
J
H
E
P
0
7
(
2
0
2
0
)
1
4
7

Published for SISSA by Springer

Received: April 30, 2020

Accepted: July 4, 2020

Published: July 22, 2020

Mass hierarchy from the flavor symmetry in

supersymmetric multi-Higgs doublet model

Atsushi Hinata

Department of Physics, Waseda University,

Tokyo 169-8555, Japan

E-mail: hinata0903@akane.waseda.jp

Abstract: We study the supersymmetric standard model with multiple Higgs doublets

with gauged U(1)X flavor symmetry. When the flavor symmetry is broken by the vacuum

expectation value of flavon, the Z3 symmetry M3 called matter triality remains and it pro-

hibits the baryon number violation up to dimension-5 operators. We study the contribution

of the extra-Higgs fields to the anomaly cancellation of flavor symmetry and analyze the

mass spectra including the multiple generations of Higgs fields as well as quarks and lep-

tons. We show a series of U(1)X charge assignments, which reproduce the observed masses

and mixing angles of quark and lepton. We also find that, with such realistic charge as-

signments, the extra-Higgs fields obtain masses around the intermediate scale and decouple

from the electroweak physics because of the holomorphy of superpotential.

Keywords: Supersymmetry Phenomenology

ArXiv ePrint: 2004.08824

Open Access, c© The Authors.

Article funded by SCOAP3.
https://doi.org/10.1007/JHEP07(2020)147

mailto:hinata0903@akane.waseda.jp
https://arxiv.org/abs/2004.08824
https://doi.org/10.1007/JHEP07(2020)147


J
H
E
P
0
7
(
2
0
2
0
)
1
4
7

Contents

1 Introduction 1

2 The SUSY SM with matter triality 3

2.1 Multi-Higgs doublet model 3

2.2 Anomaly cancellation condition 4

3 Mass hierarchy of fermion and Higgs sector 6

3.1 Fermion mass hierarchy 6

3.2 Higgs sector 7

4 Numerical analysis of flavor charge assignment 9

5 Conclusion 11

A Baryon/lepton number violating operators 12

B The charge assignments 13

1 Introduction

The standard model (SM) in particle physics has successfully explained the current exper-

imental results including the discovery of the Higgs boson at the LHC. However, there are

unsolved problems, such as the fine-tuning problem to explain the Higgs boson mass, the

absence of the dark matter candidate and so on. Supersymmetry is one of the most plausible

candidates which can stabilize the hierarchy between the Planck scale MPl ∼ 2.4×1018GeV

and the electroweak (EW) scale. The simplest supersymmetric extension of the SM, the

minimal supersymmetric standard model (MSSM) provides a viable phenomenology by

assigning an Abelian discrete symmetry, called R-parity [1]. Due to this symmetry, the

baryon and lepton number violations are prohibited at the renormalizable level, thus the

lightest supersymmetric particle can be the most attractive candidate for the dark matter

and the proton decay mediated by the superpartner is also suppressed. In spite of those

favorable features, however, the baryon or lepton number violations arise from higher-

dimensional operators, those can cause problems even if they are suppressed by MPl [2, 3].

In this context, alternative discrete symmetries embedded into some continuous gauge sym-

metries have been investigated by some previous works [4–10], based on the argument that

the global symmetries are broken by the gravitational effects [11, 12]. It is known that not

only R-parity or baryon triality but also matter triality M3 [7] is consistent with the gauge

theory from the viewpoint of discrete anomaly cancellation [4, 13] when we consider the

three generations of right-handed neutrino.
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On the one hand, the fermion mass hierarchy has been also studied as one of the

open problems in SM. Although three generations of SM fermions have the same quantum

number, those masses are different from each other and the gap between the generations is

extremely large. In addition to this hierarchy, the mixing pattern of lepton is different from

quark mixing. One of the promising explanations of such hierarchies is the flavor symme-

try. Many flavor models have been proposed to realize the mass hierarchy or the mixing

of quark and lepton [14–18]. In particular, the Froggatt-Nielsen (FN) mechanism [19]

can realize the observed mass spectra and flavor mixings. In this mechanism, the higher-

dimensional operators generate hierarchical Yukawa matrices, where an additional scalar

field called flavon is introduced, which is charged under U(1) symmetry. The flavor sym-

metry distinguishing the generation is spontaneously broken by a non-vanishing vacuum

expectation value of the flavon. In [20–23], by gauging the flavor symmetry denoted here

U(1)X , it is argued that certain discrete symmetries prohibiting the proton decay can be

obtained as a subgroup of U(1)X after its spontaneous breaking. However, the realization

of FN-mechanism with a proper discrete symmetry requires a highly fractional charge as-

signment to cancel out the anomalies. Naively, the strict constraints from the anomaly

and phenomenological requirements such as fermion mass hierarchies will be relaxed by

the addition of a new flavor-charged field. Therefore, we suggest the existence of multiple

generations of the Higgs field as a reasonable extension. The extended Higgs sector is also

favored from the viewpoint of UV-theory, because the extra-Higgs fields are sometimes

inevitable in the context of string compactification, for example, orbifold model [24], or

magnetized orbifold model [25]. On the other hand, the phenomenological aspect of multi-

Higgs doublet models (MHDMs) has been discussed [26–33] regardless of the existence of

SUSY. From the viewpoints of the low energy physics, the additional scalar states induce

the flavor changing neutral currents (FCNCs) which affect K, B, and D meson mixing at

tree level, thus those masses are strictly constrained [33].

