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In the context of the 2HDM, and assuming that neutrinos acquire masses via the Weinberg operator, we
perform a systematic analysis to determine the minimal quark and lepton flavor patterns, compatible with
masses, mixing and CP violation data, realizable by Abelian symmetries. We determine four minimal
models for quarks, where the number of independent parameters matches the number of observables. For
the lepton sector, three minimal predictive models are identified. Namely, we find scenarios with a
preference for the upper/lower octant of the θ23 atmospheric mixing angle, that exhibit lower bounds on the
lightest neutrino masses currently probed by cosmology and testable at future neutrinoless double beta
decay experiments, even for a normally ordered neutrino masses. We investigate the phenomenology of
each model taking into account all relevant theoretical, electroweak precision observables, scalar sector
constraints, as well as stringent quark flavor processes such as B̄ → Xsγ, Bs → μ−μþ and meson
oscillations, and the charged lepton flavor-violating decays e−α → e−β e

þ
γ e−δ and eα → eβγ. We show that, in

some cases, Abelian flavor symmetries provide a natural framework to suppress flavor-changing neutral
couplings and lead to scenarios featuring heavy neutral/charged scalar masses below the TeV scale within
the reach of current experiments.
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I. INTRODUCTION

In the Standard Model (SM), quark mixing is encoded
in the unitary Cabibbo-Kobayashi-Maskawa (CKM)
matrix, appearing in weak charged-current (CC) inter-
actions [1,2]. This nontrivial flavor structure leads to the
only known source of charge-parity (CP) violation in

Nature, first observed in the neutral kaon system K0 − K0

in 1964 [3]. Nowadays, the CKM matrix parameters have
been determined with extreme precision providing a
fundamental test of the SM. Nonetheless, the SM does
not incorporate a guiding principle to explain the observed
fermion masses and mixing patterns—this is often
referred to as the flavor puzzle. Besides the flavor puzzle
in the quark sector, there is also an analogous one in
the lepton sector. In fact, the observation of neutrino

oscillations [4,5] requires the existence of neutrino masses
and lepton mixing, thus providing evidence for physics
beyond the SM (BSM). The growing experimental neu-
trino program has shed light on the properties of neu-
trinos, with oscillation experiments measuring the
neutrino-mass squared differences and the mixing angles,
i.e., the parameters of the lepton mixing matrix,
also known as the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix, as well as the CP-violating Dirac
phase with increasing precision. Global fits to the data
provide current values of the neutrino observables,
some of which are known to an accuracy of less than
one percent [6–8]. However, some fundamental questions
about neutrinos remain unanswered. In particular, it
is still unknown whether neutrinos are Majorana or
Dirac particles, what their mass ordering and absolute
mass scale are and whether or not there is leptonic CP
violation. At the same time, the search for neutrinoless
double beta decay (0νββ), which is sensitive to Majorana
CP violation, will be crucial for exploring the particle
nature of neutrinos (see [9–11] for recent contributions on
this topic). From a theoretical perspective, and inter-
preting the SM as an effective theory, it is natural to
consider that neutrinos are Majorana particles. In this
context, naturally small Majorana masses are generated
from the unique dimension-five Weinberg operator
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νLνLϕ0ϕ0=Λ [12],1 when the neutral Higgs doublet
component acquires a nonzero vacuum expectation value
(VEV) after electroweak symmetry breaking (EWSB).
A common approach to address the above mentioned

flavor puzzles is to extend the SM with additional particle
content and supplement the new framework with continu-
ous and/or discrete symmetries that impose the required
fermion mass and mixing structures to reproduce the
observed experimental data. Several frameworks have been
put forward to tackle this problem, and wewish to highlight
in this work one of the simplest approaches that relies on
implementation of texture zeros in the Yukawa coupling
and mass matrices [20–23], realized by horizontal Abelian
symmetries that can be discrete ZN and/or continuous
U(1) [24–38]. However, within the SM, Abelian flavor
symmetries are not viable, as they would lead either to
massless fermions and/or vanishing mixing angles
[28,35,36] since all fermions would couple to the same
Higgs field. Consequently, one of the simplest extensions
of the SM that allows for the implementation of such
symmetries is the two-Higgs-doublet model (2HDM) [39].
In fact, Abelian symmetries have been previously
employed within the 2HDM to tackle separately the quark
flavor puzzle [40], as well as the lepton one in a variety of
neutrino mass generation schemes [28,35,36]. In these
2HDM scenarios, dangerous tree-level flavor-changing
neutral couplings (FCNCs) can appear. The latter are
naturally controlled in the so-called Branco-Grimus-
Lavoura (BGL) models [41–43], as a result of an exact
symmetry of the Lagrangian, which is then spontaneously
broken by the VEVs of the neutral Higgs doublet compo-
nents. Therefore, Abelian flavor symmetries can be a
natural framework to control the FCNCs, which are heavily
constrained experimentally by quark flavor processes such
as B̄ → Xsγ, Bs → μ−μþ and neutral meson oscillations,
among others. In the lepton sector the new heavy scalars
will mediate charged lepton flavor violation (cLFV), such
as μ → eγ and μ → 3e processes, which are the object of an
ongoing experimental program with the aim to detect new
physics (NP) signals.
In this work, we consider minimal Abelian flavor

symmetries in the 2HDM. We take an agnostic approach
to neutrino mass generation by extending the renormaliz-
able Lagrangian by the effective Weinberg operator. The
horizontal Abelian symmetries are minimal in the sense
that the quark and lepton mass matrices are maximally
restricted containing the minimal number of independent
parameters required to reproduce the observed fermion
masses, mixing and CP violation data, while satisfying
relevant phenomenological constraints. The paper is

organised as follows. In Sec. II, we set up our framework
by presenting the quark and lepton Yukawa sector, as well
as the Weinberg operator for Majorana neutrino mass
generation within the 2HDM. We identify the most
restrictive flavor structures realised by Abelian flavor
symmetries in Sec. III, by performing a systematic search
of all possible quark and lepton mass matrix texture-zero
combinations compatible with data. We then analyze, in
Sec. IV, the lepton sector predictions for Dirac CP
violation, the atmospheric mixing angle, the lightest
neutrino mass and the effective Majorana neutrino mass
parameter relevant for 0νββ decay. In Sec. V, we study the
phenomenological implications of the realizable cases,
taking into account theoretical, electroweak precision,
scalar sector, quark and lepton flavor constraints. Finally,
our concluding remarks are presented in Sec. VI. Details on
the scalar sector and scalar-fermion interactions in the
mass-eigenstate basis can be found in the Appendices.

II. YUKAWA SECTOR IN THE 2HDM
WITH MAJORANA NEUTRINOS

In the 2HDM, the SM is extended with a second Higgs
doublet, parametrized as

Φa ¼
�
ϕþ
a

ϕ0
a

�
; a ¼ 1; 2; ð1Þ

with ϕþ
a and ϕ0

a being the charged and neutral components
of the doublets, respectively. The Yukawa Lagrangian is

−LYuk: ¼ qLðYd
1Φ1 þ Yd

2Φ2ÞdR þ qLðYu
1Φ̃1 þ Yu

2Φ̃2ÞuR
þ lLðYe

1Φ1 þ Ye
2Φ2ÞeR þ H:c:; ð2Þ

where qL are the left-handed (LH) quark doublets, dR and
uR are the down- and up-type right-handed (RH) quark
singlets, respectively. The LH lepton doublets and the RH
charged-lepton singlets are lL and eR, respectively. As
usual, we define Φ̃a ¼ iτ2Φ�

a, with τ2 being the complex
Pauli matrix. As for Yd;u;e

1;2 , these are 3 × 3 general complex
Yukawa matrices for the down-type quarks, up-type quarks
and charged leptons, respectively. We consider neutrinos to
be Majorana particles with masses stemming from dimen-
sion-five Weinberg-like effective operators [12], which in
the 2HDM read

−Leff ¼
κab
2Λ

ðlc
LΦ̃�

aÞðΦ̃†
blLÞ þ H:c:; a; b ¼ 1; 2: ð3Þ

Summation over repeated indices is implicit, κab are
3 × 3 symmetric dimensionless matrices in flavor space
(κ12 ¼ κ21), and Λ is a suppression mass scale.
The EWSB is triggered when the neutral components of

the Higgs doublets acquire nonzero VEVs,

1The ultraviolet completions of the SM that realise the
Weinberg operator at tree-level lead to the well-known seesaw
mechanisms [13–18], with a plethora of possibilities for the
radiative incarnations of the operator [19].
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hϕ0
ai ¼

vaeiφaffiffiffi
2

p ; ð4Þ

where only the relative phase φ ¼ φ2 − φ1 is physical. The
down- and up-type quark mass matrices are

Md¼
v1ffiffiffi
2

p Yd
1þ

v2eiφffiffiffi
2

p Yd
2; Mu¼

v1ffiffiffi
2

p Yu
1þ

v2e−iφffiffiffi
2

p Yu
2; ð5Þ

which can be brought to the quark physical basis
via the unitary transformations dL;R → Vd

L;RdL;R and
uL;R → Vu

L;RuL;R, such that

Vd†
L MdVd

R ¼ Dd ¼ diagðmd;ms;mbÞ;
Vu†

L MuVu
R ¼ Du ¼ diagðmu;mc;mtÞ: ð6Þ

Here,md;s;b andmu;c;t denote the physical down- and up-type
quark masses. The above unitary matrices are obtained by
diagonalizing the Hermitian matricesHd;u ¼ Md;uM

†
d;u and

H0
d;u ¼ M†

d;uMd;u as

Vd†
L HdVd

L¼Vd†
R H0

dV
d
R¼D2

d; Vu†
L HuVu

L¼Vu†
R H0

uVu
R¼D2

u;

ð7Þ

yielding the CKM quark mixing matrix V,

V ¼ Vu†
L Vd

L; ð8Þ

appearing in theweak CC interactions.We adopt the standard
parametrization [44]

V ¼

0
B@

cq12c
q
13 sq12c

q
13 sq13e

−iδq

−sq12c
q
23 − cq12s

q
23s

q
13e

iδq cq12c
q
23 − sq12s

q
23s

q
13e

iδq sq23c
q
13

sq12s
q
23 − cq12c

q
23s

q
13e

iδq −cq12s
q
23 − sq12c

q
23s

q
13e

iδq cq23c
q
13

1
CA; ð9Þ

where θqij (i < j ¼ 1, 2, 3) are the three quark mixing angles with cqij ≡ cos θqij, s
q
ij ≡ sin θqij, and δq is the CKM

CP-violating phase.
For the lepton sector, the charged-lepton and effective neutrino mass matrices, generated upon EWSB, are given by

Me ¼
v1ffiffiffi
2

p Ye
1 þ

v2eiφffiffiffi
2

p Ye
2; Mν ¼

1

2Λ

�
v21
2
κ11 þ v1v2eiφκ12 þ

v22e
i2φ

2
κ22

�
; ð10Þ

which can be diagonalized through the rotations eL;R → Ue
L;ReL;R and νL → UννL, such that

