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1 Introduction

As efficient as the Standard Model (SM) may be to describe particle physics phenomenology,

it still has unsatisfactory features. Among those, the unexplained hierarchies in masses and

mixings between elementary particles has motivated intense theoretical work, leading to

precise BSM scenarii. The latter deal with the flavour hierarchies, as well as with the

several discrepancies with the SM predictions in magnetic dipole moments or heavy meson

decays, while abiding by the conclusions of precision tests of the SM.

Many flavour models for the mass hierarchies involve additional symmetries, whose

nature and origin are diverse. In particular, Froggatt-Nielsen (FN) models [1] (see also [2–4]

and references therein) are leading candidates to account for the flavour hierarchies. They

rely on an extended scalar and fermionic heavy sector and on an additional spontaneously

broken symmetry. Their study has recently been revived by the focus on flavourful axions

which arise in FN-like setups [5–9] (see also [10–30] for other studies of flavourful axions)

and whose EFT is very much constrained by flavour physics [31–33]. Such flavourful axions

can also be linked with dark matter studies [34].
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The nature of the FN symmetry is debatable, and the question of whether it can

be gauged is raised, in particular in order to evade quantum gravity corrections which

explicitly break global symmetries [35–40]. For instance, it has been shown [41–44] that

in minimal supersymmetric models, the MSSM spectrum induces gauge anomalies when

charged under a FN symmetry, such that one must design an extra fermionic spectrum or

a Green-Schwarz (GS) mechanism in order to make the model consistent (see e.g. [45–56]).

One way to do this is to add chiral spectator fermions at the scale where the FN symmetry

is broken.

In this paper, we explore the possibility of gauging the FN symmetry without adding

any other extra field than the ones required to implement the FN mechanism. In partic-

ular, we do not need to introduce both heavy vector-like fields which generate the flavour

hierarchies à la Froggatt-Nielsen and chiral ones which take care of anomalies. This is

indeed possible if the fields participating in the FN mechanism are chiral with respect to

the FN symmetry, which we choose to be abelian in what follows. We show it by pre-

senting specific examples of two kinds, without (as already shown in [57, 58]) and with

an accidental global symmetry, focusing for concreteness on supersymmetric models (we

briefly comment on non-SUSY models at the end of the discussion). In particular, we ex-

plicitly display a model with a physical flavourful axion, which we analyze and compare to

flavourful axions arising from global FN symmetries, dubbed flaxions/axiflavons [7–9]. In

our example, although the qualitative axion phenomenology is similar to the one of global

flaxions/axiflavons, meaning that the axion couplings are mainly dictated by low-energy

physics, there are slight changes in the axion couplings to gauge fields since the latter are

already generated by the integrating-out of the heavy FN sector. An other obvious but

significant difference between the global and the gauged FN models with an axion is that

the shift symmetry of the latter can easily be protected in the second kind of models.

We also establish constraints coming from the perturbativity of the (MS)SM gauge

couplings, which imposes that the scale of spontaneous FN symmetry breaking is at least

intermediate (1012−13GeV). This allows us to compare chiral FN models with gauged

vector-like FN models which use spectator fields to cancel the anomalies. An immediate

consequence of using a chiral heavy sector instead of a vector-like one is that there are in

general less SM-charged heavy particles, such that constraints from the running of gauge

couplings are weaker. In particular, axions can be more coupled to matter in chiral models.

An other feature of the latter is that they reduce the number of necessary input scales,

since they do not need to introduce the mass scale of the vector-like FN fields.

The plan of the paper is as follows: in section 2, we review minimal supersymmetric

abelian FN models and their naive gauging to motivate the present work. In section 3, we

study in details how the conclusions of section 2 are evaded if the fields which generate

the mass and mixing hierarchies are chiral with respect to the FN symmetry. We discuss

our general framework in section 3.1, illustrate it with specific examples in section 3.2,

while section 3.3 presents the constraints coming from the running of the MSSM gauge

couplings. At this point, we also compare chiral and vector-like gauged FN models, in the

spirit of what was sketched above. In section 3.4, we elaborate on the accidental flavourful

Peccei-Quinn symmetry [59–61] and its associated axion which arise in some of the models
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we scrutinize, and we briefly discuss constraints on the model parameters derived from the

consistency of the model. We also discuss constraints arising from the axion phenomenology

in section 3.5. We mention non-SUSY models in section 3.6, by discussing again some

examples. After a conclusive summary, appendix A covers a discussion of gauge-invariant

superpotential terms which were postponed in section 3.1, appendix B discusses the link

between the GS conditions for anomaly cancellation and the unification of gauge couplings

and appendix C details the construction of some of the gauged vector-like FN models

discussed in section 3.3. The preliminary results of this work have been presented in [62].