In this paper, we study the supersymmetric SM in MHDM with the U(1)X flavor

symmetry. The spontaneous breaking of gauged U(1)X symmetry respects the discrete

symmetry M3, thus the baryon number violating operator is prohibited up to dimension-

5 operators. The flavor symmetry respecting M3 can be anomaly free by introducing

three generations of right-handed neutrino and we confirm that the relevant anomalies are

canceled out by the Green-Schwarz mechanism [34]. Yukawa hierarchy can be realized

via the Froggatt-Nielsen mechanism by suitably choosing the flavor charge. The charge

assignment also determines the structure of µ-matrix which is a mass matrix for multiple

Higgs fields in the superpotential. By choosing the specific charge, the extra-Higgs field

can be decoupled and the MSSM-like Higgs field which is responsible for the EW symmetry

breaking remains at the low energy. We perform a numerical search and show that there

are such flavor charges, which effectively realize MSSM without extra-Higgs fields below

the intermediate scale.

The organization of this paper is the following. In section 2, we show the model set-

up about the discrete symmetry M3 and the anomaly cancellation condition. Then, in

section 3, we confirm the matter sector including fermion and Higgs fields. From the ex-

perimental points of view, observed masses and mixing angles of quark/lepton constrain
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Q Ū D̄ L Ē N̄ Hu Hd

M3 1 ω2 ω ω 1 ω ω ω2

Table 1. The representation of charged particle under matter triality.

the flavor charge. We introduce the non-minimal coupling in Kähler potential accommo-

dating Giudice-Masiero mechanism [35], and show that the decoupling of extra-Higgs fields

can be realized. In section 4, we show the concrete examples of charge assignment and the

numerical evaluation of the relevant observables. Finally, we conclude in section 5.

2 The SUSY SM with matter triality

Firstly, we will confirm our model set-up. In the notation of supersymmetric theory, the

chiral superfields are Φi = Qi, Ūi, D̄i, Li, Ēi, N̄i, Hu, Hd and those lower indices for matter

fields indicate each generation (i = 1 ∼ 3). The right-handed neutrinos are introduced as

the extension of the fields contents.

The anomaly-free discrete symmetries have been discussed in the context of proton sta-

bility. Proton lifetime is strictly bounded [36] and its partial mean life have been measured

τp > 1.6× 1034 years for lepton channel p+ → e+π. Due to the existence of the supersym-

metric partner of the SM fields, additional proton decay processes by the baryon or lepton

number violating operators are also predicted in supersymmetric SM (SSM). Furthermore,

the higher dimensional operators, which cannot be prohibited by R-parity, contribute to

the dangerous process. We list the baryon or lepton number violating operators up to

dimension-5 in appendix A.

Ibáñez and Ross proposed the Abelian discrete symmetry instead of R-parity [4, 5].

According to [11, 12], the quantum gravity effect violates the global symmetry regardless

of continuous or discrete one. In this context, to be consistent with the argument, they

consider the global discrete symmetry should be embedded into gauge symmetry, and it

is the remnant of spontaneous breakdown, i.e., U(1)X → Z2,3. In this paper, we adopt a

particular Z3 symmetry proposed in [4, 7], it is called matter triality. It requires the three

generations of the right-handed neutrino in order to cancel the gauge anomaly. Under this

symmetry, each matter field transforms as table 1, where ω = e2πi/3.

The superpotential under matter triality is given by

W = yuijŪiQjHu+ydijD̄iQjHd+yeijĒiLjHd+yνijN̄iLjHu+µHuHd+λνijkN̄iN̄jN̄k. (2.1)

Note that the introduction of the right-handed neutrino leads to the interaction term in

eq. (2.1) which violates the lepton number. However, the baryon number is conserved up

to mass dimension-5, thus, the proton stability is ensured by matter triality.

2.1 Multi-Higgs doublet model

While the Higgs field has been discovered at the LHC, the multi-Higgs doublet models

(MHDMs) are predicted from some UV-theories. For example, since the down-type Higgs
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field belongs to the gauge groups with the lepton doublet, then the multiple Higgs fields

appear in the string compactification [24, 25, 37]. Thus, it is meaningful to consider the

extended Higgs sector. On the other hand, the decoupling of the extra-Higgs fields is also

one of the main issues in MHDMs as we mentioned above.

Let us introduce the multiple Higgs fields Hu → Huα and Hd → Hdα, which belongs

to the same SM gauge groups. The Greek index of the Higgs fields run from 1 to NH .

Those fields contribute to the anomaly cancellation condition (the detailed discussion of

the gauge anomaly cancellation is given in the following section 2.2). By introduction

of the extra fields, the interaction containing the Higgs fields are extended (yuij → yuijα,

µ → µαβ). Note that there remains an ambiguity to choose the discrete charge for the

extra-Higgs fields. If those have the same discrete charge with the first generation, the

potential minimization of the EW vacuum is necessary to analyze the full Higgs potential

due to the Yukawa coupling for the extra fields. On the other hand, if not, the additional

baryon/lepton number operators with the Higgs fields appear in the superpotential.

2.2 Anomaly cancellation condition

The gauge anomaly cancellation requires that the anomaly coefficients A··· must be can-

celed. Those coefficients A··· are evaluated as the algebraic equation of X-charges ac-

cording to Fujikawa methods [38]. We must consider the SM gauge anomaly GSM =

SU(3)C × SU(2)L × U(1)Y , and pure U(1)X anomaly and those coefficients are evaluated

by the flavor charge:

ACCX =
∑
i

[2XQi +XUi +XDi], (2.2)

AWWX =
∑
i

[3XQi +XLi] +
∑
α

(XHuα +XHdα), (2.3)

AY Y X =
1

6

∑
i

[XQi + 8XUi + 2XDi + 3XLi + 6XEi]

+
1

2

∑
α

(XHuα +XHdα), (2.4)

AY XX =
∑
i

[X2
Qi − 2X2

Ui +X2
Di −X2

Li +X2
Ei]

+
∑
α

(X2
Huα −X2

Hdα), (2.5)

AXXX =
∑
i

[X3
Qi +X3

Ui +X3
Di +X3

Li +X3
Ei]

+
∑
α

(X3
Huα +X3

Hdα) +Aexotic
XXX , (2.6)

where Aexotic
XXX is the contribution from exotic fields assigned U(1)X charge in hidden sector.