Ue†
L MeUe

R ¼ De ¼ diagðme;mμ; mτÞ; UT
νMνUν ¼ Dν ¼ diagðm1; m2; m3Þ; ð11Þ

where me;μ;τ and m1;2;3 are the physical charged-lepton and effective neutrino masses, respectively. The charged-lepton

unitary rotations are obtained by diagonalizing the Hermitian matrices He ¼ MeM
†
e and H0

e ¼ M†
eMe, while the neutrino

unitary rotation is obtained by diagonalizing Hν ¼ M†
νMν, as follows,

Ue†
L HeUe

L ¼ Ue†
R H0

eUe
R ¼ D2

e; U†
νHνUν ¼ D2

ν: ð12Þ

The above procedure results in the PMNS lepton mixing matrix U,

U ¼ Ue†
L Uν; ð13Þ

appearing in the weak CC interactions. For Majorana neutrinos, it can be parametrized as [45]

U ¼

0
BB@

cl12c
l
13 sl12c

l
13 sl13

−sl12cl23 − cl12s
l
23s

l
13e

iδl cl12c
l
23 − sl12s

l
23s

l
13e

iδl sl23c
l
13e

iδl

sl12s
l
23 − cl12c

l
23s

l
13e

iδl −cl12sl23 − sl12c
l
23s

l
13e

iδl cl23c
l
13e

iδl

1
CCA
0
B@

1 0 0

0 ei
α21
2 0

0 0 ei
α31
2

1
CA; ð14Þ

where clij ≡ cos θlij and slij ≡ sin θlij with θlij (i < j ¼ 1, 2, 3) being the lepton mixing angles, δl is the leptonic Dirac
CP-violating phase and α21;31 are Majorana phases.
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III. MINIMAL 2HDMS FOR QUARKS AND
LEPTONS WITH U(1) ABELIAN SYMMETRIES

In general, the mass matrices Md, Mu, Me, Mν are
completely arbitrary having more independent parameters
than the quark and lepton observables. Our aim is to reduce
this arbitrariness by making use of Abelian symmetries that
will impose restrictive flavor patterns and may lead to
predictions for fermion masses, mixing angles and/or
CP violation. To this end, we require the full Yukawa

Lagrangian (2) and the effective Weinberg operator (3) to
be invariant under the field transformations

Φ → SΦΦ; qL → SqqL; dR → SddR;

uR → SuuR; lL → SllL; eR → SeeR; ð15Þ

where Φ≡ ðΦ1Φ2ÞT and the SΦ;q;d;u;l;e diagonal unitary
matrices are given by [40]:

SΦ ¼ diagðeiθ1 ; eiθ2Þ; Sq ¼ diagðeiα1 ; eiα2 ; eiα3Þ; Sd ¼ diagðeiβ1 ; eiβ2 ; eiβ3Þ;
Su ¼ diagðeiγ1 ; eiγ2 ; eiγ3Þ; Sl ¼ diagðeiδ1 ; eiδ2 ; eiδ3Þ; Se ¼ diagðeiϵ1 ; eiϵ2 ; eiϵ3Þ; ð16Þ

with θi, αi, βi, γi, δi, and ϵi being the continuous phases of a
U(1) flavor symmetry. As a consequence, the following
invariance conditions are imposed on the Yukawa matrices

Yd
a¼SqYd

bS
†
dðS†

ΦÞba; Ya
u¼SqYu

bS
†
uðST

ΦÞba;
Ye

a¼SlYe
bS

†
eðS†

ΦÞba; κab¼S†
lκcdS

†
lðS†

ΦÞcaðS†
ΦÞdb;

ð17Þ

where summation over repeated indices is implicit. The
above conditions can be written as

ðYx
aÞjk¼eiðΘ

x
aÞjkðYx

aÞjk; ðκabÞjk¼eiðΘ
ν
abÞjkðκabÞjk; ð18Þ

where j, k ¼ 1, 2, 3 are flavor indices, x ¼ d, u, e and

ðΘd
aÞij¼βj−αiþθa; ðΘu

aÞij¼ γj−αi−θa;

ðΘe
aÞij¼ ϵj−δiþθa; ðΘν

abÞij¼δiþδjþθaþθb: ð19Þ

Equation (18) defines U(1) phase relations which determine
the presence or absence of zero entries in the Yukawa and
mass matrices, defined in Eqs. (2) and (5) for quarks and
Eqs. (2), (3), and (10) for leptons. Namely,

ðMxÞij ¼ 0 ⇔ ðΘx
1Þij ≠ 0 ðmod 2πÞ ∧ ðΘx

2Þij ≠ 0 ðmod 2πÞ;
ðMxÞij ≠ 0 ⇔ ðΘx

1Þij ¼ 0 ðmod 2πÞ ∨ ðΘx
2Þij ¼ 0 ðmod 2πÞ;

ðMνÞij ¼ 0 ⇔ ðΘν
11Þij ≠ 0 ðmod 2πÞ ∧ ðΘν

12Þij ≠ 0 ðmod 2πÞ ∧ ðΘν
22Þij ≠ 0 ðmod 2πÞ;

ðMνÞij ≠ 0 ⇔ ðΘν
11Þij ¼ 0 ðmod 2πÞ ∨ ðΘν

12Þij ¼ 0 ðmod 2πÞ ∨ ðΘν
22Þij ¼ 0 ðmod 2πÞ: ð20Þ

Instead of working with U(1) continuous phases, we
choose a specific realization with integer charges qjX with
X ¼ α, β, γ, δ, ϵ (X ¼ θ) and j ¼ 1, 2, 3 (j ¼ 1, 2) for
fermion (scalar) fields. In this way, the continuous phase Xj

can be expressed as Xj ¼ qjXζ with ζ∈ ½0; 2π½. The
particular case of ζ ¼ 2π=N, where N ¼ 2; 3;…, corre-
sponds to a discrete ZN symmetry. The conditions (20) can
be translated into equivalent ones among the charges qjX in
a straightforward way.
To determine if a given set of mass matrices

ðMd;Mu;Me;MνÞ are compatible with quark, charged-
lepton, and neutrino data within the 2HDM framework [see
Eqs. (5) and (10)], we make use of a standard χ2-analysis,
with the function

χ2ðxÞ ¼
X
i

½PiðxÞ −Oi�2
σ2i

; ð21Þ

where x denotes the input parameters, i.e., the matrix
elements of Md, Mu, Me, and Mν; PiðxÞ is the model
prediction for a given observable with best-fit valueOi, and
σi denotes its 1σ experimental uncertainty. In our search for
viable sets ðMd;Mu;Me;MνÞ, we use the current data
reported in Table I and require that the χ2-function is
minimized with respect to ten observables in the quark
sector: the six quark masses md;s;b and mu;c;t, as well as the
CKM parameters—the three mixing angles θq12;23;13 and the
CP-violating phase δq; and nine observables in the lepton
sector: three charged-lepton massesme;μ;τ, the two neutrino
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mass-squared differences Δm2
21;Δm2

31, and the PMNS
parameters—the three mixing angles θl12;23;13 and the
Dirac CP-violating phase δl. Note that, for the neutrino
oscillation parameters, χ2ðxÞ is computed using the one-
dimensional profiles χ2ðsin2 θlijÞ and χ2ðΔm2

ijÞ, and the
two-dimensional (2D) distribution χ2ðδl; sin2 θl23Þ for δl

and θl23 given in Ref. [6]. In our analysis, we consider a set
of mass matrices ðMd;Mu;Me;MνÞ to be compatible with
data if the observables in Table I fall within the 1σ range at
the χ2-function minimum.
A given matrix set ðMd;Mu;Me;MνÞ is unique up to the

following weak-basis permutations:

Md → PT
qMdPd; Mu → PT

qMuPu; Me → PT
lMePe; Mν → PT

lMνPν; ð22Þ
where P are the 3 × 3 permutation matrices:

I ¼

0
B@

1 0 0

0 1 0

0 0 1

1
CA; P12 ¼

0
B@

0 1 0

1 0 0

0 0 1

1
CA; P13 ¼

0
B@

0 0 1

0 1 0

1 0 0

1
CA;

P23 ¼

0
B@

1 0 0

0 0 1

0 1 0

1
CA; P123 ¼

0
B@

0 0 1

1 0 0

0 1 0

1
CA; P321 ¼

0
B@

0 1 0

0 0 1

1 0 0

1
CA: ð23Þ

Note that these permutations do not affect the mass matrix
diagonalization procedure outlined in Sec. II for extracting
the mass, mixing and CP-violating observables. Thus, our
search for compatible matrix sets is simplified, since only
the physically equivalent sets, the so-called equivalence
classes [20,21,28,35,36], need to be considered.
We will identify the minimal quark and lepton models

featuring Abelian symmetries that impose the maximally-
restrictive flavor patterns in the set of mass matrices
ðMd;Mu;Me;MνÞ. By maximally restrictive we mean
that the maximal number of vanishing entries in the mass
matrices is imposed in such a way that the resulting flavor
patterns are compatible with the current quark and lepton
data given in Table I. We employ the methodology
described in Refs. [22,35,36], namely, we use the canonical
method [40,46] to identify the realizable flavor patterns for
the set ðMd;Mu;Me;MνÞ and the corresponding field
transformation charges by making use of Eq. (20), followed
by the Smith normal form method [47,48] that ascertains
the minimal Abelian group under which the flavor patterns
are symmetric. In our framework, the minimal Abelian
group that establishes the patterns corresponds to a single
global U(1) (which can be discretized as commented
below). In Table II, we show the U(1) Abelian charges
that realize the minimal quark and lepton flavor patterns
presented in Table III. Next we briefly comment on the
results.

(i) Minimal flavor patterns for quarks: The maximally
restrictive textures in general quark mass matrices
were derived in Ref. [21] with a less constraining
definition of compatibility. Therefore, it suffices to
examine whether such matrices can be realised by
Abelian flavor symmetries, being simultaneously

TABLE I. Top: current quark data: masses, mixing angles and
Dirac CP phase [44]. Bottom: current lepton data: charged-lepton
masses [44], neutrino mass-squared differences, mixing angles
and Dirac CP phase, obtained from the global fit of neutrino
oscillation data of Ref. [6] (see also Refs. [7] and [8]).

Parameter Best fit �1σ

mdð×MeVÞ 4.67þ0.48
−0.17

msð×MeVÞ 93.4þ8.6
−3.4

mbð×GeVÞ 4.18þ0.03
−0.02

muð×MeVÞ 2.16þ0.49
−0.26

mcð×GeVÞ 1.27� 0.02
mtð×GeVÞ 172.69� 0.30
θq12ð°Þ 13.04� 0.05
θq23ð°Þ 2.38� 0.06
θq13ð°Þ 0.201� 0.011
δqð°Þ 68.75� 4.5

Parameter Best fit� 1σ

með×keVÞ 510.99895000� 0.00000015
mμð×MeVÞ 105.6583755� 0.0000023
mτð×GeVÞ 1.77686� 0.00012
Δm2

21ð×10−5 eV2Þ 7.50þ0.22
−0.20

jΔm2
31jð×10−3 eV2Þ½NO� 2.55þ0.02

−0.03
jΔm2

31jð×10−3 eV2Þ½IO� 2.45þ0.02
−0.03

θl12ð°Þ 34.3� 1.0
θl23ð°Þ½NO� 49.26� 0.79
θl23ð°Þ½IO� 49.46þ0.60

−0.97
θl13ð°Þ½NO� 8.53þ0.13

−0.12
θl13ð°Þ½IO� 8.58þ0.12

−0.14
δlð°Þ½NO� 194þ24

−22
δlð°Þ½IO� 284þ26

−28
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compatible with data, according to the definition
provided in this paper. This procedure led to
four models, denoted in the notation of Ref. [21]
as G9∶ ð4d3;P125

u
1P23Þ, G12∶ ð4d3;P1235

u
1P12Þ,

G20∶ ð5d1;P124
u
3Þ and G23∶ ð5d1;P3214

u
3P23Þ, where

to distinguish between cases we explicitly show the
permutation matrices P [see Eq. (23)]. The results
are shown in more detail in Table II for the U(1)
flavor charges and in Table III for the matrix
structures. It is worth noting that the maximally
restrictive (Md, Mu) pairs contain a total of ten
independent parameters that match the number of
observables. Additionally, in all cases, the minimal
set of discrete charges corresponds to aZ4 symmetry
(see Ref. [40]).