2 Motivation

2.1 Yukawa matrices and Froggatt-Nielsen models

The flavour structure of the SM is a consequence of the number of families and of the

structure of the Yukawa sector:

L ⊃ −
(

Y u
jiuR,iHQL,j + Y d

jidR,iH
cQL,j + Y e

jieR,iH
cLL,j

)

+ h.c. . (2.1)

Its phenomenological predictions are fully characterized by fermion masses mX
i=1...3 (with

X = u, d, e, a notation we use throughout this paper) and by the CKM matrix [63, 64].

The latter reads, in the Wolfenstein parametrization [65]:

VCKM =







1− λ2

2 λ Aλ3(ρ− iη)

−λ 1− λ2

2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1






+O(λ4) , (2.2)

where λ is linked to the Cabibbo angle θC : λ = sin(θC) ≈ 0.22, and A, ρ, η = O(1). Orders

of magnitude for the quark and lepton masses can also be expressed in terms of λ:

mu

mt
∼ λ8 ,

mc

mt
∼ λ4 ,

md

mb
∼ λ4 ,

ms

mb
∼ λ2 ,

mb

mt
∼ λ2 ,

me

mτ
∼ λ4 ,

mµ

mτ
∼ λ2 ,

mτ

mt
∼ λ2

(2.3)

at the GUT scale MGUT ∼ 1016GeV. The strong hierarchies between the particle masses

as well as the milder ones appearing in the CKM matrix are unexplained input parameters

in the SM. They can be traced back to hierarchies which must be present in the Yukawa

matrices Y u,d,e of (2.1). In the minimal supersymmetric standard model (MSSM), to

which we stick except in section 3.6, the flavour structure as well as the mass and mixing

hierarchies are found in the superpotential:1

W ⊃ Y u
ijQiHuUj + Y d

ijQiHdDj + Y e
ijLiHdEj . (2.4)

Froggatt-Nielsen models [1] address the origin of flavour hierarchies by means of a

symmetry explanation: the masses and mixings arise after spontaneous breaking of a chiral

symmetry, which forbids their existence when it is exact in the UV (except for the top quark

Yukawa term, as well as the bottom quark one if tan β is large). For instance, one can

1Our definitions and conventions for the MSSM superfields can be found in table 1.
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postulate a global horizontal/family symmetry U(1)FN acting on the different MSSM fields

and on a standard model singlet superfield φ, the flavon. Then, U(1)FN invariance of the

Yukawa sector of the MSSM requires a dressing of the Yukawa matrices by powers of φ:

W ⊃ huij

(

φ

M

)nuij

QiHuUj + hdij

(

φ

M

)ndij

QiHdDj + heij

(

φ

M

)neij

LiHdEj , (2.5)

where the hXij are order one numbers, M is a high scale of new physics, for instance the

mass scale of heavy fields which mix with the standard model ones (see section 3.1 for

explicit examples) or the Planck mass if those higher-dimensional operators are generated

by supergravity, and the nXij are the U(1)FN charges of the MSSM Yukawa couplings in

units of the charge of φ. Indeed, U(1)FN invariance imposes that the nX ’s are

nuij = −
qQi + qUj + qHu

qφ
, ndij = −

qQi + qDj + qHd
qφ

, neij = −
qLi + qEj + qHd

qφ
, (2.6)

where the q’s denote with transparent subscripts the U(1)FN charges of the different su-

perfields. In particular, they are such that

nX11 − nXi1 = nX1j − nXij , nu11 − nui1 = nd11 − ndi1 . (2.7)

Once U(1)FN is spontaneously broken by a vacuum expectation value (vev) of φ, the hier-

archies in the fermion mass matrices are naturally explained in terms of a small parameter

ǫ =
∣

∣

∣

〈φ〉
M

∣

∣

∣, assumed to be ∼ λ, and larger charges for the light generations (see section 3.2

for explicit examples). Indeed, the low-energy Yukawa couplings are given by

Y X
ij = hXij ǫ

nXij (2.8)

and have the required hierarchies for hXij ∼ O(1).