Note that the consistency of gauge theory requires that all anomaly coefficients must be

canceled. Even if the anomaly-free discrete symmetry is assigned, it is necessary to choose

the charge assignment of U(1)X . We require the anomaly cancellation by Green-Schwarz

– 4 –



J
H
E
P
0
7
(
2
0
2
0
)
1
4
7

(GS) mechanism [34, 39]. Let us assume that the single GS field charged under U(1)X .

Then, the string axion appears in the gauge sector as

L = −1

4
s(x)

∑
i

kiFiµνF
µν
i +

1

4
a(x)

∑
i

kiFiµνF̃
µν
i , (2.7)

where s(x) and a(x) are the dilaton and axion fields. The normalization factor ki is

the affine/Kač–Moody level, and the field strength Fiµν (and its dual F̃iµν) are given for

corresponding gauge groups, thus i runs over GSM × U(1)X . Under the U(1)X gauge

transformation (AXµ → AXµ − ∂µθ(x)), the anomaly coefficients appears as,

δL = −1

8
θ(x)

∑
i

AiFiµνF̃µνi , (2.8)

where the anomaly coefficients Ai correspond to the eq. (2.2), (2.3), (2.4), and (2.6). The

dilaton field which has shift symmetry under U(1)X symmetry compensates the deviation

S → S+iδGSΛX/2, where ΛX is gauge transformation parameter and δGS is determined by

the anomaly coefficients. Therefore, the Lagrangian is invariant if the anomaly coefficients

satisfy the following relation,

ACCX
kC

=
AWWX

kW
=
AY Y X
kY

=
AXXX
kX

= δGS. (2.9)

While the normalization of the non-Abelian symmetry is restricted in integer, the normal-

ization of the Abelian symmetry cannot be determined by algebraic way. If the SM gauge

groups are unified into the simple group, the Kač-Moody levels of the SM gauge group can

be related by the standard GUTs normalization [40],

kC = kW = 3kY /5. (2.10)

On the other hands, in the heterotic string theory, the hypercharge normalization can be

determined by the decomposition of the gauge group [25, 37]. In particular, in SO(32)

heterotic string theory, the one-loop threshold correction to the gauge coupling for non-

Abelian gauge group are non-universal [41, 42], thus the gauge coupling unification depends

on the correction even if the normalization is not canonical one. In our calculation, let us

assume that those of the non-Abelian gauge group is one and the hypercharge normalization

kY is the parameter to solve the anomaly cancellation condition.1 Therefore, the X-charge

and kY must satisfy the following relation,

ACCX = AWWX , AWWX = AY Y X/kY . (2.11)

Another hypercharge anomaly AY XX cannot be absorbed by the shift of dilaton, therefore

we require additional condition, AY XX = 0. Note that the pure U(1)X anomalies are

affected by the exotic sector, thus it is necessary to assume the concrete form of exotic

sector. Thus, we omit this constraint in the following discussion.2

1The gauge coupling unification in the context of non-standard hypercharge normalization is discussed

in refs. [43–45].
2The gravitational anomaly has to be also considered, but we omit it in our analysis since the hidden

sector contributes to the anomaly cancellation condition.
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3 Mass hierarchy of fermion and Higgs sector

3.1 Fermion mass hierarchy

Fermion mass hierarchy is one of the open problems in SM. Quark and lepton have the gen-

eration structure, which have the hierarchical mass spectra, and those masses are evaluated

by the Cabbibo angle ε ∼ 0.22,

mu : mc : mt ∼ ε8 : ε4 : 1,

md : ms : mb ∼ ε4 : ε2 : 1, (3.1)

me : mµ : mν ∼ ε4,5 : ε2 : 1.

To explain the large hierarchy between the masses of generations, we will adopt the

Froggatt-Nielsen mechanism [19] and identify the gauge symmetry U(1)X with flavor sym-

metry. This flavor symmetry respects the matter triality, therefore each charged field

transforms as same discrete charge with respect to the generation after U(1)X symmetry

breaking. Above the flavor symmetry breaking scale, the superpotential eq. (2.1) is mod-

ified to be gauge invariance. For example, the Yukawa coupling for up-type quark can be

obtained from the higher dimensional operator,

guijαΘ[nuijα]

(
A

MPl

)nuijα
ŪiQjHuα, (3.2)

where A is the flavon superfield and it has the X-charge XA = −3. The coupling constants

guijα are assumed as O(1) i.e.,
√
ε ≤ guijα ≤ 1/

√
ε. Θ[x] is equal to 1 for x ≥ 0 or 0

for others. The other operators can be rewritten under this flavor symmetry. After the

flavor symmetry breaking, the effective operators eq. (2.1) are obtained. Then, the vacuum

expectation value of flavon generates the hierarchical structure by the ratio 〈A〉 /MPl = ε.

In order to obtain the correct mass spectrum of quark and lepton, let us consider the

specific ansatz for the Yukawa matrices. Note that the extra-Higgs fields can be mixed in

the diagonalization of the mass matrix and its effect is possible to contribute to the Yukawa

matrix, but for simplicity, let us assume that the first generation of the Higgs fields only

contributes to the Yukawa coupling. This assumption is justified by the requirement of

decoupling of the extra-Higgs fields. For the Yukawa coupling of up-type quark i.e., the

ansatzes of the ε-suppression is given by

nuij1 =

 8 7− y 5− y
5 + y 4 2

3 + y 2 0


ij

, (3.3)

where y = 0, 1 is an integer parameter related to the CKM mixing matrix. For the down-

type quark and charged electron, those ansatzs can be also written in terms of some pa-
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rameters x, y, z,

ndij1 =

 4 + x 3− y + x 1− y + x

3 + y + x 2 + x x

3 + y + x 2 + x x


ij

, (3.4)

nei = diag (4 + z + x, 2 + x, x) (3.5)

where x = 0, 1, 2, 3, and z = 0, 1. (3.6)

The integer parameter x can be interpreted as the ambiguity of tan β ∼ vu/vd, i.e., mb/mt ∼
εx cotβ = εxvd/vu. On the one hand,the parameters z determines the structure of the

PMNS matrix. From those ansatzes, the CKM and PMNS mixing matrices can be obtained

by y and z [21],

VCKM ∼

 1 ε1+y ε3+y

ε1+y 1 ε2

ε3+y ε2 1

 , VPMNS ∼

 1 εz εz

εz 1 1

εz 1 1

 . (3.7)

Those structures imply that the best prediction of mixing matrices is given when y = 0

and z = 1, and the other cases are semi-realistic one. The charge of flavor symmetry is

strictly restricted.