(ii) Minimal flavor patterns for leptons: To identify the
realizable maximally-restrictive matrix pairs (Me,
Mν), we examine the equivalence classes with the
highest number of zeros derived in Ref. [20]. We
then check whether they can be realized by Abelian
symmetries and whether they are compatible with
the current lepton data given in Table I. If none of the
equivalence classes under consideration passes this
test, we add a nonzero entry to the mass matrix pairs
and repeat the process until compatibility is
achieved. This methodology, which is similar to
that of previous works [22,35,36], led to three
different models. The U(1) flavor charges for each
model are shown in Table II, while their respective
matrix structures can be found in Table III. As it
turns out, (Me, Mν) contain only ten parameters,
two less than the number of lepton observables.
These observables are those listed in Table I, to-
gether with the lightest neutrino mass mlightest and
two Majorana phases α21;31. Consequently, these

symmetry-constrained models provide predictions
for the neutrino sector. Moreover, the minimal set of
discrete charges in all three cases corresponds to a
Z5 symmetry.

We conclude this section by remarking that the minimal
flavor models found compatible with data, four for quarks
and three for leptons, will result in a total of twelve
combined models. In what follows, we will investigate
in Sec. IV the predictions for the neutrino sector and
thoroughly study the phenomenological properties of these
models in Sec. V.

IV. LEPTON SECTOR PREDICTIONS

In the previous section, we have identified which of the
maximally-restrictive texture sets for the lepton sector can
be realised through Abelian symmetries in the 2HDM
context. For the three identified cases, namely ð5e1; 2ν3Þ,
ð5e1; 2ν7Þ, and ð5e1; 2ν10Þ, shown in Table III, the charged-
lepton mass matrix has the same texture structure 5e1, which
can be parametrized as

5e1∶ Me ¼

0
B@

0 0 a1
0 a3 0

a2 0 a4

1
CA; a21 ¼

m2
e2m

2
e3

a22
;

a23 ¼ m2
e1 ; a24 ¼

ða22 −m2
e2Þðm2

e3 − a22Þ
a22

;

me2 < a2 < me3 ; ð24Þ

where ai can always be made real by phase field redefi-
nitions, andmei (i ¼ 1, 2, 3) are the charged-lepton masses.
Note that the charged-lepton state e1 is decoupled from the
remaining ones. The unitary matrices Ue0

L;R that diagonalize

the Hermitian matrices He ¼ MeM
†
e and H0

e ¼ M†
eMe are

given by

He¼

0
B@

a21 0 a1a4
0 a23 0

a1a4 0 a22þa24

1
CA; Ue0

L ¼

0
B@

cL 0 sL
0 1 0

−sL 0 cL

1
CA;

H0
e¼

0
B@

a22 0 a2a4
0 a23 0

a2a4 0 a21þa24

1
CA; Ue0

R ¼

0
B@

cR 0 sR
0 1 0

−sR 0 cR

1
CA;

ð25Þ

using the compact notation cL;R ≡ cos θL;R and sL;R ≡
sin θL;R with the angles θL;R given by

TABLE II. Maximally restrictive quark matrix pairs (Md,Mu)
and lepton matrix pairs (Me,Mν) for both NO and IO, compatible
with data at 1σ CL (see Table I) and realizable by Abelian flavor
symmetries. The U(1) flavor charges qjX with X ¼ α, β, γ, δ, ϵ and
j ¼ 1, 2, 3 for the various fermion fields are shown. In all cases
q1θ ¼ 0 and q2θ ¼ 1, except for ð5e1; 2ν3Þ where q2θ ¼ 2.

(Md,Mu) qjα qjβ qjγ

ð4d3 ;P125
u
1P23Þ (0, 1, 2) (2, 1, 0) (3, 2, 0)

ð4d3 ;P1235
u
1P12Þ (0, 1, 2) (2, 1, 0) (3, 0, 1)

ð5d1 ;P124
u
3Þ ð0;−1; 1Þ ð1;−2; 0Þ (2, 1, 0)

ð5d1 ;P3214
u
3P23Þ ð0;−1; 1Þ ð1;−2; 0Þ ð−1; 1; 0Þ

(Me,Mν) qjδ qjϵ

ð5e1; 2ν3Þ ð−1;−3; 1Þ ð1;−5;−1Þ
ð5e1; 2ν7Þ ð−1;−2; 0Þ ð0;−3;−1Þ
ð5e1; 2ν10Þ ð0;−1; 1Þ ð1;−2; 0Þ
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tan ð2θLÞ ¼
2me2me3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða22 −m2

e2Þðm2
e3 − a22Þ

q
a22ðm2

e2 þm2
e3Þ − 2m2

e2m
2
e3

;

tan ð2θRÞ ¼
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða22 −m2

e2Þðm2
e3 − a22Þ

q
m2

e2 þm2
e3 − 2a22

: ð26Þ

We consider the three distinct cases of 5e11 textures with
e1 ¼ e, μ, τ, labeled as 5e;μ;τ1 . Note that while performing
the numerical fits in Sec. III our aim was to identify the

best-fit model, requiring compatibility with data at 1σ
confidence level. As it turned out, in some e1-decoupled
cases, the best-fit value exceeded this threshold and thus
such texture pairs were not presented. In this section,
nevertheless, we proceed with their analysis for the sake of
completeness.
Since after the diagonalization of the charged-

lepton mass matrix the unitary matrices Ue
L;R are such that

the correct mass ordering is obtained as in Eq. (11),
we have

TABLE III. Realizable decomposition into Yukawa matrices of the quark (top) and lepton (bottom) mass matrices
for the texture pairs of Table II. A matrix entry “0” denotes a texture zero, “×” and “•” denote a real positive and
complex entry, respectively. The symmetric character of the Majorana matrix is marked by a “·.”

Texture decomposition Yd
1 Yd

2

4d3 ∼

0
@ 0 0 ×

0 × ×
× × 0

1
A

0
@ 0 0 ×

0 × 0

× 0 0

1
A

0
@ 0 0 0

0 0 ×
0 × 0

1
A

5d1 ∼

0
@ 0 0 ×

0 × 0

× 0 ×

1
A

0
@ 0 0 ×

0 0 0

× 0 0

1
A

0
@ 0 0 0

0 × 0

0 0 ×

1
A

Texture decomposition Yu
1 Yu

2

P125
u
1P23 ∼

0
@ 0 0 ×

0 • 0

× × 0

1
A

0
@ 0 0 ×

0 0 0

0 × 0

1
A

0
@ 0 0 0

0 • 0

× 0 0

1
A

P1235
u
1P12 ∼

0
@ 0 × •

0 0 ×
× 0 0

1
A

0
@ 0 × 0

0 0 ×
0 0 0

1
A

0
@ 0 0 •

0 0 0

× 0 0

1
A

P124
u
3 ∼

0
@ 0 • ×

0 0 ×
× × 0

1
A

0
@ 0 0 ×

0 0 0

0 × 0

1
A

0
@ 0 • 0

0 0 ×
× 0 0

1
A

P3214
u
3P23 ∼

0
@ 0 • ×

× 0 ×
0 × 0

1
A

0
@ 0 0 ×

× 0 0

0 × 0

1
A

0
@ 0 • 0

0 0 ×
0 0 0

1
A

Texture decomposition Ye
1 Ye

2

5e1 ∼

0
@ 0 0 ×

0 × 0

× 0 ×

1
A

0
@ 0 0 ×

0 0 0

× 0 0

1
A

0
@ 0 0 0

0 × 0

0 0 ×

1
A

κ11 κ12 κ22

2ν3 ∼

0
@× × •

· 0 •
· · 0

1
A

0
@ 0 0 •

· 0 0

· · 0

1
A

0
@× 0 0

· 0 •
· · 0

1
A

0
@ 0 × 0

· 0 0

· · 0

1
A

2ν7 ∼

0
@× 0 •

· 0 ×
· · •

1
A

0
@ 0 0 0

· 0 0

· · •

1
A

0
@ 0 0 •

· 0 0

· · 0

1
A

0
@× 0 0

· 0 ×
· · 0

1
A

2ν10 ∼

0
@× • 0

· × •
· · 0

1
A

0
@× 0 0

· 0 •
· · 0

1
A

0
@ 0 • 0

· 0 0

· · 0

1
A

0
@ 0 0 0

· × 0

· · 0

1
A
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5e1∶ Ue
L;R ¼ Ue0

L;RP12; 5
μ
1∶Ue

L;R ¼ Ue0
L;R; 5τ1∶Ue

L;R ¼ Ue0
L;RP23; ð27Þ

with the permutation matrices P12;23 defined in Eq. (23). Regarding the neutrino mass matrix textures identified in Table III,
the 2ν3;7;10 effective neutrino mass matrices can be parametrized as follows

2e3∶ Mν ¼

0
B@

b1 b2 b3eiξ1

· 0 b4eiξ2

· · 0

1
CA⇒ UeT

L MνUe
L ¼

0
B@

0 b2cL − b4sLeiξ2 b2sL þ b4cLeiξ2

· b1c2L − b3 sinð2θLÞeiξ1 b1cLsL þ b3 cosð2θLÞeiξ1
· · b1s2L þ b3 sinð2θLÞeiξ1

1
CA; ð28Þ

2e7∶ Mν ¼

0
B@

b1 0 b2eiξ1

· 0 b3
· · b4eiξ2

1
CA

⇒ UeT
L MνUe

L ¼

0
B@

0 −b3sL b3cL
· b1c2L − b2 sinð2θLÞeiξ1 þ b4s2Le

iξ2 ðb1 − b4eiξ2ÞcLsL þ b2 cosð2θLÞeiξ1
· · b1s2L þ b2 sinð2θLÞeiξ1 þ b4c2Le

iξ2

1
CA; ð29Þ

2e10∶ Mν ¼

0
B@

b1 b2eiξ1 0

· b3 b4eiξ2

· · 0

1
CA ⇒ UeT

L MνUe
L ¼

0
B@

b3 b2cLeiξ1 − b4sLeiξ2 b2sLeiξ1 þ b4cLeiξ2

· b1c2L b1cLsL
· · b1s2L

1
CA; ð30Þ

with all parameters real. Note also that we have performed
the rotation to the charged-lepton mass basis with the
unitary matrix Ue