2.2 Gauged U(1)FN and anomaly cancellation

Since global symmetries are threatened by quantum gravity [35–40], one could be tempted

to gauge U(1)FN to protect it against explicit breaking, which could in principle gen-

erate uncontrolled U(1)FN-breaking Yukawa terms and spoil the symmetry-based hierar-

chies (2.2)–(2.3). However, the possible U(1)FN charges are constrained by the flavour

structure of the SM and the question of whether they can be chosen such that all gauge

anomalies vanish is raised [41–44]. In particular, defining anomaly coefficients such that

δU(1)FN
L = − A3

192π2
ǫµνρσGaµνG

a
ρσ −

A2

192π2
ǫµνρσW i

µνW
i
ρσ −

A1

192π2
ǫµνρσFµνFρσ − . . .

+O(three gauge boson terms) ,
(2.9)

where Gaµ is the gluon field of field strength Gaµν , W
i
µ(ν) the SU(2)W gauge boson field

(strength) and Fµ(ν) the U(1)Y gauge boson field (strength), it has been shown that2

∣

∣det
(

YuY
−2
d Y 3

e

)∣

∣ ∼ ǫ
3
2
(A1+A2−2A3) . (2.10)

2Many order one coefficients have been and will be dropped, which may change slightly the estimated

orders of magnitude. However, they do not change qualitatively the anomaly discussion.
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The determinant of the left hand side is clearly ǫ-suppressed when we insert phenomeno-

logically relevant Yukawa matrices. For instance, assuming tan β = 1,

∣

∣det
(

YuY
−2
d Y 3

e

)∣

∣ ∼
mumcmtm

3
em

3
µm

3
τ

v6m2
dm

2
sm

2
b

∼ λ30 , (2.11)

where v is the Higgs vev. Thus, we understand that (2.5) introduces a U(1)FN which has

mixed anomalies with the SM gauge group GSM. This enables one to interpret the phase

of φ as a flavourful QCD axion when U(1)FN is global [6–9], with couplings to gauge fields

and SM fermions which are fully determined by the mass matrices. On the other hand,

it also means that U(1)FN cannot be naively gauged. Ways out would either introduce

additional chiral fermions, extend the scalar sector or rely on a Green-Schwarz-inspired

mechanism [66]. In what follows, we will explore the first and second options. Let us point

out in passing that, due to the phenomenological interest in additional abelian factors to

the SM gauge group, there are recent works about anomaly cancellation in such models

with a general focus, see e.g. [67–70].

3 Chiral Froggatt-Nielsen models

A key assumption in (2.5), which we now relax, is that the only low-energy contribution of

the heavy sector at scaleM is the generation of the Yukawa terms. This is true if the heavy

sector is vector-like with respect to the SM gauge group, but if it is chiral there could also

be in the EFT anomalous couplings between (the longitudinal component of) the U(1)FN
gauge field and the SM gauge bosons [71]. In this section, we explore this possibility.

We focus on models with two singlet superfields φ1 and φ2, which respectively replace

the flavon φ and the mass M in (2.5), such that the Yukawa sector is as follows:

W ⊃ huij

(

φ1
φ2

)nuij

QiHuUj + hdij

(

φ1
φ2

)ndij

QiHdDj + heij

(

φ1
φ2

)neij

LiHdEj , (3.1)

and we allow in particular φ2 to be charged under U(1)FN. Generalizing (2.6), we now have

nuij = −
qQi + qUj + qHu

qφ1 − qφ2
, ndij = −

qQi + qDj + qHd
qφ1 − qφ2

, neij = −
qLi + qEj + qHd

qφ1 − qφ2
, (3.2)

and we define x1,2 ≡ −qφ1,2 , hu,d ≡ qHu,d for the sake of reducing the subscripts in what

follows. In order to trace back the role of the hierarchies in the Yukawa matrices, we also

trade most of the charges for the integers nXij using (3.2), such that for instance

qU1
= −qQ1

− hu + (x1 − x2)n
u
11 . (3.3)

Working out other relations leads to the charges of the superfields which appear in table 1.