3.2 Higgs sector

The Yukawa hierarchy can be obtained under the above ansatz, however, we must consider

the Higgs sector. There are additional scalar degrees of freedom in MHDM and those

predict additional physical states of Higgs fields. But such extra-Higgs fields are restricted

by the experiments of neutral meson mixing [36]. The mass difference depends on the

mass of the mediator, therefore the extra-Higgs fields have to decouple at the high energy

scale. Some previous works have discussed the decoupling of the extra-Higgs fields in

MHDMs [26, 29–33].

Before the discussion of the decoupling, we have to determine the discrete charge of the

Higgs fields. If the extra-Higgs fields have the same discrete charge with the first generation,

then not only the Yukawa couplings but also the mixing between the first generation and

others in µ-term are allowed. Those mixing terms induce the kinetic mixing and it is

difficult to control the mass spectra of the Higgs fields. Thus, let us assume the extra-

Higgs fields have a different discrete charge from the first generation. Note that the first

generation of the Higgs fields corresponds to the MSSM-like Higgs fields based on this

assumption since the Yukawa coupling with the extra-Higgs fields can be eliminated and

the EWSB vacuum is given by Hu1 and Hd1. On the other hand, the different choice of the

discrete charge may lead to the baryon number violation prohibited by the matter triality.

The proton decay can occur in the case that the baryon and lepton numbers are broken

simultaneously. In our model, the lepton number is violated by the interaction of the

right-handed neutrino, therefore, the baryon number should be unbroken for the stability

of the proton. The choice of the discrete charge can be determined uniquely from those

requirements, the charge assignment within the extra-Higgs fields is given in table 2, where

– 7 –
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Q Ū D̄ L Ē N̄ Hu1 Hd1 Hua Hda

M3 1 ω2 ω ω 1 ω ω ω2 ω2 ω

Table 2. The representation of charged particle under matter triality within the extra-Higgs fields.

the extra generation is denoted as Roman index. Under this discrete symmetry, the baryon

number violating operator is prohibited up to mass dimension-5 (more detailed discussion,

see appendix A).

Then, let us discuss the mass spectra of the Higgs fields. The supersymmetric mass of

the Higgs field comes from the µ-term. Originally, the µ-matrix with flavon is allowed in

the superpotential, however, it is the only dimensionful parameter in the theory. Thus, its

mass scale should correspond to the scale of underlying theory. Therefore, at the gravity

scale, µ-matrix has Planck scale, i.e., µαβ ∼MPl. Although the supersymmetric Higgs mass

µαβ is responsible for the EW symmetry breaking, there is no reason why such mass relates

to the EW scale, or why the scale is close to the SUSY breaking. This problem is called µ-

problem. In order to solve it, Giudice and Masiero proposed a mechanism which generates

small mass scale related to the SUSY breaking scale msoft [35]. Let Z be a hidden sector

chiral superfield, which is singlet under GSM × U(1)X . Then the non-minimal coupling in

the Kälher potential is introduced,

gµαβ

∫
d4θ

Z̄

MPl

{
Θ[−Xµ

αβ ]

(
Ā

MPl

)−Xµ
αβ

+ Θ[Xµ
αβ ]

(
A

MPl

)Xµ
αβ

}
HuαHdβ + h.c.,

where Xµ
αβ = XHuβ + XHdβ . If we assume the gravity mediation SUSY breaking, then

the F-term of the hidden sector superfields 〈FZ〉 = msoftMPl, where msoft is soft SUSY

breaking mass scale whose scale depends on the power of the flavon. After Z is integrated

out, the µ-matrix which relates to the soft mass is given by,

µαβ = gµαβmsoftε
|XHuα+XHdβ |. (3.8)

Therefore, the effective µ-matrix can be derived as

µαβ = g̃µαβMPlΘ [XHuα +XHdβ ] εXHuα+XHdβ + gµαβmsoftε
|XHuα+XHdβ |. (3.9)

Since the superpotential is holomorphic function of chiral superfields, its contribution de-

pends on the sign of flavor charge while the contributions from the Kähler potential is

always allowed.3 This means that the flavor symmetry is responsible for not only the hi-

erarchy of fermion but also the hierarchy of Higgs fields. Note that the contribution from

Kälher potential to the operators with mass dimension greater than or equal to four are

not significant because such coupling constants are suppressed by the Planck mass.

3The prohibition by the holomorphy of the superpotential (SUSY zero) has been also discussed to

generate the hierarchy of the scale. See refs. [46, 47].
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kHu1 = −w − kHd1

kQ2 = kQ1 − 1− y
kQ3 = kQ1 − 3− y
kU1 = −kHu1 − kQ1 + 8

kU2 = kU1 − 3 + y

kU3 = kU1 − 5 + y

kD1 = −kHd1 − kQ1 + 4 + x

kD2 = kD1 − 1 + y

kD3 = kD1 − 1 + y

kE1 = −kHd1 − kL1 + 4 + x+ z

kE2 = −kHd1 − kL2 + 2 + x

kE3 = −kHd1 − kL3 + x

Table 3. The constraints on the charge.