L given in Eq. (27), for the 5e1 decoupled
case. For 5

μ
1 and 5τ1, the permutation matrices P12 and

P12P23 of Eq. (23) were applied on the left and right. In
what follows, we denote each decoupled case as 2e;μ;τ3;7;10.
The independent parameters in the lepton sector:

a1;3;4; θL for charged leptons and b1;2;3;4; ξ1;2 for neutrinos,
amount to a total number of ten, which should be compared
to twelve lepton sector observables: me;μ;τ, m1;2;3, θl12;23;13
and δl; α21;31 [see Eqs. (11) and (14), and Table I].2 Thus,
the identified minimal Abelian flavor symmetries impose
mass matrix patterns that lead to predictive scenarios for the
lepton sector. To analyse their predictions we need to match
the above effective neutrino mass matrices to the one
defined in terms of the physical low-energy parameters
according to Eqs. (11)–(14), namely,

M̂ν ¼ U�diagðm1; m2; m3ÞU†; ð31Þ

being mi the neutrino masses and U the lepton mixing
matrix of Eq. (14). The matching between Mν and M̂ν is
done by performing proper rephasings of the lepton fields
and imposing the texture-zero conditions stemming from
Eqs. (28)–(30). This allows us to check whether those
conditions are compatible with current neutrino data and

possibly select regions of the physical parameter space
preferred by the model. The conditions are

2e3;7∶ ðM̂νÞ11 ¼ 0; 2
μ
3;7∶ðM̂νÞ22 ¼ 0; 2τ3;7∶ðM̂νÞ33 ¼ 0;

ð32Þ

2e10∶ðM̂νÞ22ðM̂νÞ33 − ðM̂νÞ223 ¼ 0;

2
μ
10∶ðM̂νÞ11ðM̂νÞ33 − ðM̂νÞ213 ¼ 0;

2τ10∶ðM̂νÞ11ðM̂νÞ22 − ðM̂νÞ212 ¼ 0: ð33Þ

The above conditions of Mν are tested by performing a
χ2-analysis based on the minimization of the χ2 function
defined in Eq. (21). As mentioned before, for the neutrino
oscillation parameters this function is computed using the
one-dimensional profiles χ2ðsin2 θijÞ and χ2ðΔm2

ijÞ, and the
2D distribution χ2ðδ; sin2 θ23Þ for δ and θ23 given in
Ref. [6]. The constraints on Mν are incorporated using
the Lagrange multiplier method [49]. For a fixed pair of
parameters, the 2D 1σ, 2σ and 3σ compatibility regions
were obtained by requiring χ2 ≤ 2.30, 6.18 and 11.83,
respectively. We remark that the compatibility with neu-
trino oscillation data of the neutrino mass matrices for the
2
e;μ;τ
3;7 cases, leading to the conditions of Eq. (32), has been
previously analyzed in Ref. [37]. In this work, we update
the analysis in light of the latest global fits of neutrino data
and current bounds on the absolute neutrino mass scale and
0νββ decay.

2For simplicity, in this section we omit the superscript l used
for the neutrino oscillation parameters.
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Our results are presented in Figs. 1–5. We show the 1σ,
2σ, and 3σ allowed regions (in gray, blue, and magenta,
respectively) in the planes (θ23,δ), (mlightest,δ) and
(mlightest,mββ) for the compatible cases 2

e;μ;τ
3;7;10, for both

NO and IO neutrino masses. In Fig. 1, the 1σ, 2σ, and 3σ
contours of the regions allowed by neutrino oscillation data
[6] (dashed curves) together with the best-fit (b.f.) point for
each case and its corresponding minimum value of χ2 are
shown. Note that the cases 2e10 for NO and 2e3;7 for IO are
not compatible and therefore are not shown in the figures.
For all the remaining cases the χ2min that best fits the data is
χ2min ¼ 0 for all cases, except for 2μ3;7 for NO and 2μ10 for IO
which have χ2min ¼ 5.8 and χ2min ¼ 6.4, being therefore
compatible with data only at the 2σ and 3σ level, respec-
tively.3 Below we discuss the results in detail:

(i) Dirac CP phase in terms of atmospheric mixing
angle: From the plots in Fig. 1, we conclude that the
cases 2e3;7; 2

μ;τ
10 for NO (upper left plot) and 2

μ;τ
3;7; 2

e
10

for IO (lower left plot) do not lead to any constraints

on θ23 and δ plane. However, for NO, 2μ3;7 and 2τ3;7
(upper middle and right plots) select the first and
second octant for the atmospheric θ23 mixing angle,
respectively. Thus, 2μ3;7 for NO is only compatible at
the 2σ level. For IO, 2μ10 and 2τ10 textures (lower
middle and right plots) select the first and second
octant for θ23, respectively. Thus, 2

μ
10 is only com-

patible at the 3σ level for IO. The aforementioned θ23
octant preference of these textures will be tested by
improving the sensitivity on δ and θ23 with upcoming
experiments like DUNE [50] or T2HK [51].

(ii) Dirac CP phase versus lightest neutrino mass: For
NO and IO, two of the three neutrino masses may be
expressed in terms of the lightest neutrino mass
mlightest (corresponding to m1 and m3 for NO and
IO, respectively) and the measured neutrino mass-
squared differences Δm2

21 ¼ m2
2 −m2

1 and Δm2
31 ¼

m2
3 −m2

1 as

NO: m2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þΔm2
21

q
; m3 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þΔm2
31

q
;

ð34Þ

FIG. 1. Allowed regions at 1σ, 2σ, and 3σ level (in gray, blue and magenta, respectively) in the plane (θ23,δ), for the cases 23;7;10
discussed in the main text and for both NO (upper plots) and IO (lower plots) neutrino masses. The black dot marks the best-fit (b.f.)
value for each case, while the dashed contours correspond to the χ2 contours at 1σ, 2σ, and 3σ, allowed by the global fit of neutrino
oscillation data (see Table I).

3We have not included in our χ2 calculation the 2.5σ data
preference for NO (see Ref. [6]).
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IO: m1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

3 þ jΔm2
31j

q
;

m2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

3 þ Δm2
21 þ jΔm2

31j
q

: ð35Þ

The constraints of our model on the lightest
neutrino mass are presented in Figs. 2 and 3, for
NO and IO neutrino masses, respectively. We have
not included the mlightest bounds from cosmology or
β-decay experiments in our χ2 analysis; instead, we
explicitly present in the figures the upper limit on
mlightest obtained from the KATRIN experiment,
being the current bound mβ < 0.8 eV (at 90% CL)
[52] (red vertical line), and the upper-bound range on
mlightest calculated from Planck limits on the sum of
neutrino masses (brown shaded vertical band).
The left (right) vertical dashed brown line refers to
the less (most) conservative 95% CL bound, corre-
sponding to

P
k mk < 0.12 eV (0.54 eV), where

Planck TT;TEþ lowEþ lensingþ BAO (Planck
TTþ lowE) data was used [53]. Focusing on Fig. 2
for NO, one can see that all models predict a 3σ lower
limit for mlightest, while for 2e3;7 (upper left plot) an
upper bound is also established where mlightest is
constrained to the range ∼½1.5; 9� meV (3σ), well
below the current limits from cosmology and KA-
TRIN. The remaining 2

μ;τ
3;7 (upper middle and right

plots) cases establish a lower limit on mlightest ∼
40 meV (3σ) which is now being probed by cosmo-
logical observations, and lying above (below) the less
(most) conservativePlanck bound.Regarding 2μ10 and
2τ10 (bottom left and right plots), these cases establish
a lower limit on mlightest ∼ 1 meV and ∼1.8 meV
(3σ), respectively, well below the current limits from
Planck and KATRIN. Turning our attention to Fig. 3
for IO, we remark that all models predict a 3σ lower
limit for mlightest except 2

μ
3;7 (upper left plot) which

allows for a vanishing mlightest. However, for 2e10
(lower left plot), an upper bound is also established

FIG. 2. Allowed regions in the plane (mlightest, δ) for the cases 23;7;10 discussed in the main text for NO neutrino masses. The color
scheme is the same as in Fig. 1. The vertical red line corresponds to the upper limit formlightest extracted from the KATRIN bound onmβ.
The brown shaded vertical region shows the mlightest upper-limit interval obtained from the Planck cosmological bounds on

P
k mk.
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where mlightest is constrained at 3σ in the interval
∼½1; 5� meV, which is below current limits from
Planck and KATRIN. The remaining 2

μ;τ
10 (lower

middle and right plots) cases establish a lower limit
onmlightest around∼50 meV (3σ), which is nowbeing
probed by cosmological observations, lying within
the brown shaded region. As for the 2τ3;7 textures
(upper right plot), the lower limitmlightest ∼ 5 meV at
3σ is established, below the Planck lower limit, in a
very small region of parameter space. Overall, from
these figures it is clear that for NO the 23;7 models are

more constraining than the 210 models while for IO
the opposite is true.

(iii) Effective Majorana mass in terms of the lightest
neutrino mass: We now analyse the constraints on
0νββ decay rate by presenting the allowed regions
for the effective neutrino mass parameter mββ. This
parameter is of utmost importance since it can be (in
principle) extracted from 0νββ experimental data,
which could elucidate on the Majorana character of
neutrinos [54]. Using the parametrization given in
Eq. (14), mββ reads, for NO and IO,

NO: mββ ¼
���c212c213mlightest þ s212c

2
13

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

lightest þ Δm2
21

q
e−iα21 þ s213

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

lightest þ Δm2
31

q
e−iα31

���; ð36Þ

IO: mββ ¼
���c212c213 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m2
lightest þ jΔm2

31j
q

þ s212c
2
13

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

lightest þ Δm2
21 þ jΔm2

31j
q

e−iα21þs213mlighteste−iα31
���: ð37Þ

The constraints of our model on the effective Majorana mass parameter are presented in Figs. 4 and 5, for NO and IO
neutrino masses, respectively. The regions in the (mlightest,mββ)-plane, allowed by neutrino oscillation data at the 1σ, 2σ, and

FIG. 3. Allowed regions in the plane (mlightest; δ) for the cases 23;7;10 discussed in the main text for IO neutrino masses. The color
scheme is the same as in Figs. 1 and 2.
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3σ level without imposing any constraint onMν, are shown
by the dashed contours. Besides the current limits on
mlightest, previously presented in Figs. 2 and 3, we also
show the upper-limit ranges on mββ imposed by the 0νββ
experiments EXO-200 [55], GERDA [56], CUORE [57],
andKamLAND-Zen 800 [58]. These ranges are indicated by
colored vertical bars, which reflect the uncertainty in
theoretical calculations of the nuclear matrix elements. Note
that ðM̂νÞ11 ¼ 0 [see Eqs. (28), (29), and (32)] for 2e3;7
implying mββ ¼ 0, thus we do not show this case in the
aforementioned figures. This scenario is still viable for NO
but is not compatible for IO neutrino masses. From the
results of Fig. 4 forNO, one can see that for 2μ;τ3;7 (upper plots)
the lower bounds onmββ are within the sensitivity of current
0νββ decay experiments while being simultaneously in
tension with the cosmological constraints on mlightest. In
fact, the current KamLAND-Zen 800 result strongly dis-
favors both of these cases and one expects them to be probed
by future projects such as KamLAND2-Zen [59], AMORE
II [60], CUPID [61], LEGEND[62], nEXO [63], PandaX-III
[64] or SNOþ I [65]. In contrast, for 2μ;τ10 (lower plots),
a wide region of parameter space containing even the
b.f. point lies in the well known NO “cancellation region”

within the interval mlightest ∼ ½1; 10� meV. This region can-
not be probed experimentally due to the very suppressed
values of mββ. In Fig. 4 the results are shown for IO. We
remark that for 2μ;τ10 (middle right and lower plots) the lower
bounds on mββ are within the sensitivity of current 0νββ
decay experiments, with the KamLAND-Zen 800 bound
strongly disfavoring these cases, which are also in tension
with Planck data (brown shaded region). These are the
most constrained models for IO. The remaining cases
exhibit regions of the parameter space not currently con-
strained by 0νββ experiments and well below the cosmo-
logical bounds on the lightest neutrino mass. However, in
contrast to NO, there is no mββ suppression region for IO.
Therefore, the 0νββ experiments mentioned above could
potentially rule out an IO neutrino mass spectrum. In
summary, from these figures we conclude that for NO
(IO) the 23;7 (210) cases are more restrictive than the 210
(23;7) cases.