We again assume 〈φ1〉 = ǫ〈φ2〉, with ǫ ≈ λ. Even though the thorough discussion of the

scalar potential of the theory is beyond the scope of this paper, we note that obtaining
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SU(3)C SU(2)W U(1)Y U(1)FN

φ1 1 1 0 −x1
φ2 1 1 0 −x2
Hu 1 2 1/2 hu

Hd 1 2 −1/2 hd

Qi 3 2 1/6 XQ − (x1 − x2)(n
u
11 − nui1)

Uj 3 1 −2/3 −XQ − hu + (x1 − x2)n
u
1j

Dj 3 1 1/3 −XQ − hd + (x1 − x2)n
d
1j

Li 1 2 −1/2 XL − (x1 − x2)(n
e
11 − nei1)

Ej 1 1 1 −XL − hd + (x1 − x2)n
e
1j

Table 1. Gauge charges of the singlet and MSSM fields. XQ ≡ qQ1
is the U(1)FN charge of Q1,

XL ≡ qL1
the U(1)FN charge of L1.

suitable vevs out of it seems to be possible.3 Formulas to follow will encompass cases where

φ1 or φ2 is uncharged and equivalent to a mass M , but we always impose x1 6= x2 such

that U(1)FN acts non-trivially on the MSSM fields.

The contribution of the MSSM fields to the mixed anomaly coefficients are as follows:

SU(3)2C×U(1)FN : A3,SM=
∑

i

(2qQi+qUi+qDi)=−3(hu+hd)+(x1−x2)
∑

i

(nuii+n
d
ii)

SU(2)2W×U(1)FN : A2,SM=
∑

i

(3qQi+qLi)+qHu+qHd

=3(3XQ+XL)+hu+hd

−(x1−x2)
(

3(2nu11−nu21−nu31)+2ne11−ne21−ne31
)

U(1)2Y ×U(1)FN : A1,SM=
∑

i

(

qQi
3

+
8qUi
3

+
2qDi
3

+qLi+2qEi

)

+qHu+qHd

=−3(3XQ+XL)−7(hu+hd)

+(x1−x2)
(

nu21+n
u
31−2nu11
3

+
8(nu11+n

u
12+n

u
13)

3

+
2(nd11+n

d
12+n

d
13)

3
+2ne12+2ne13+n

e
21+n

e
31

)

. (3.4)

3One may wonder whether the presence of the U(1)FN group constrains the system so much that

〈φ1〉 = ǫ〈φ2〉 ∼ (a target scale) is hard to ensure. We believe that this is not the case. Indeed, keeping all

MSSM mass scales — including the soft terms — close to the weak scale, the vevs of φ1 and φ2 can be (ap-

proximately) obtained from the potential restricted to them alone. In this potential, one finds the U(1)FN

D-term as well as possible F-terms and SUGRA corrections. This brings already quite some freedom to get

the right vevs: for instance, if x1 and x2 have the same sign there is no F-term, and SUGRA corrections can

come from Kähler terms such as |X|2φx21 φ2
x1

+h.c., where X is a chiral superfield from the SUSY-breaking

sector. The (restricted) scalar potential is Vφ1,φ2
= VD+m3/2φ

x2
1 φ2

x1
+h.c. (with MP = 1) and minimiza-

tion brings x2
1|〈φ1〉|2 = x2

2|〈φ2〉|2. Adding a Fayet-Iliopoulos term ξ in the D-term, we also get 〈φ1,2〉 ∼ ξ.

Without SUSY as in section 3.6, there is enough freedom in the potential to engineer vevs at desired values.

– 6 –
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SU(3)C SU(2)W U(1)Y U(1)FN

Common to all quarks

ΨQ

i=1,...,nQ,1≤max[nu11,n
d
11]

3 2 −1/6 −XQ + i(x1 − x2) + x2

Ψ̃Q

i=1,...,nQ,1≤max[nu11,n
d
11]

3 2 1/6 XQ − i(x1 − x2)

For U ’s or D’s

Ψu
i=nQ,1+1,...,nu11

3 1 −2/3 −XQ + (i− 1)(x1 − x2)− hu

Ψ̃u
i=nQ,1+1,...,,nu11

3 1 2/3 XQ − (i− 1)(x1 − x2) + x2 + hu

Ψd
i=nQ,1+1,...,,nd11

3 1 1/3 −XQ + (i− 1)(x1 − x2)− hd

Ψ̃d
i=nQ,1+1,...,,nd11

3 1 −1/3 XQ − (i− 1)(x1 − x2) + x2 + hd

For E’s

ΨL
i=1,...,nL,1≤,ne11 1 2 1/2 −XL + i(x1 − x2) + x2

Ψ̃L
i=1,...,nL,1≤,ne11 1 2 −1/2 XL − i(x1 − x2)