4 Numerical analysis of flavor charge assignment

In this paper, we propose several examples of the concrete charge assignment which satisfies

phenomenological and theoretical constraints as above mentioned. We analyze the charge

assignments numerically, in order to obtain the realistic mass hierarchies. We assume that

the ansatzes for Yukawa matrices with some parameters x = 0 ∼ 3, y = 0, 1, and z = 0, 1,

and analyze in the cases of the generation of Higgs fields NH = 1, 2, 3. Furthermore, we

parametrize the soft SUSY breaking scale, MEW ∼ εwmsoft, where w = 1 ∼ 6. We choose

some X-charges as parameters under the above conditions eq. (3.3), (3.4) and (3.5). Those

parameters can be rewritten by using the following constraint in table 3. For example,

the charge of lepton doublet can be reduced as XLi = 1 + 3kLi (kΦi ∈ Z) due to the

matter triality. On the other hand, in MHDM case, the extra-Higgs fields Hda has to

be different discrete charges to the first generation of Higgs field because of avoiding the

mixing in mass matrix. Based on this assumption, the only one of the Higgs field have

Yukawa coupling, the extra-Higgs fields decouple at the low energy. On the other hands,

the flavor charge of the lepton doublet is also constrained in order to avoid the mixing

between L and the down-type extra-Higgs fields because those mixing induce the large

lepton number violation. Thus, we require that the flavor charge of the lepton doublet

should be negative so that XLi + XHua < 0. Then, the coupling constant is order msoft

by the GM mechanism and the lepton number violation by the mixing between L and Hda

can be suppressed (detail discussion is present in appendix A). Furthermore, we restrict

the range of charge so that the perturbation is valid. The maximum and minimum are

restricted as |Xmax| ≤ 25 and |Xmax/Xmin| ≤ 6.4 The hypercharge normalization kY is

also arbitrary parameter, then we search the range 1 ≤ kY ≤ 2 for the solution. Again,

note that the standard GUTs normalization is kY = 5/3.

4The later constraint respects the hypercharge in SM, thus the result is conservative.
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experimental result our result

(mu, mc, mt)/mt

(md, ms, mb)/mb

(me, mµ, mτ )/mτ

(1.3×10−5, 7.4×10−3, 1)

(1.1×10−3, 2.3×10−2, 1)

(2.9×10−4, 6.0×10−2, 1)

(5.6×10−6, 3.3×10−3, 1.0)

(9.8×10−4, 2.4×10−2, 1.0)

(4.3×10−4, 2.8×10−2, 1.0)

|VCKM|


0.97 0.22 0.0039

0.22 1.0 0.042

0.0081 0.039 1.0




0.97 0.25 0.0031

0.25 0.97 0.049

0.0095 0.049 1.0


Table 4. The fermion mass and mixing angle for the assignment No.77. The experimental values

given in [36].

In such parameter space, the concrete examples of charge assignment are obtained

(see appendix B). We obtain the two solutions and the 108 solutions with respect to Nh =

2, 3, while there is no solution for Nh = 1. Let us show the concrete example of charge

assignment. For the model No.77 in table 9, the hypercharge normalization kY = 1. The

parameter x relates to the ambiguity of tan β, therefore this means

tanβ ∼ mt

mb
εx ∼ 10. (4.1)

The mass hierarchy and the mixing can be realized in this assignment. Under this symme-

try, the O(1) factors of the Yukawa matrix are chosen as following:

Y u =

2.0ε8 −2.0ε7 1.2ε5

0.5ε5 −2.1ε4 2.1ε2

1.2ε3 0.5ε2 1.9

 , Y d =

 1.3ε7 1.0ε6 −1.0ε4

−1.4ε6 −1.7ε5 1.0ε3

−0.8ε6 1.0ε5 −2.0ε3

 , (4.2)

Y e =

−2.1ε7 −1.ε6 −0.5ε7

2.1ε6 2.1ε5 −0.5ε6

−1.8ε3 0.5ε2 −0.5ε3

 . (4.3)

After diagonalization of mass matrices of quark and lepton, the mass spectra and CKM

mixing can be derived as table 4.

The mass spectrum of the Higgs field is also determined by the flavor charge. The

mixing between the first and the extra-Higgs fields in µ-matrix are prohibited by U(1)X
symmetry since the extra-Higgs field have different discrete charges. Clearly, this matrix

structure realizes the decoupling of extra-Higgs field, since the mixing between the first

and the extra generation of the Higgs fields is prohibited by the discrete symmetry, i.e.,

µij ∼

ε3msoft 0 0

0 εMPl ε
8MPl

0 εMPl ε
8MPl


ij

(4.4)

Then, the mass scale of the Higgs fields can be evaluated without O(1) factor,

mH ∼
(
102, 1010, 1015

)
GeV. (4.5)
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The gauge anomaly coefficients are also calculated in this concrete charge assignment.

The mixed anomalies with the SM gauge group are given by

(ACCX ,AWWX ,AY Y X ,AY XX) = (108, 108, 108, 0). (4.6)

The GS field is necessary to cancel those anomalies.

Then, let us comment on our results. The parameters y and z are related to the quark

and lepton mixing, as mentioned above eq. (3.7). Although there are some solutions to

realize the correct mixing patterns that obtain in y = 0 and z = 1, the neutrino sector

also contributes to the PMNS matrix. The charge of right-handed neutrinos cannot be

determined by the anomaly cancellation conditions, so we must consider those masses and

flavor mixing. Secondly, we only obtain the solution w = 3,5 this implies the soft SUSY

breaking scale msoft ∼MEW/ε
3, so the SUSY breaking scale is above a few TeV. This result

is consistent with the collider experiment. While those results are phenomenologically

favored, the gauge coupling unification cannot be realized even if the correction of the

extra-Higgs fields is included, because the normalization of the hypercharge kY is around

1 while the usual GUT normalization is 5/3. Naively, the small kY comes from the tiny

contribution of the flavor charge, therefore the normalization can be improved by the

addition of the new field charged under U(1)X .