V. FLAVOR PHENOMENOLOGY

Within the framework of the 2HDM, the presence of new
charged and neutral scalars that interact with SM fermions

FIG. 4. Allowed regions in the (mlightest, mββ) plane for the cases 23;7;10 discussed in the main text for NO neutrino masses. The color
scheme is the same as in Figs. 1 and 2. The dashed contours delimit the 1σ, 2σ, and 3σ regions allowed by neutrino oscillation data
only, without considering any extra constraint on Mν. The colored vertical bars correspond to the upper-bound ranges on mββ from
EXO-200 [55], GERDA [56], CUORE [57], and KamLAND-Zen 800 [58].
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introduces NP contributions in flavor processes. In
Appendix B we present the scalar-fermion interactions in
the mass-eigenstate basis where it is clear that in our
models there will be tree-level FCNCs which are controlled
by the following matrices,

Nd ¼ Vd†
L N0

dV
d
R; N0

d ¼
vffiffiffi
2

p ðsβYd
1 − cβYd

2e
iφÞ;

Nu ¼ Vu†
L N0

uVu
R; N0

u ¼
vffiffiffi
2

p ðsβYu
1 − cβYu

2e
−iφÞ;

Ne ¼ Ue†
L N0

eUe
R; N0

e ¼
vffiffiffi
2

p ðsβYe
1 − cβYe

2e
iφÞ; ð38Þ

with the rotation angles β and α defined in Eqs. (A5)
and (A9), respectively. The unitary matricesVd;u

L;R are defined
inEqs. (6) and (7), leading to theCKMquarkmixingmatrixV
ofEq. (8),whileUe

L;R andU
ν aredefined inEqs. (11) and (12),

leading to the PMNS lepton mixing matrix U of Eq. (13).
However, the Abelian flavor symmetries considered here
provide, in some cases, a natural mechanism to control such
dangerous FCNCs effects. In fact, note that themass matrices
labeled “5” in Table III exhibit an isolated nonvanishing entry
in a given rowandcolumn,which coincideswith themassof a
specific fermion [see, e.g., Eq. (27)]. This leads to zero entries
in the Nx (with x ¼ d, u, e) matrices of Eq. (38), which
control the strength of FCNCs,

FIG. 5. Allowed regions in the (mlightest, mββ) plane for the cases 23;7;10 discussed in the main text for IO neutrino masses. The color
scheme is the same as in Figs. 1–4.
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5d;u;e∶Nd;u;e∼

0
B@
× 0 0

0 × ×

0 × ×

1
CA; 5s;c;μ∶Ns;c;μ∼

0
B@
× 0 ×

0 × 0

× 0 ×

1
CA; 5b;t;τ∶Nb;t;τ∼

0
B@
× × 0

× × 0

0 0 ×

1
CA; ð39Þ

where the decoupled state is identified by a superscript. On the other hand, the mass matrices labeled “4” lead to Nx matrices
without zero entries. In cases where the Abelian flavor symmetry leads to a decoupled state, there will be processes without NP
contributions, depending of the flavor transition involved. In Tables IV–VII, we list the flavor constraints considered in our
numerical analysis in order to test the compatibility of the U(1) models given in Table II. In the last column of those tables we
indicate the states that,whendecoupled, automatically satisfy the bounds, since there is noNPcontribution for the corresponding
process.
The flavor constraints under consideration include:
(i) Lepton universality and cLFV: Table IV shows the current bounds for several cLFV processes. For the 2HDM, the

NP contributions can be computed as discussed in Refs. [35,73]. The constraints on lepton universality are encoded
in the parameters jgμ=gej − 1, jgSRR;μej, jgSRR;τej, and jgSRR;τμj. For 3-body cLFV decays e−α → e−β e

þ
γ e−δ , mediated by

neutral scalars H and I at tree-level, the branching ratio (BR) is

BRðe−α → e−β e
þ
γ e−δ Þ ¼

1

ð1þ δβδÞ
m5

αGF

3 × 212π3Γα
×
�jgαβ;γδLL j2 þ jgαδ;γβLL j2 þ jgαβ;γδRR j2 þ jgαδ;γβRR j2

þ jgαβ;γδLR j2 þ jgαδ;γβLR j2 þ jgαβ;γδRL j2 þ jgαδ;γβRL j2 − Reðgαβ;γδLL gαδ;γβ�LL þ gαβ;γδRR gαδ;γβ�RR Þ�; ð40Þ

TABLE IV. Current experimental bounds on lepton universality observables and BRs of cLFV processes. When
one of the lepton states indicated in the last column is decoupled, there are no NP contributions to the corresponding
process in the first column (see text for details).

Observable Constraint References Decoupled state

jgμ=gej − 1 0.0019� 0.0014 HFLAV [66] � � �
jgSRR;μej <0.035 TWIST [67] � � �
jgSRR;τej <0.70 PDG [44] � � �
jgSRR;τμj <0.72 PDG [44] � � �
BRðτ− → e−eþe−Þ <2.7 × 10−8 Belle [68] e, τ
BRðτ− → μ−μþμ−Þ <2.1 × 10−8 Belle [68] μ, τ
BRðτ− → e−μþe−Þ <1.5 × 10−8 Belle [68] e, μ, τ
BRðτ− → e−eþμ−Þ <1.8 × 10−8 Belle [68] μ, τ
BRðτ− → μ−eþμ−Þ <1.7 × 10−8 Belle [68] e, μ, τ
BRðτ− → μ−μþe−Þ <2.7 × 10−8 Belle [68] e, τ
BRðμ− → e−eþe−Þ <1.0 × 10−12 SINDRUM [69] e, μ
BRðμ → eγÞ <4.2 × 10−13 MEG [70] e, μ
BRðτ → eγÞ <3.3 × 10−8 BABAR [71] e, τ
BRðτ → μγÞ <4.2 × 10−8 Belle [72] μ, τ

TABLE V. Present experimental constraints on BR of B̄ → Xsγ,CP violation in the neutral kaon system via the εK
parameter and mass differences ofK0; B0

d;s; D
0 meson-antimeson systems. When one of the quark states indicated in

the last column is decoupled, there are no NP contributions to the corresponding observable in the first column (see
text for details).

Observable Constraint References Decoupled state

BRðB̄ → XsγÞ ð3.49� 0.19Þ × 10−4 PDG [44] � � �
jεK j ð2.228� 0.011Þ × 10−3 PDG [44] u, d, s
ΔmNP

K <3.484 × 10−15 GeV PDG [44] d, s
ΔmBd ð3.334� 0.013Þ × 10−13 GeV PDG [44] d, b
ΔmBs ð1.1693� 0.0004Þ × 10−11 GeV PDG [44] s, b
ΔmNP

D <6.56 × 10−15 GeV PDG [44] u, c
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where Γα is the total decay width of eα, namely Γμ ¼ 3.0 × 10−19 GeV and Γτ ¼ 2.3 × 10−12 GeV [44], and

gαβ;γδLL ¼ ðN†
eÞβαðN†

eÞδγ
�

1

m2
H
−

1

m2
I

�
; gαβ;γδRL ¼ ðNeÞβαðN†

eÞδγ
�

1

m2
H
þ 1

m2
I

�
;

gαβ;γδLR ¼ ðN†
eÞβαðNeÞδγ

�
1

m2
H
þ 1

m2
I

�
; gαβ;γδRR ¼ ðNeÞβαðNeÞδγ

�
1

m2
H
−

1

m2
I

�
: ð41Þ

Finally, we also consider the radiative cLFV decay eα → eβγ. Neglecting the contributions proportional to neutrino
masses and the subleading terms suppressed by m2

e=m2
H;I, the BR at one loop is

BRðeα → eβγÞ ¼
αem5

αG2
F

128π4Γα
ðjALj2 þ jARj2Þ; ð42Þ

where αe ¼ e2=ð4πÞ. The amplitudes AL;R are given by

AL ¼ ðN†
eNeÞβα

1

12

�
1

m2
H
þ 1

m2
I
−

1

m2
H�

�
−
ðN†

eÞβiðN†
eÞiα

2mα=mi

�
1

m2
H

	
3

2
þ ln

�
m2

i

m2
H

�

−

1

m2
I

	
3

2
þ ln

�
m2

i

m2
I

�
�
;

AR ¼ ðNeN
†
eÞβα

1

12

�
1

m2
H
þ 1

m2
I

�
−
ðNeÞβiðNeÞiα
2mα=mi

�
1

m2
H

	
3

2
þ ln

�
m2

i

m2
H

�

−

1

m2
I

	
3

2
þ ln

�
m2

i

m2
I

�
�
; ð43Þ

TABLE VI. Current experimental bounds on the BR of rare leptonic neutral meson decays. In the last column the
decoupled state prediction automatically satisfies the constraint (see text for details).

Observable Constraint References Decoupled state

Br(Bd → eþe−) <2.5 × 10−9 LHCb [76] d, b
Br(Bd → μþμ−) <2.0 × 10−10 PDG [44] d, b
Br(Bd → τþτ−) <2.1 × 10−3 LHCb [77] d, b
Br(Bd → τ�e∓) <1.6 × 10−5 Belle [78] e, τ, d, b
Br(Bd → τ�μ∓) <1.4 × 10−5 LHCb [79] μ, τ, d, b
Br(Bs → eþe−) <9.4 × 10−9 LHCb [76] s, b
Br(Bs → μþμ−) ð3.01� 0.35Þ × 10−9 PDG [44] s, b
Br(Bs → μ�e∓) <5.4 × 10−9 LHCb [80] e, μ, s, b
Br(D → eþe−) <7.9 × 10−8 Belle [81] u, c
Br(D → μþμ−) <6.2 × 10−9 LHCb [82] u, c
Br(D → μ�e∓) <1.3 × 10−8 LHCb [83] e, μ, u, c

TABLE VII. Current experimental bounds on the BRs of semileptonic processes.