Ψe
i=nL,1+1,...,,ne11

1 1 1 −XL + (i− 1)(x1 − x2)− hd

Ψ̃e
i=nL,1+1,...,,ne11

1 1 −1 XL − (i− 1)(x1 − x2) + x2 + hd

Table 2. Gauge charges of the heavy FN fermions.

The vanishing of the mixed U(1)Y × U(1)2FN anomaly is also imposed, but for brevity we

do not display it explicitly. On the other hand, we ignore the U(1)3FN or U(1)FN×gravity

anomalies. Those could for instance be modified if we added to this setup some sterile

neutrino superfields charged under U(1)FN.

The anomalies in (3.4) are non-vanishing, since the discussion of section 2.2 still applies.

Nonetheless, they can be cancelled by taking into account the gauge anomalies induced by

the heavy FN sector, as we now discuss.

3.1 Heavy FN sector and anomalies

We now design a UV theory which generates (3.1) in the IR. We understand (3.1) as

being perturbatively generated,4 closely following the original FN picture. The setup,

together with our notations, can be understood by looking at figure 1: ignoring for the

time being the second and third SM generations, we introduce the heavy fermions shown

in table 2, vector-like under the SM gauge group but chiral with respect to U(1)FN. We

define nQ/L,1 to be the numbers of SU(2)W doublets pairs in the heavy sector associated to

the quark and lepton mass matrices respectively, i.e. which mix with the quark or lepton

SU(2)W doublets of the MSSM (see figure 1 to understand how those contribute to the FN

mechanism). The subscript 1 anticipates that there will be equivalent numbers of doublets

for each generation. Analogously, there could be heavy pairs of SU(2)W singlets mixing

4All the operators we consider in this paper are either perturbatively generated or present in the UV.

– 7 –
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should also be replaced by XQ − (x1 − x2)(n
u
11 − nu21) and XL − (x1 − x2)(n

e
11 − ne21) for

the second family, or by XQ − (x1 − x2)(n
u
11 − nu31) and XL − (x1 − x2)(n

e
11 − ne31) for the

third one.

The contribution of the FN fields to the mixed anomaly coefficients are as follows:

A3,FN=x2
∑

i

(2nQ,i+nU,i+nD,i)= x2

(

2(nQ,1+nQ,2+nQ,3)+(nu11−nQ,1)θ(nu11−nQ,1)

+(nd11−nQ,1)θ(nd11−nQ,1)+(nu22−nQ,2)θ(nu22−nQ,2)

+(nd22−nQ,2)θ(nd22−nQ,2)+(nd33−nQ,3)θ(nd33−nQ,3)
)

A2,FN=x2

(

3(nQ,1+nQ,2+nQ,3)+nL,1+nL,2+nL,3

)

A1,FN=x2

(

1

3
(nQ,1+nQ,2+nQ,3)+nL,1+nL,2+nL,3

+
8

3
[(nu11−nQ,1)θ(nu11−nQ,1)+(nu22−nQ,2)θ(nu22−nQ,2)]

+
2

3
[(nd11−nQ,1)θ(nd11−nQ,1)+(nd22−nQ,2)θ(nd22−nQ,2)+(nd33−nQ,3)θ(nd33−nQ,3)]

+2[(ne11−nL,1)θ(ne11−nL,1)+(ne22−nL,2)θ(ne22−nL,2)+(ne33−nL,3)θ(ne33−nL,3)]
)

,

(3.8)

where θ(x) is the Heaviside step function. Hence, we understand that the integrating out

of those FN fields generate in addition to (3.1) the following anomalous axionic term in

the superpotential5

W ⊃
∫

d2θ

(

− A3,FN

32π2x2
log (φ2) (W

a)2 + . . .

)

, (3.9)

where we only displayed the consequence of the QCD anomaly. This would not happen for

a vector-like FN sector. Note that only φ2 appears in (3.9) since it is the field which gives

its mass to the heavy sector in our construction.