5 Conclusion

In this paper, we analyze the multi-Higgs extension of SSM, where the U(1)X flavor sym-

metry respecting matter triality is assigned. By gauging the flavor symmetry, the gauge

anomaly cancellations are required. Furthermore, we require the hierarchical structure for

the Yukawa matrix and also the supersymmetric mass matrix for the multi-Higgs fields

via the Froggatt-Nielsen mechanism. Although various theoretical and phenomenological

requirements strictly restrict the charge assignments, we confirm that the existence of the

extra-Higgs fields plays a role to relax these constraints, where the gauge anomaly can be

still canceled by the Green-Schwarz mechanism. In multi-Higgs doublet models, new scalar

states couple to quarks and leptons as well as weak bosons, those fields mediate dangerous

flavor changing neutral currents. To avoid this, we required such a charge assignment that

the extra-Higgs fields decouple from the low energy.

We numerically searched and found the concrete charge assignment which realizes the

experimental values of fermion masses and the mixing. It is remarkable that the extra-Higgs

fields have an intermediate-scale masses with the obtained charge assignments and the

charge assignment requires TeV scale SUSY breaking. Note that the hierarchical structure

of fermions and multi-Higgs fields are determined by the flavor symmetry. We emphasize

that the large hierarchy in the Higgs spectrum is generated by two different sources, i.e.,

the mass of the first generation of Higgs fields comes from the Kähler potential while the

others come from the superpotential. In addition to the decoupling of the Higgs fields, the

5Note that, we found that the solutions satisfy the constraints on the flavor charge when w = 3, 6 from

the algebraic analysis. However, the solutions for w = 6 are excluded by the condition of maximum and

minimum charge assignments.
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dim /B and /L /B /L

2 N

3 NN, LHu

4 UDD NNN, LLE, LQD, NHuHd

5 QQQL, UUDE, UDDN QQQHd
QUEHd, NNNN, LLHuHu

LHuHuHd, NWY , NNHuHd

Table 5. The baryon/lepton number violation operator in the superpotential. Note that the

dimension of operators refers to the mass dimension in terms of the Lagrangian after the integration

of the Grassmann coordinates. The operator WY means the Yukawa coupling in eq. (2.1).

suppression of the mixing between the lepton doublet L and down-type extra-Higgs fields

Hda by the same discrete charge can be also realized. Although the mixing by the bilinear

term induces the lepton number violation, the contribution to the mixing only comes from

the Kähler potential since the flavor charge of the lepton doublet can be negative and they

have soft SUSY breaking scale msoft. Because of the large µ-term for the extra-Higgs fields,

the mixing should be suppressed and controlled by the flavor symmetry.

The mass spectrum of neutrino should be also determined by the flavor symmetry.

The Yukawa coupling of the neutrino can be the main source to explain the tiny neutrino

mass. In refs. [22, 23], the authors discussed the generation of neutrino mass in a similar

context. However, there is an additional interaction between right-handed neutrinos in

our model, which is allowed as the lepton number violating operator in the superpotential.

Such specific interaction term has been discussed in the context of the µνSSM [48, 49]. We

will discuss the origin of neutrino mass in future works. In our model, since the R-parity

is broken, the LSP is not stable and cannot be regarded as the candidate for the dark

matter. The axion is another attractive candidate for the dark matter in the R-parity

violating scenario [50], where the model equips with the baryon triality for the stability of

the proton instead of R-parity. We will also explore the supersymmetric axion model when

matter triality is assigned.
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A Baryon/lepton number violating operators

In the supersymmetric SM, the baryon or lepton number violation terms are allowed, which

induce the proton decay [2, 3, 21]. In SSM with right-handed neutrinos, those operators

up to dimension-5 in the superpotential can be listed in table 5. Now, let us assign the

discrete symmetry in table 2. Under the discrete symmetry, the Yukawa coupling for the

first generation of the Higgs field and µ-term are allowed, and the lepton number violating
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operators are given by

LHua, NNN, NHu1Hda, QUEHda, LLHuaHub,

LHu1HuaHdb, LHuaHu1Hd1, NNHuaHd1, NDQHda, NELHda. (A.1)

Due to the conservation of the baryon number,6 the proton is stable, however we need

to carry out the basis rotation to canonicalize the kinetic term and eliminate the mix-

ing between L and Hda [20] because those charge are same under GSM ×M3. After the

canonicalization, the bilinear lepton number violation terms with the lepton doublet can

be rotated away,

Hua

(
µ µ′

)
aI

(
Hd

L

)
I

= Hua

(
µ̃ 0
)
aI

(
H̃d

L̃

)
I

, (A.2)

where

(
H̃d

L̃

)
I

= U
(K)
IJ

(
Hd

L

)
J

. (A.3)

The capital index run over the generation of the lepton doublet and the extra-Higgs fields.

For simplicity, let us assume the extra-Higgs field is one-generation, then the bilinear

coupling constant KaI can be reduced to KI ,

U
(K)†
IJ =

|µ|
M

 1

(
µ′i
µ

)
−
(
µ′j
µ

)∗
µ′jµ

′
i

µ′2

(
1− M

µ

)
+
M
|µ|
δij


IJ

, (A.4)

where M =
√
µ′∗iµ

′
i + µ∗µ and µ′2 =

√
µ′∗iµ

′
i.