Observable Constraint References

BrðBþ → eþνÞ <9.8 × 10−7 Belle [84]
BrðBþ → μþνÞ <8.6 × 10−7 Belle [85]
BrðBþ → τþνÞ ð1.09� 0.24Þ × 10−4 PDG [44]
BrðDþ

s → eþνÞ <8.3 × 10−5 Belle [86]
BrðDþ

s → μþνÞ ð5.43� 0.15Þ × 10−3 PDG [44]
BrðDþ

s → τþνÞ ð5.32� 0.11Þ × 10−2 PDG [44]
BrðDþ → eþνÞ <8.8 × 10−6 CLEO [87]
BrðDþ → μþνÞ ð3.74� 0.17Þ × 10−4 PDG [44]
BrðDþ → τþνÞ ð1.20� 0.27Þ × 10−3 BESIII [88]
Brðπþ→eþνÞ
Brðπþ→μþνÞ ð1.230� 0.004Þ × 10−4 PDG [44]

BrðKþ→eþνÞ
BrðKþ→μþνÞ ð2.488� 0.009Þ × 10−5 PDG [44]

Brðτ−→π−νÞ
Brðπþ→μþνÞ ð10.82� 0.05Þ × 10−2 PDG [44]

Brðτ−→K−νÞ
BrðKþ→μþνÞ ð1.095� 0.016Þ × 10−2 PDG [44]
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where a sum over i ¼ e, μ, τ is implicit and chirality-suppressed terms ∝ mβ=mα have been neglected.
From Eqs. (40)–(43), we can easily deduce that most 3-body and radiative cLFV processes are forbidden at the

one-loop level for the 5e1 structures (see Table IV). For example, the decay μ → eγ is forbidden ifMe ∼ 5e1ð5μ1Þ, since
the electron (muon) is decoupled and, consequently, ðNeÞμe ¼ ðNeÞeμ ¼ 0, i.e. μ − e transitions are not possible. For
the 3-body decays e−α → e−β e

þ
γ e−δ , at least two of these processes are disallowed for every 5e1 case.

(ii) B̄ → Xsγ and neutral meson–antimeson observables: Table V shows the constraints for the quark sector. These
include the radiative B̄ → Xsγ decay, CP violation in the neutral Kaon system via the εK parameter and the mass
differences of the meson-antimeson systems K0, B0

d, B
0
s and D0. In particular, for ΔmK and ΔmD only NP

contributions are considered, as highlighted in Ref. [74]. To understand the impact of flavor symmetries, consider the
NP contribution to the matrix element contributing to the K̄0 → K0 transition [74]:

MNP
21 ¼ f2kmK

96v2

�
½ðN�

dÞ2ds þ ðNdÞ2sd�
10m2

k

ðms þmdÞ2
�

1

m2
I
−
c2β−α
m2

h

−
s2β−α
m2

H

�

þ 4ðN�
dÞdsðNdÞsd

	
1þ 6m2

K

ðms þmdÞ2

�

1

m2
I
þ c2β−α

m2
h

þ s2β−α
m2

H

��
: ð44Þ

If one of the constituent quarks in K0, either d or s, is
decoupled, then ðNdÞsd ¼ ðNdÞds ¼ 0. This impliesMNP

21 ¼
0 and ΔmNP

K ¼ 2jMNP
21 j ¼ 0. Furthermore, the εK parameter

is given by [74]:

εK ¼ −
ImðM21λ

�
u
2Þffiffiffi

2
p

ΔmKjλuj2
¼ εSMK −

ImðMNP
21 λ

�
u
2Þffiffiffi

2
p

ΔmKjλuj2
; ð45Þ

where we use the experimental value for ΔmK in the
denominator and λu ¼ V�

11V12. Thus, the conditionMNP
21 ¼

0 also implies εK ¼ εSMK , which is in agreement with the
current experimental bound. Hence, the first two conditions
in Table V are satisfied automatically. A similar argument
applies to ΔmBd;s

and ΔmNP
D , i.e. these observables have no

NP contributions if one of the meson constituent quarks is
decoupled. On the contrary, the B̄ → Xsγ constraint cannot
be automatically fulfilled by a decoupled state, as its BR
depends not only on the Nx matrices but also on terms
involving V†Nu and N†

dV
†.

If u is decoupled, εK is automatically within the allowed
range. To understand this we note that, in our models, Md
can be made real by appropriate rephasing of the fields as
shown in Table III. Hence, in this case, Hd ¼ MdM

†
d and

H0
d ¼ M†

dMd are also real. Since their eigenvalues are also
real, as indicated in Eq. (7), their eigenvectors Vd

L and Vd
R

are also real. Thus, from Eq. (38), we conclude that Nd is
real and so is the matrix MNP

21 [see Eq. (44)].
For the cases P125

u
1P23 and P1235

u
1P12, we obtain

Vu
L ¼

0
B@

1 0 0

0 · ·

0 · ·

1
CA; Vu

L ¼

0
B@

0 · ·

0 · ·

1 0 0

1
CA; ð46Þ

respectively. By using these matrices and taking into
account that Vd

L is real, it follows that the first row of
the CKM matrix is real [see Eq. (8)]. Consequently, λu is
real, along with MNP

21 , implying εK ¼ εSMK [see Eq. (45)].
(iii) Leptonic neutral meson decays and semileptonic

processes: Tables VI and VII show constraints
involving both the quark and lepton sectors, namely,
leptonic neutral meson decays and semileptonic
processes, respectively. In the notation of Ref. [75],
the NP Wilson coefficients relating to the leptonic
decays are given by

C
qfqi
S ¼ −

ffiffiffi
2

p
π2

GFM2
W
ðcfi;αβLR þ cfi;αβLL Þ; C

qfqi
P ¼ −

ffiffiffi
2

p
π2

GFM2
W
ðcfi;αβLR − cfi;αβLL Þ; ð47Þ

C
0qfqi
S ¼ −

ffiffiffi
2

p
π2

GFM2
W
ðcfi;αβRR þ cfi;αβRL Þ; C

0qfqi
P ¼ −

ffiffiffi
2

p
π2

GFM2
W
ðcfi;αβRR − cfi;αβRL Þ; ð48Þ
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where for a down-type (up-type) meson,

cfi;αβLL ¼ −
ðN†

d;uÞfiðN†
eÞαβ

m2
H

� ðN†
d;uÞfiðN†

eÞαβ
m2

I
; cfi;αβRL ¼ −

ðNd;uÞfiðN†
lÞαβ

m2
H

∓ ðNd;uÞfiðN†
eÞαβ

m2
I

;

cfi;αβLR ¼ −
ðN†

d;uÞfiðNeÞαβ
m2

H
∓ ðN†

d;uÞfiðNeÞαβ
m2

I
; cfi;αβRR ¼ −

ðNd;uÞfiðNeÞαβ
m2

H
� ðNd;uÞfiðNeÞαβ

m2
I

: ð49Þ

Consider, for instance, the process Bsðsb̄Þ → μ�e∓. In this
example, if s, b, μ, or e are decoupled, then all NP Wilson
coefficients are zero [see Eqs. (39), (48), and (49)], i.e.
there are no NP contributions. A similar analysis applies to
the other leptonic neutral meson decays. However, this
feature cannot be extended to semileptonic processes, as
their NP Wilson coefficients do not depend directly on the
Nx matrices, being given by

C
ufdi;lανn
R

CSM
¼ −

ðVNdÞfiðN†
eUÞαn

m2
H�VfiUαn

;

C
ufdi;lανn
L

CSM
¼ ðN†

uVÞfiðN†
eUÞαn

m2
H�VfiUαn

: ð50Þ

Using the Wilson coefficients of Eqs. (49) and (50), we
calculate the BRs for leptonic neutral meson decays and
semileptonic processes by employing the methodology
outlined in Refs. [73,75].

A. Numerical procedure and constraints

As already discussed, the Abelian flavor symmetries
impose specific flavor structures that, in some cases, lead to
controlled FCNCs. To investigate their phenomenology and
explore the parameter space, we perform a numerical
analysis considering all relevant constraints, which we
now describe. Since the NP contributions to flavor proc-
esses stem from the additional scalar degrees of freedom of
the 2HDM, we will consider as input parameters the angles
α, β and the masses mh;H;I;H� defined in Appendix A. We
will restrict our analysis to the so-called alignment limit,
which corresponds to β − α ¼ π=2 [39]. In such a case, the
new CP-even scalar H0 aligns with the SM Higgs boson h
for which mh ¼ 125.25 GeV [44]. The remaining param-
eters vary within the intervals 10−2 ≲ tan β≡ v2=v1 ≲ 103

and 102 GeV≲mH;I;H� ≲ 103 TeV, where the 100 GeV
lower mass limit is motivated by the H� mass constraint
found in Ref. [89].
The parameters of the scalar potential defined in

Eq. (A2) can be reconstructed in terms of the input
variables:

μ212 ¼ −m2
I sin β cos β; λ1 ¼

m2
h þ ðm2

H −m2
I Þtan2β

v2
; λ2 ¼

m2
h þ ðm2

H −m2
I Þcot2β

v2
;

λ3 ¼
2m2

H� þm2
h −m2

H −m2
I

v2
; λ4 ¼

2ðm2
I −m2

H�Þ
v2

: ð51Þ

As for the Yukawa couplings, which determine the scalar
couplings to fermions, we extract them using the best-fit
results on the mass matrices from Secs. III and IV. In all
cases, the scalar potential parameters, as well as the Yukawa
couplings, must obey the following theoretical constraints:

(i) Vacuum stability: For the potential to be bounded
from below the quartic parameters must satisfied [39]

λ1 > 0; λ2 > 0; λ3 þ
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
> 0;

λ3 þ λ4 þ
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
> 0; ð52Þ

as well as the condition [90,91]

−
2μ212
v2cβsβ

> λ3 þ λ4 −
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
: ð53Þ

(ii) Perturbative unitarity: The quartic scalar parameters
are constrained by demanding perturbative unitarity
in scalar-scalar scattering at tree level [92,93],
resulting in the following conditions [39]:

jλ1j; jλ2j; jλ3j; jλ3 þ λ4j; jλ3 − λ4j; jλ3 þ 2λ4j ≤ 8π;���� 32 ðλ1 þ λ2Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9

4
ðλ1 − λ2Þ2 þ ð2λ3 − λ4Þ2

r ���� ≤ 8π;���� 12 ðλ1 þ λ2Þ �
1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλ1 − λ2Þ2 þ 4λ24

q ���� ≤ 8π:

ð54Þ

(iii) Quartic scalar couplings and Yukawa coupling
perturbativity: Quartic scalar and Yukawa couplings
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must fulfil perturbativity bounds, considered here
to be

jλ1j; jλ2j; jλ3j; jλ4j; jðYx
aÞijj ≤

ffiffiffiffiffiffi
4π

p
;

a ¼ 1; 2; x ¼ e; d; u: ð55Þ

Regarding the experimental constraints, we consider the
following:

(i) Electroweak precision observables (EWPO): The
presently allowed ranges for the oblique S, T, and U
parameters at 95% confidence level (CL) [44] are

S ¼ −0.02� 0.10; T ¼ 0.03� 0.12;

U ¼ 0.01� 0.11; ð56Þ

with correlation coefficients of þ0.92 (−0.80)
[−0.93] between S and T (S and U) [T and U].
To compute them in our 2HDM framework, we
follow Refs. [94,95] where the analytical expres-
sions for the S, T, and U were derived for a generic
extension of the SM featuring arbitrary number of
Higgs doublets and singlets. As for the measurement
of the decay Z → bb̄, we follow Ref. [74], where the
Lagrangian for the Zbb̄ vertex is written as

LZbb̄ ¼ −
eZμ

sWcW
b̄γμðḡLbPL þ ḡRbPRÞb; ð57Þ

and it is required that the H� contribution added to
the SM one does not deviate from the SM prediction

by more than 2σ, viz. 2ðḡLb Þ2 þ 2ðḡRb Þ2 ¼
0.36782� 0.00143.

