1 0.38

 , B4 :


0.87 0.06 0
0.06 0.29 1
0 1 0

 ,

C :


0.74 0.06 0.40
0.06 0 1
0.40 1 0

 .

(B.6)

Notice that all the above two-zero textures break all U(1)ℓ, U(2)ℓ, Z3, or A4 flavor symmetries.

C More details on RG equations

The overall factors in eq. (4.2) and eq. (4.4) read:

Igλt =
(

µ

m∆

) 1
16π2 (−3g2

2+2λH+6y2
t )eff

, Iℓ =
(

µ

m∆

)− 1
32π2 (y2

ℓ )eff
,

Itg =
(ΛUV

m∆

) 1
16π2 (3y2

t −
9
4 g2

2−
9
4 g2

1)eff
, I∆g =

(ΛUV
m∆

) 1
16π2

(
Tr
[
Y †

∆Y∆
]
− 9

10 g2
1−

9
2 g2

2
)

eff
,

(C.1)

where the explicit definition of the effective coupling matrix
(
Y †

∆Y∆
)

eff
is given by

(
Y †

∆Y∆
)

eff
=
∫ log m∆

log ΛUV

(
Y †

∆(µ′)Y∆(µ′)
)

d logµ′

log (m∆/ΛUV)
, (C.2)
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and other effective couplings are defined analogously. However, since they vary slowly within
a perturbative theory and always appear together with the loop factor 1/(16π2), we replace
the effective couplings with their values at m∆ as an approximation.

The matrix functions in eq. (4.4) are defined as:(
m∆
ΛUV

) 3
16π2

(
Y †

∆Y∆
)

eff = exp
[ 3
16π2 log (m∆/ΛUV)

(
Y †

∆Y∆
)

eff

]
. (C.3)

Here, expM ≡ 𝟙+ M + 1
2!M · M + . . . can be evaluated as a matrix power expansion when

M is a square matrix.
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