3.2 Anomaly-free models

The presence of (3.9) allows one to build “minimal” models where the fermions which

participate in the FN mechanism, meaning those which are necessary to generate the hi-

erarchies in masses and mixings, are sufficient to make the model anomaly-free, providing

what could be called a minimal anomaly-free gauged FN model. We will not study thor-

oughly all possible models which achieve this, but, as proofs of principle, we restrict to two

specific models.

The first one, which we call Model A in what follows, has only one singlet field φ2 (and

corresponds to a case where x1 = 0, hence φ1 = M). It reproduces the following Yukawa

matrices

Y u =







ǫ8 ǫ5 ǫ3

ǫ7 ǫ4 ǫ2

ǫ5 ǫ2 1






, Y d =







ǫ4 ǫ3 ǫ3

ǫ3 ǫ2 ǫ2

ǫ 1 1






, Y e =







ǫ4 ǫ3 ǫ3

ǫ3 ǫ2 ǫ2

ǫ 1 1






, (3.10)

5For an explicit derivation, see e.g. [71] or the appendix D of [73].
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nQ,1 nQ,2 nQ,3 nU,1 nU,2 nU,3 nD,1 nD,2 nD,3 nL,1 nL,2 nL,3 nE,1 nE,2 nE,3

Model A 0 0 0 8 4 0 4 2 0 0 0 0 4 2 0

Model B 4 2 0 4 2 0 0 0 0 0 0 0 4 2 0

Table 3. Number of heavy fields in the two models discussed in section 3.2. The numbers of

SU(2)-singlet and -doublet heavy fields verify relations such as (3.5).

which fit well the phenomenological values for quarks and mixings when tan β is large.

When the FN superfields do not feature any doublet (i.e. nQ,i = nL,i = 0, leading to a

number of heavy fields derived from table 2 and reminded in table 3), choosing hu = hd = 0

and x2 = −3(3XQ+XL)
16 makes all anomalies vanish (and the µ-term µHuHd is allowed in

the superpotential). This amounts to the usual FN model, with the exception that φ
M

is replaced by M
φ . This model is discussed in [57, 58]. It is interesting to note that this

anomaly-free and supersymmetric model has the same field content as the ones which were

doomed to be saved by a GS mechanism [41–44]. If one insists on using φ1 as a dynamical

scalar, it is a pure singlet and there will be terms such as φn1 in the superpotential. There

is no light degree of freedom in the FN sector in this scenario, which can be constrained

by the running of gauge couplings, as discussed in section 3.3.

On our second model, called Model B, we impose the condition that the heavy FN

fields should respect the qualitatively satisfying gauge coupling unification obtained in the

MSSM, which can be obtained if the FN fields contribute to the running of the MSSM

gauge couplings as SU(5) multiplets (albeit with different U(1)FN charges within a same

“SU(5) multiplet”). We thus demand that6

nQ,1 + nQ,2 + nQ,3 = nU,1 + nU,2 = (nu11 − nQ,1)θ(n
u
11 − nQ,1) + (nu22 − nQ,2)θ(n

u
22 − nQ,2)

= nE,1 + nE,2 + nE,3 =
∑

i

(neii − nL,i)θ(n
e
ii − nL,i) ,

nL,1 + nL,2 + nL,3 = nD,1 + nD,2 + nD,3 =
∑

i

(ndii − nQ,i)θ(n
d
ii − nQ,i) . (3.11)

One can check that we need this time two singlets φ1 and φ2, if we insist on not using

additional spectator fields beyond the ones which enter the FN mechanism. Choosing

x1 = 1, x2 = 10, hu = hd =
9
2 , XQ = −67

2 , XL = −39
2 and the number of heavy fields again

displayed in table 3, all the anomalies vanish and we obtain the following mass matrices

(which reproduce the correct masses and mixings up to two O(λ) deviations [44])

Y u =







ǫ8 ǫ5 ǫ4

ǫ7 ǫ4 ǫ3

ǫ4 ǫ 1






, Y d =







ǫ3 ǫ3 ǫ4

ǫ2 ǫ2 ǫ3

(ǫ) (ǫ) 1






, Y e =







ǫ4 ǫ3 ǫ3

ǫ3 ǫ2 ǫ2

ǫ 1 1






, (3.12)

where by the parenthesis in the last row of Y d, we mean that those entries are forbidden

by holomorphy. However, they might be generated after field redefinitions to take care of

corrections to the Kähler potential [44]. We nevertheless leave them in (3.12), since they