(ii) SM Higgs boson: As mentioned above, we work in
the alignment limit, so that H0 aligns with the SM
Higgs boson h. Thus, the h couplings to the gauge
bosons and fermions are SM-like, i.e. within their
experimental values. However, the charged scalar
H� contributes at one-loop level to the radiative
h → γγ and h → Zγ decays. We computed analyti-
cally their decay widths following Refs. [96–99]. To
check if the set of generated points is compatible
with the experimentally measured properties of the
SM-like Higgs boson we use HiggsSignals [100,101],
which is part of HiggsTools [102]. For a given
model, this tool computes global χ2 values taking
into account Higgs measurements performed
at the LHC. We define Δχ2125 ¼ χ2 − χ2SM, where
χ2SM ¼ 151.6, is the χ2 value of the SM provided by
HiggsSignals, for 159 degrees of freedom. This repre-
sents an agreement within a 37%CL. In our work we
require an agreement at the 95% CL, that is,
Δχ2125 ≤ 37 [99].

(iii) New scalar searches: The parameter space of our
models is further constrained by searches for new
scalars conducted at LEP and LHC. This analysis is
assisted by HiggsBounds [103–107], which is also
integrated into HiggsTools. To use HiggsBounds, we
input the couplings of new scalars with gauge
bosons and fermions of the same flavor. However,
neutral scalar flavor-violating decays into two fer-
mions need to be provided. Namely,

ΓðH̃k → fαfβÞ ¼ nc
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½m2

k − ðmα −mβÞ2�½m2
k − ðmα þmβÞ2�

q

×
ðjaαβk j2 þ jbαβk j2Þðm2

k −m2
α −m2

βÞ − 4mαmβReðaαβk bαβk
�Þ

16πm3
k

; ð58Þ

with nc being the color factor and H̃ ¼ ðH; IÞ. The
couplings aαβk and bαβk are written in terms of the Nx

matrices of Eq. (38) that control FCNCs, which in the
alignment limit are given by

aαβH ¼ −
ðNxÞαβ

v
; bαβH ¼ −

ðN†
xÞαβ
v

;

aαβI ¼ n�
iðNxÞαβ

v
; bαβI ¼ −n�

iðN†
xÞαβ
v

; ð59Þ

where x ¼ d, u, e and n� ¼ þ1 if x ¼ d, e and n� ¼ −1 if
x ¼ u. We also computed analytically the decay widths of a
scalar into another scalar and a gauge boson following

Ref. [108], and the decay widths of H and I into γγ and Zγ
according to Refs. [96–99].
(iv) Flavor observables: All flavor constraints discussed

at the beginning of this section (see Tables IV–VII),
were imposed at the 2σ level. For the meson-
antimeson observables, however, we allow our
results to deviate by at most 10% from the exper-
imental values (see e.g. Refs. [74,109]). Overall, our
methodology is similar to that of previous works—
see, e.g., Refs. [73–75].

B. Results and discussion

The main results of our analysis are presented in Figs. 6
and 7 for the six up-decoupled and six down-decoupled
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models, respectively. The allowed parameter space for each
model is highlighted by the black-hatched region, that
satisfies all theoretical and experimental constraints dis-
cussed in Sec. VA. The colored regions correspond to the
parameter space that is excluded by the most restrictive
constraints, i.e., the ones that shape the allowed region. The
remaining flavor constraints are depicted using solid colored
contours, below which the region is excluded. To obtain

these exclusion regions, we consider, besides theoretical,
oblique parameters and experimental scalar constraints (see
Sec. VA), a single flavor constraint, namely, either Z → bb
(gray), B̄ → Xsγ (bordeau), εK (orange),ΔmK (blue),ΔmBd

(cyan), ΔmBs
(green), ΔmD (magenta) or Bs → μ−μþ

(yellow). The results deserve several comments:
(i) Scalar mass degeneracy: Since we have three

different BSM scalars, we should obtain allowed

FIG. 6. Allowed parameter space region satisfying all constraints of Section VA (black-hatched region) in the (tan β,
mH ¼ mI ¼ mH� ) plane for cases ð4d3;P125

u
1P23Þ [ð4d3;P1235

u
1P12Þ] presented by the left [right] plots. The top (middle) [bottom]

plots show cases featuring uðcÞ½t�-decoupled state. The lepton sector is ð5e1; 2ν3ÞNO. The color-shaded regions are excluded by the
indicated flavor observable shaping the allowed black-hatched region. The exclusion regions for the other processes are below the
respective solid-colored contours (see text for details).
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regions within the (tan β, fmH;mI;mH�g) parameter
space. However, when mH ¼ mI ¼ mH� , certain
constraints are automatically fulfilled, namely per-
turbative unitarity and quartic coupling perturbativ-
ity [see Eqs. (51), (54), and (55)]. Moreover, in
general, for almost degenerate BSM scalar masses
the oblique parameters are in agreement with ex-
perimental data (see, e.g., Ref. [73]). The exper-
imental constraints on the quark and lepton flavor
observables, if not automatically satisfied in fermion
decoupling scenarios, are relaxed when the scalar
masses are quasidegenerate. This is evident by
looking at the theoretical expressions for the NP
contributions to these processes in Eqs. (41), (43),
(44), and (49), where certain contributions are
suppressed when mH ≃mI ≃mH� [28,35,36,73].
Our analysis is presented for the case where
all three scalar masses are degenerate. We have
numerically checked that this assumption is indeed a
valid approximation and that the allowed para-
meter space regions for each model, in the case
mH ¼ mI ¼ mH� , contains the scenarios where all
three masses vary randomly (apart from extreme
fine-tuning of masses [73]).

(ii) Yukawa perturbativity bounds: In all cases, tan β is
bounded from above and below. This is due to the
fact that, as a consequence of the flavor symmetries,
each nonzero element of a mass matrix comes
exclusively from one Yukawa matrix [see Eqs. (5)
and (20)]. Thus, taking into account the Yukawa-
coupling perturbativity criterium of Eq. (55), we
obtain

tan2β≤
2πv2

jðMx
1Þijj2

−1; tan2β≥1=

�
2πv2

jðMx
2Þijj2

−1

�
;

ð60Þ

where, without loss of generality, we consider tan β
within the first quadrant. If a given mass matrix
element originates from the first (second) Yukawa
matrix, then a ¼ 1 (a ¼ 2) for x ¼ e, d, u. Thus,
tan β finds its upper and lower bounds determined by
the maximum value of jðMx

1Þj and jðMx
2Þj, respec-

tively, which are identified in the figures by the left
and right vertical gray-hatched regions.

(iii) Lepton sector constraints: In Figs. 6 and 7, except
for ð5d1;P1234

u
3P12Þ (top right plot in Fig. 7), we

select the lepton model ð5e1; 2ν3ÞNO, as the conclu-
sions are not affected by a different choice. This was
numerically checked by noting that changing the
lepton model for a specific quark model leads to
negligible changes in the final results. The only
exception is the ð5d1;P1234

u
3P12Þ case, where differ-

ent choices for the lepton model have a significant

impact. Thus, a more thorough analysis needs to be
done and will be discussed in what follows.4

(iv) Most restrictive constraints: The plots in Figs. 6 and
7 show that not all constraints shape the allowed
region (black-hatched). For the up-sector decoupled
models (see Fig. 6), the most important constraints
are the εK parameter (orange) and the mass
differences of the meson-antimeson systems Bd
(cyan) and Bs (green). These are generally not
automatically fulfilled for up-sector decoupled mod-
els (see Table V). One would also expectΔmK (blue)
to be a crucial constraint for these scenarios. How-
ever, for this observable we consider that experi-
ments only constrain the NP contribution and not the
combined SM and NP, as in the case of other meson-
antimeson observables. A similar conclusion can be
drawn with respect toΔmD (magenta), which has the
additional property of being automatically satisfied
for u and c decoupled models (see Table V). On the
other hand, the allowed region for P125

c
1P23 (middle

left plot) is not shaped by meson-antimeson observ-
ables, but by the very restrictive constraint of
Bs → μþμ−. Note that, in addition, the parameter
space of the two quark models P1235

u
1P12 (top right

plot) and P125
t
1P23 (bottom left plot), is mildly

constrained by Z → bb̄ (gray) for tan β ≳ 1.1 and
tan β ≳ 1.6, respectively.

For the down-sector decoupled models (see
Fig. 7), ΔmD (magenta) is, in most cases, the
defining constraint. This differs significantly from
what we have found in up-sector decoupled models.
Indeed, the ΔmBs;d

and ΔmK constraints are now
automatically fulfilled according to the decoupled
states shown in Table V. An interesting model is
ð5d1;P3214

u
3P23Þ (top right plot), for which the

allowed region is determined by the Bs → μ−μþ

and Z → bb̄ constraints. In this case, the lepton
model can change the allowed parameter space. If
we were to consider ð5μ1; 2ν3ÞIO instead of ð5e1; 2ν3ÞNO,
the parameter space would enlarge since Bs → μ−μþ
would be relaxed. It is important to mention that, in
this scenario, the lower mass bound for the remain-
ing lepton models would lie between the black-solid
½ð5e1; 2ν3ÞNO� and black-dashed ½ð5μ1; 2ν3ÞIO� lines. Note
also that for ð5b1;P124

u
3Þ (bottom left plot), the

allowed parameter-space region is defined by the

4We also verified numerically that the BRs for the cLFV
observables of Table IV, in the allowed parameter space regions
(black-hatched) are, in general, orders of magnitude below the
sensitivities of future experiments as MEG II [110], Belle II
[111], and Mu3e [112]. Overall, the flavor constraints in the
lepton sector play a negligible role in restricting the parameter
space, contrary to what happens in the quark sector.
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εK constraint which is not automatically satisfied in
b-decoupled models (see Table V).

(v) BSM scalar mass scale: One of the most interesting
features to consider is the allowed ranges for the
BSM scalar masses. Before examining any specific
model, it is noteworthy that the flavor constraints
coming from the up-quark sector are less restrictive
than those of the down sector. Consequently,
down-decoupled models, where some down sector

constraints are automatically satisfied, generally
allow for lower BSM scalar masses and larger para-
meter spaces compared to the up-decoupled scenar-
ios. With this in mind, the most restricted case is
found for the up-decoupled model ðP1235

t
1P12Þ

(bottom right plot in Fig. 6), for which the lowest
scalar mass is around 70 TeV. This outcome is
somehow expected since, in this model, t is de-
coupled and none of the most restrictive constraints

FIG. 7. Allowed parameter space region in the (tan β,mH ¼ mI ¼ mH� ) plane for cases ð5d1;P124
u
3Þ [ð5d1 ;P3214

u
3P23Þ] presented by the

left [right] plots. The top (middle) [bottom] plots show cases featuring dðsÞ½b�-decoupled state. The lepton sector is ð5e1; 2ν3ÞNO, except
for the case ð5d1;P3214

u
3P23Þ (top right plot) where via a black-dashed contour we indicate the allowed parameter space region for

ð5μ1; 2ν3ÞIO (see text for details). The presented color scheme is the same as in Fig. 6.
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are automatically satisfied (see Tables V and VI).
On the other hand, the lowest scalar mass for an
up-decoupled model is approximately 2 TeV for
P1235

u
1P12 (top right plot in Fig. 6). In this case, the

εK and ΔmNP
D constraints are automatically fulfilled.