In our scheme, the bilinear lepton number violation term is induced from the Kähler

potential by Giudice-Masiero mechanism [35] while the term coupling with the flavon is

originally allowed under the symmetry. Now we assume that the extra-Higgs fields can be

heavy and those masses are around intermediate scale, therefore if the mixing µ′i is enough

small, then the lepton number violation terms induced by the mixing should be small, i.e.,

µ′ � µ, then

Hd =
|µ|
M

(
H̃d +

µ′i
µ
L̃i

)
∼ H̃d. (A.5)

Li =
|µ|
M

(
µ′i
µ
H̃d −

(
µ′jµ

′
i

µ′2

(
1− M

µ

)
+
M
|µ|
δij

)
L̃j

)
∼ L̃i. (A.6)

B The charge assignments

The parameters which provide the concrete charge assignments are listed in table 6 for

Nh = 2 and table 7, 8, and 9 for Nh = 3. Those parameters can be rewritten into the

X-charge by using the condition of the Yukawa matrices. We obtain the two solutions for

Nh = 2 and 108 solutions for Nh = 3.

6We can also check the baryon number conservation up to dimension-5 even if there exist the extra-Higgs

fields and right-handed neutrino within the Kähler potential. The baryon or lepton violating operators in

the Kähler potential is listed in refs. [4, 6, 51].
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No. kQ1 kL1 kL2 kL3 kHu2 kHd1 kHd2 x y z w kY

1 6 -6 -7 -6 5 3 4 1 0 0 3 31/30

2 7 -5 -8 -5 4 4 4 2 1 1 3 67/66

Table 6. The parameters of the charge assignment (Nh = 2).

No. kQ1 kL1 kL2 kL3 kHu2 kHu3 kHd1 kHd2 kHd3 x y z w kY
1 6 -5 -8 -8 -5 2 2 3 8 0 0 1 3 19/18

2 6 -6 -8 -8 -4 3 2 3 7 0 0 0 3 19/18

3 6 -6 -8 -8 -2 2 2 4 5 0 0 0 3 19/18

4 6 -5 -8 -6 3 4 2 1 4 0 1 1 3 65/54

5 6 -6 -8 -6 4 4 2 2 3 0 1 0 3 65/54

6 6 -4 -8 -5 3 3 2 2 2 0 1 1 3 61/54

7 6 -5 -8 -4 2 3 2 2 3 0 1 1 3 61/54

8 6 -5 -7 -7 -6 2 2 5 8 1 0 0 3 31/30

9 6 -5 -7 -7 3 4 2 -5 7 1 0 0 3 31/30

10 6 -5 -7 -7 3 4 2 2 3 0 1 1 3 65/54

11 6 -5 -7 -7 4 4 2 3 4 1 1 0 3 37/30

12 6 -6 -7 -5 3 4 2 1 3 0 1 0 3 61/54

13 6 -4 -7 -3 2 2 2 3 3 1 1 1 3 11/10

14 6 -3 -6 -6 -5 -1 2 7 7 2 0 1 3 67/66

15 6 -3 -6 -6 -3 -2 2 6 7 2 0 1 3 67/66

16 6 -3 -6 -6 -2 -2 2 4 8 2 0 1 3 67/66

17 6 -3 -6 -6 2 2 2 -4 8 2 0 1 3 67/66

18 6 -4 -6 -6 2 2 2 -3 8 2 0 0 3 67/66

19 6 -6 -6 -6 2 5 2 1 3 0 1 0 3 61/54

20 6 -5 -6 -6 3 3 2 1 3 0 1 1 3 61/54

21 6 -4 -6 -6 3 3 2 2 4 1 1 1 3 7/6

22 6 -5 -6 -6 3 4 2 3 3 1 1 0 3 7/6

23 6 -5 -6 -5 4 4 2 -2 3 0 1 0 3 19/18

24 6 -5 -6 -4 2 2 2 2 2 0 1 1 3 19/18

25 6 -3 -6 -3 2 2 2 2 2 1 1 1 3 31/30

26 6 -5 -5 -5 -7 4 2 5 6 0 1 1 3 19/18

27 6 -5 -5 -5 -1 4 2 2 3 0 1 1 3 19/18

28 6 -6 -5 -5 2 4 2 1 2 0 1 0 3 19/18

29 6 -5 -5 -5 2 4 2 2 3 1 1 0 3 11/10

30 6 -4 -4 -4 2 2 2 1 3 1 1 1 3 31/30

31 6 -3 -4 -4 2 2 2 2 4 2 1 1 3 71/66

32 6 -4 -4 -4 2 3 2 3 3 2 1 0 3 71/66

33 6 -4 -4 -4 3 3 2 -2 4 1 1 1 3 31/30

34 7 -6 -8 -8 -6 3 3 4 8 1 1 0 3 31/30

35 7 -6 -8 -8 -3 3 3 2 7 1 1 0 3 31/30

36 7 -6 -8 -8 -1 2 3 2 6 1 1 0 3 31/30

Table 7. The parameters of the charge assignment (Nh = 3).
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No. kQ1 kL1 kL2 kL3 kHu2 kHu3 kHd1 kHd2 kHd3 x y z w kY
37 6 -6 -8 -8 2 5 3 1 1 0 0 0 3 19/18