6This condition can be rewritten in terms of the standard model anomalies, see appendix B.
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A net strengthening of the bounds arises if we instead try to find a vector-like coun-

terpart to model B. We again leave details to appendix C, and we only report here the

following result: vector-like counterparts to model B (i.e. vector-like models with spectator

fields which preserve the unification of the MSSM gauge couplings) are more constrained

than model B itself. For instance, demanding that unification happens within the per-

turbative regime imposes on those vector-like models that v2 ≥ 4.5 × 1013GeV at least,

meaning an increase of more than an order of magnitude with respect to model B.

Of course, making such considerations general depend a lot on the U(1)FN charges of

the Yukawa couplings, as well as on the field content of the theory. For instance, one can

find in [44] a (two-singlets) model such that the U(1)FN charges of the Yukawa couplings

are anomaly-free. Hence, a vector-like heavy sector generating them is enough and chiral

models do not perform better with respect to the running of gauge couplings. On the other

hand, two-singlets chiral models such as the ones we presented come with only two input

scales, the vevs of the two singlet scalars, whereas the model aforementioned comes with

three: the vevs of the two scalars and the mass scale of the heavy sector, all constrained to

reproduce the correct mass hierarchies. In this respect, chiral models have the advantage

of minimality.

3.4 An accidental flavourful Peccei-Quinn symmetry

We now turn to the systematic discussion of the physical GB which arises in models with

two singlets φ1 and φ2. We stick to the kind of models discussed in sections 3.1 and 3.2,

namely those where the heavy sector (only or mostly fields participating in the FN mech-

anism) gets its mass via couplings to φ2.

The axion is found once we identify the unphysical and the heavy physical CP-odd

modes. One pseudoscalar gives the longitudinal component of the Z boson as in usual two

Higgs doublets models, and the pseudoscalar aFN which gives the longitudinal component

of the U(1)FN gauge boson is

aFN ∝ x1v1θ1 + x2v2θ2 − (hu + hd)vHθH , (3.14)

where we wrote φ1,2 =
r1,2+v1,2√

2
e
i
θ1,2
v1,2 and θH

vH
= arg (HuHd), after choosing for simplicity

〈|Hu|2〉 = 〈|Hd|2〉 = v2H and the unitary gauge for the electroweak Goldstone bosons. Two

physical pseudoscalars are left behind, one of which will generically be heavy since its mass

is unsuppressed in the potential. In what follows, we assume that θH gets a large mass, such

that the light physical GB, defined by the orthogonal combination to the gauge and heavy

GBs, is mostly made out of the phases of φ1 and φ2. This is for instance a valid assumption

if the “bµ” soft term bµHuHd is present (i.e. gauge-invariant). Then, the physical leftover

GB a is given by

a ∝ x2v2θ1 − x1v1θ2 . (3.15)

More generally, even if the massive eigenstate is not exactly aligned with θH , which is the

case for instance in model B, this assumption is still valid at leading order thanks to the
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large values of
〈φ1,2〉
vH

imposed by the running of the gauge couplings.8 Depending on the

U(1)FN charges of the different scalar fields, the first gauge-invariant operator one could

write which violates the shift symmetry of a may be of very high dimension, thus rendering

this shift symmetry accidentally protected (more on this below).

We now show that the mode a has couplings similar to the one of flaxions/axiflavons [6–

9], albeit slightly different numerically, meaning that the family symmetry U(1)FN imposes

that it has anomalous couplings to gauge fields (and in particular to QCD, making it a

Peccei-Quinn axion) and direct couplings to SM fermions.

In the kind of models we consider, the couplings to gluons and photons are completely

specified by the mass matrices. Indeed, as already mentioned in (3.9), the heavy sector

contributes to the (axionic) anomalous couplings as

W ⊃
∫

d2θ

(

−AA,heavy
16π2Cx2

log (φ2) Tr
(

W 2
A

)

)

, (3.17)

where A refers to either SU(3)C or U(1)em, C = 1, 2 respectively for a SU(N) or an abelian

factor of the gauge group, and we used the fact that all mass terms come from couplings

to φ2. This contribution should be such that its gauge variation precisely cancels that of

the contribution from the MSSM fields (here only focusing on QCD):

W ⊃
∫

d2θ

(

− 1

16π2
log

(

(

φ1
φ2

)

∑

i(n
u
ii+n

d
ii)

(HuHd)
3

)

Tr
(

W 2
SU(3)C

)

+ . . .