In fact, u-decoupled models feature the largest
number of most restrictive constraints that can be
automatically satisfied.
As for down-decoupled models, there are two

specially interesting cases shown in Fig. 7, namely
ð5s1;P124

u
3Þ (middle left plot) and ð5d1;P3214

u
3P23Þ

(top-right plot) that allowmasses down to∼700 GeV
and ∼300 GeV, respectively. The latter is within the
range of direct searches at the LHC. The lower mass
bound for all remaining models lie between 3 to
10 TeV. In all cases, these limits are attained for
tan β ∼ 1, due to the fact that, for such tan β values,
the contributions of theYukawamatricesYx

1;2 (x ¼ d,
u, e) to FCNCs are on equal footing.

VI. CONCLUDING REMARKS

In this work we have tackled the flavor puzzle for the
quark and lepton sectors, within the 2HDM supplemented
with horizontal Abelian symmetries and neutrino mass
generation via effective Weinberg operators. We performed
a systematic analysis to identify the minimal 2HDMs, in
which the symmetries impose the most restrictive quark
and lepton flavor patterns, while being compatible with the
observed fermion masses, mixing angles and CP-violating
phases. We found four minimal models for quarks, with ten
independent parameters matching the six quark masses, and
four CKM parameters. For the lepton sector, we identified
three minimal and predictive flavor models that feature a
total of ten parameters compared to twelve observables,
namely six lepton masses, and six parameters of the PMNS
matrix, including two Majorana phases. A detailed study of
the lepton sector revealed that cases 2μ3;7 (NO) [2

τ
3;7 (NO)]

and 2
μ
10 (IO) [2τ10 (NO)] have a preference for the lower

[upper] octant of the θ23 atmospheric mixing angle, as
shown in Fig. 1. As far as the lightest neutrino mass
predictions are concerned, a few models are in tension with
cosmological Planck data, establishing lower bounds on the
mlightest scale, namely 2

μ;τ
3;7 for NO (Fig. 2) and 2

μ;τ
10 for IO

(Fig. 3). It is well known that IO neutrino masses can be
fully tested by experiments that search for 0νββ decay
process (see Fig. 5). Remarkably, we identified four NO
scenarios, namely 2

μ;τ
3;7, that can be testable in such experi-

ments as shown in Fig. 4.
We thoroughly investigated the phenomenology of each

model with special emphasis on their flavor predictions. Our
results are gathered in Figs. 6 and 7. In our analysis we took
into account all relevant theoretical, EWPO, and scalar
sector constraints, and also stringent quark flavor observ-
ables such as B̄ → Xsγ, Bs → μ−μþ and neutral meson

oscillations. cLFV processes like e−α → e−β e
þ
γ e−δ and eα →

eβγ were also considered. We showed that constraints in the
quark sector are the most relevant and, indeed, shape the
allowed parameter space for each model. In some cases,
the Abelian flavor symmetries provide a natural frame-
work to automatically suppress tree-level FCNCs. These
symmetries lead to decoupled fermion states in the mass
matrices, which impose restricted patterns in theNx (x ¼ d,
u, e) matrices. In particular, zero off-diagonal Nx entries,
that otherwise contribute to the aforementioned flavor
processes (see Tables IV–VI), are heavily constrained by
experiment. Thus, NP contributions are controlled or even
vanishing. This feature leads to models with extended
parameter spaces in the (tan β, fmH;mI;mH�g) planes,
specifically for down-type quark decoupled cases, where
BSM scalar masses can be as low as a few hundreds GeV.
This is the case for the models ½ð5e1; 2ν3ÞNO; ð5d1;P3214

u
3P23Þ�,

½ð5μ1; 2ν3ÞIO; ð5d1;P3214
u
3P23Þ� and ½ð5e1; 2ν3ÞNO; ð5s1;P124

u
3Þ�, as

can be seen in Fig. 7.
To conclude, Abelian flavor symmetries in the 2HDM

stand out as one of the simplest approaches to effectively
address the flavor puzzle, allowing to construct minimal
quark and lepton models that are predictive with respect to
low-energy masses, mixing and CP-violation parameters.
Tree-level FCNCs that arise in our 2HDMs can be naturally
controlled by the imposedAbelian symmetries, thusmaking
them a simple framework for theoretical scenarios compat-
ible with highly-constraining experimental observations. In
some cases, new scalarswithmasses below the TeV scale are
allowed, being within the reach of current experiments such
as the LHC and testable at future facilities.
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APPENDIX A: SCALAR SECTOR OF U(1)
SYMMETRIC 2HDM

The maximally restrictive textures for quarks and leptons
compatible with masses, mixing and CP violation data,
realizable by Abelian symmetries, are presented in Sec. III.
The minimal scalar content required to implement these
textures are two Higgs doublets,

Φa¼
�
ϕþ
a

ϕ0
a

�
¼ 1ffiffiffi

2
p

� ffiffiffi
2

p
ϕþ
a

vaeiφa þρaþ iηa

�
; a¼1;2; ðA1Þ

where va are the VEVs of the Φa neutral component
and only the phase difference φ ¼ φ2 − φ1 is relevant.
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The above fields transform under the Abelian symmetries
shown in Table II, leading to the scalar potential [39]:

VðΦ1;Φ2Þ ¼ μ211Φ
†
1Φ1 þ μ222Φ

†
2Φ2 þ μ212ðΦ†

1Φ2 þΦ†
2Φ1Þ

þ λ1
2
ðΦ†

1Φ1Þ2 þ
λ2
2
ðΦ†

2Φ2Þ2

þ λ3ðΦ†
1Φ1ÞðΦ†

2Φ2Þ þ λ4ðΦ†
1Φ2ÞðΦ†

2Φ1Þ:
ðA2Þ

Note that, in order to avoid a massless Goldstone boson
(GB), which arises once the Abelian flavor symmetries are
spontaneously broken by the Higgs VEVs, we add a soft-
breaking parameter μ212, which can be taken real.
The minimization of the scalar potential leads to two

conditions,

μ211 ¼ −
1

2

	
λ1v21 þ ðλ3 þ λ4Þv22 � 2μ212

v2
v1



;

μ222 ¼ −
1

2

	
λ2v22 þ ðλ3 þ λ4Þv21 � 2μ212

v1
v2



; ðA3Þ

where the upper (lower) sign corresponds to φ ¼ 0ðπÞ,
hence the vacuum is CP-conserving. In what follows, we
set without loss of generality φ ¼ 0.
Let us now study the physical scalar mass spectrum. The

mass matrix for the charged scalars, in the ðϕ�
1 ;ϕ

�
2 Þ basis,

is given by

M2
� ¼ −

v1v2λ4 þ 2μ212
2

� v2
v1

−1

−1 v1
v2

�
; ðA4Þ

which is diagonalized by the rotation matrix

R ¼
�

cβ sβ
−sβ cβ

�
→

�
H1

H2

�
¼ R

�Φ1

Φ2

�
;

cβ ≡ cos β ¼ v1
v
; sβ ≡ sin β ¼ v2

v
; ðA5Þ

where v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
≃ 246 GeV. Besides the G� GB, we

obtain a physical charged Higgs state H� with mass

m2
H� ¼ −

v2λ4
2

−
2μ212

sin ð2βÞ : ðA6Þ

The above transformation brings the weak doublets Φ1;2

into the Higgs basis with H1;2 given by [39]

H1¼
� Gþ

H0
1¼ vþH0þiG0ffiffi

2
p

�
; H2¼

� Hþ

H0
2¼RþiIffiffi

2
p

�
; ðA7Þ

where hH0
1i ¼ v=

ffiffiffi
2

p
and hH0

2i ¼ 0. Note that, the ρa
and ηa (a ¼ 1, 2) components of the doublets do not

mix. Thus, the CP-even neutral scalar mass matrix in the
ðρ1; ρ2Þ basis is

M2
CP-even¼

�
M2

11 M2
12

M2
12 M2

22

�

¼

0
B@ v21λ1−

v2
v1
μ212 v1v2ðλ3þλ4Þþμ212

v1v2ðλ3þλ4Þþμ212 v22λ2−
v1
v2
μ212

!
;

ðA8Þ

being diagonalized through the rotation

�
H

h

�
¼
�

cα sα
−sα cα

��
ρ1

ρ2

�
¼
�
cβ−α −sβ−α
sβ−α cβ−α

��
H0

R

�
;

tanð2αÞ¼ v2ðλ3þλ4Þsinð2βÞþ2μ212
v2ðλ1c2β−λ2s2βÞþ2μ212 cotð2βÞ

: ðA9Þ

This procedure results in the physical CP-even scalars
masses

m2
H;h ¼

1

2

�
M2

11 þM2
22 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM2

11 −M2
22Þ2 þ 4ðM2

12Þ2
q 


:

ðA10Þ

Note that the setting β − α ¼ π=2 is known as the align-
ment limit [39], whereH0 coincides with h—the SM Higgs
boson with mass mh ¼ 125.25 GeV [44]. For the CP-odd
scalars the mass matrix is

M2
CP-odd ¼ −μ212

� v2
v1

−1

−1 v1
v2

�
; ðA11Þ

being diagonalized by the rotation matrix R of Eq. (A5).
Besides the G0 GB, the above diagonalization leads to a
physical CP-odd scalar I with mass

m2
I ¼ m2

H� þ v2
λ4
2
¼ −

2μ212
sin ð2βÞ ; ðA12Þ

proportional to the soft-breaking parameter μ212.

APPENDIX B: SCALAR-FERMION
INTERACTIONS

In this appendix we present the scalar-fermion inter-
actions in the mass-eigenstate basis of fermions and scalars,
within the 2HDM framework with the Yukawa Lagrangian
given in Eq. (2). Namely, the interactions between fermions
and charged Higgs H�, as well as, neutral scalars h, H and
I, are given by
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−LH� ¼
ffiffiffi
2

p
Hþ

v

�
ūðN†

uVPL − VNdPRÞd − ν̄U†NePRe
�þ H:c:; ðB1Þ

−Lh ¼
h
v

n
ū
�ðsβ−αDu − cβ−αNuÞPR þ ðsβ−αDu − cβ−αN

†
uÞPL

�
uþ d̄

�ðsβ−αDd − cβ−αNdÞPR þ ðsβ−αDd − cβ−αN
†
dÞPL

�
d

þ ē
�ðsβ−αDe − cβ−αNeÞPR þ ðsβ−αDe − cβ−αN

†
eÞPL

�
e
o
; ðB2Þ

−LH ¼ H
v

n
ū
�ðcβ−αDu þ sβ−αNuÞPR þ ðcβ−αDu þ sβ−αN

†
uÞPL

�
uþ d̄

�ðcβ−αDd þ sβ−αNdÞPR þ ðcβ−αDd þ sβ−αN
†
dÞPL

�
d

þ ē
�ðcβ−αDe þ sβ−αNeÞPR þ ðcβ−αDe þ sβ−αN

†
eÞPL

�
e
o
; ðB3Þ

−LI ¼
iI
v

�
ūðNuPR − N†

uPLÞu − d̄ðNdPR −N†
dPLÞd − ēðNePR − N†

ePLÞe
�
; ðB4Þ

with the Nd;u;e matrices defined in Eq. (38), while the angles β and α are defined in Eqs. (A5) and (A9), respectively.
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