38 6 -5 -8 -8 3 3 3 1 1 0 0 1 3 19/18

39 7 -6 -8 -8 5 5 3 -7 6 1 1 0 3 31/30

40 6 -6 -8 -7 -8 4 3 5 7 0 0 1 3 19/18

41 6 -6 -8 -7 -7 5 3 2 8 0 0 1 3 19/18

42 6 -7 -8 -7 -6 6 3 2 7 0 0 0 3 19/18

43 6 -7 -8 -7 -3 6 3 1 5 0 0 0 3 19/18

44 6 -7 -8 -7 4 4 3 -2 3 0 0 0 3 19/18

45 6 -5 -8 -6 3 3 3 1 2 1 0 0 3 31/30

46 6 -5 -8 -5 -6 4 3 3 7 1 0 1 3 31/30

47 6 -5 -8 -5 -2 4 3 1 5 1 0 1 3 31/30

48 6 -6 -8 -5 2 3 3 2 2 1 0 0 3 31/30

49 6 -6 -8 -5 3 4 3 -2 4 1 0 0 3 31/30

50 7 -5 -7 -7 -6 2 3 5 8 2 1 0 3 67/66

51 6 -4 -7 -7 2 3 3 1 2 1 0 1 3 31/30

52 7 -5 -7 -7 3 4 3 -5 7 2 1 0 3 67/66

53 6 -6 -7 -6 -8 5 3 4 8 1 0 0 3 31/30

54 6 -6 -7 -6 -7 5 3 4 7 1 0 0 3 31/30

55 6 -6 -7 -6 -6 5 3 4 6 1 0 0 3 31/30

56 6 -6 -7 -6 -5 5 3 4 5 1 0 0 3 31/30

57 6 -5 -7 -6 -4 4 3 3 5 1 0 1 3 31/30

58 6 -6 -7 -6 -4 5 3 4 4 1 0 0 3 31/30

59 6 -6 -7 -6 -3 5 3 3 4 1 0 0 3 31/30

60 6 -6 -7 -6 -2 5 3 2 4 1 0 0 3 31/30

61 6 -6 -7 -6 -1 5 3 1 4 1 0 0 3 31/30

62 6 -5 -7 -6 2 2 3 1 3 1 0 1 3 31/30

63 6 -4 -7 -6 2 2 3 3 3 2 0 1 3 71/66

64 6 -6 -7 -6 2 5 3 -2 4 1 0 0 3 31/30

65 6 -5 -7 -6 3 3 3 -2 4 1 0 1 3 31/30

66 6 -6 -7 -6 3 5 3 -3 4 1 0 0 3 31/30

67 6 -6 -7 -6 4 5 3 -4 4 1 0 0 3 31/30

68 6 -6 -7 -6 5 5 3 -5 4 1 0 0 3 31/30

69 6 -4 -7 -5 2 3 3 1 3 2 0 0 3 67/66

70 6 -4 -7 -4 -7 3 3 6 6 2 0 1 3 67/66

71 6 -4 -7 -4 -3 3 3 4 4 2 0 1 3 67/66

72 6 -5 -7 -4 2 2 3 2 3 2 0 0 3 67/66

Table 8. The parameters of the charge assignment (Nh = 3) conti..
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No. kQ1 kL1 kL2 kL3 kHu2 kHu3 kHd1 kHd2 kHd3 x y z w kY
73 7 -4 -6 -6 -1 -1 3 4 7 3 1 0 3 1

74 6 -3 -6 -6 2 2 3 2 2 2 0 1 3 67/66

75 6 -4 -6 -5 -1 3 3 2 4 2 0 1 3 67/66

76 6 -5 -6 -5 -1 4 3 3 3 2 0 0 3 67/66

77 6 -4 -5 -4 3 3 3 -2 5 3 0 0 3 1

78 7 -5 -8 -8 4 4 4 1 2 2 1 0 3 71/66

79 7 -6 -8 -7 -5 5 4 2 6 1 1 1 3 31/30

80 7 -7 -8 -7 -4 6 4 2 5 1 1 0 3 31/30

81 7 -7 -8 -7 -2 6 4 1 4 1 1 0 3 31/30

82 7 -6 -8 -7 2 5 4 1 3 2 1 0 3 71/66

83 7 -5 -8 -7 3 3 4 1 3 2 1 1 3 71/66

84 7 -7 -8 -7 3 4 4 1 1 1 1 0 3 31/30

85 7 -7 -8 -7 4 5 4 -3 3 1 1 0 3 31/30

86 7 -5 -8 -6 4 4 4 -2 3 2 1 0 3 67/66

87 7 -5 -8 -5 -8 4 4 4 8 2 1 1 3 67/66

88 7 -5 -8 -5 -7 4 4 4 7 2 1 1 3 67/66

89 7 -5 -8 -5 -6 4 4 4 6 2 1 1 3 67/66

90 7 -5 -8 -5 -5 4 4 4 5 2 1 1 3 67/66

91 7 -5 -8 -5 -4 4 4 4 4 2 1 1 3 67/66

92 7 -5 -8 -5 -3 4 4 3 4 2 1 1 3 67/66

93 7 -5 -8 -5 -2 4 4 2 4 2 1 1 3 67/66

94 7 -5 -8 -5 -1 4 4 1 4 2 1 1 3 67/66

95 7 -5 -8 -5 2 2 4 2 2 2 1 1 3 67/66

96 7 -5 -8 -5 2 4 4 -2 4 2 1 1 3 67/66

97 7 -5 -8 -5 3 4 4 -3 4 2 1 1 3 67/66

98 7 -5 -8 -5 4 4 4 -4 4 2 1 1 3 67/66

99 7 -5 -7 -7 3 4 4 1 1 2 1 0 3 67/66

100 7 -6 -7 -6 -8 5 4 5 7 2 1 0 3 67/66

101 7 -5 -7 -6 -7 4 4 5 6 2 1 1 3 67/66

102 7 -5 -7 -6 -1 4 4 2 3 2 1 1 3 67/66

103 7 -6 -7 -6 2 4 4 1 2 2 1 0 3 67/66

104 7 -5 -7 -6 2 4 4 2 3 3 1 0 3 19/18

105 7 -5 -7 -4 2 3 4 1 3 3 1 0 3 1

106 7 -4 -6 -5 2 2 4 1 3 3 1 1 3 1

107 7 -4 -6 -5 3 3 4 -2 4 3 1 1 3 1

108 7 -5 -6 -5 4 4 4 -3 4 3 1 0 3 1

Table 9. The parameters of the charge assignment (Nh = 3) conti.2.
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[4] L.E. Ibáñez and G.G. Ross, Discrete gauge symmetries and the origin of baryon and lepton

number conservation in supersymmetric versions of the standard model, Nucl. Phys. B 368

(1992) 3 [INSPIRE].
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[24] A. Font, L.E. Ibáñez, F. Quevedo and A. Sierra, The Construction of ‘Realistic’

Four-Dimensional Strings Through Orbifolds, Nucl. Phys. B 331 (1990) 421 [INSPIRE].
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