)

. (3.18)

Since
∑

i(n
u
ii+n

d
ii) =

A3,SM+3(hu+hd)
x1−x2 and anomaly cancellation imposes A3,heavy = −A3,SM,

we end up with a total contribution

W ⊃
∫

d2θ



− A3,SM

16π2(x1−x2)
log



φ1φ
−x1
x2

2



HuHd

(

φ1
φ2

)

hu+hd
x1−x2





3

Tr
(

W 2
SU(3)C

)

+. . .



 ,

(3.19)

which is obviously gauge-invariant (aFN exactly disappears from the log), as it should.

Besides the coupling to gluons, the heavy chiral fields also feed in the axion-photons

coupling. A same line of reasoning gives us the latter:

W ⊃
∫

d2θ



− Aem,SM

32π2(x1 − x2)
log



φ1φ
−x1
x2

2



HuHd

(

φ1
φ2

)

hu+hd
x1−x2





3

W 2
U(1)em

+ . . .



 ,

(3.20)

where Aem,SM =
A1,SM+A2,SM

2 is the MSSM electromagnetic anomaly, so that we understand

that
E

N
= −A1,SM +A2,SM

A3,SM
=
A1,heavy +A2,heavy

A3,heavy
, (3.21)

8For instance, if hu+hd = 2x1, we expect that arg
(

φ2
1HuHd

)

obtains an unsuppressed mass, for instance

via supergravity, such that

a ∝ x2v2θ1 − x1v1θ2 −
vH

v1
(x2v2θH + (hu + hd)vHθ2) . (3.16)
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with the conventions of [75]. For instance, model B has E/N = 8/3, which is the same as

in the DFSZ model [76, 77]. Thus, in this respect, our models’ predictions are identical to

those of usual flaxions/axiflavons.

To proceed further, let us assume that the bracket term in the log in (3.19) or (3.20)

precisely corresponds to the heavy pseudoscalar:

amass ∝
θH
vH

+
hu + hd
x1 − x2

(

θ1
v1

− θ2
v2

)

. (3.22)

This is for instance the case for model B. Then, (3.19) induces a coupling between a and

the gluons, since

arg

(

φ1φ
−x1
x2

2

)

⊃ x2v2θ1 − x1v1θ2
x2v1v2

=

√

x21v
2
1 + x22v

2
2

x2v1v2
a+O

(

vH
v1,2

)

, (3.23)

where we used the canonical normalization for a so that the axion decay constant9 can be

read off from (3.19) and (3.23) (we work at leading order from now on):

fa =
x2v1v2|x1 − x2|

A3,SM

√

x21v
2
1 + x22v

2
2

. (3.24)

Dominant couplings between the axion and the SM fermions arise at tree-level

from (3.1), such that the (schematic) coupling between the axion and the SM fermions

is as follows:

L ⊃ hij

(

φ1
φ2

)nij

ψR,jψL,iH
(c) ⊃ hije

inij

(

θ1
v1

− θ2
v2

)

ψR,jψL,iH
(c) ⊃ hije

i a
fij ψR,jψL,iH

(c) ,

(3.25)

where we neglected radial degrees of freedom in the first step, and projected the scalar

phase onto the physical axion in the second. We also identified the scale of axion-fermions

coupling:

fij =
v1v2

√

x21v
2
1 + x22v

2
2

nij(x1v21 + x2v22)
, (3.26)

where we see that the axion couples more strongly to lighter generations, since those have

larger charges, i.e. larger nij ’s. The ratio between the axion coupling to gauge fields Ca
and the coupling to fermions Cij is

Ca
Cij

∼ fij
fa

=
Aa,SM

nijx2|x1 − x2|
x21v

2
1 + x22v

2
2

x1v21 + x2v22
∼ Aa,SM
nijx2|x1 − x2|

x22 + x21ǫ
2

x2 + x1ǫ2
. (3.27)

As a comparison, flaxion/axiflavon models [7, 8] find

Ca
Cij

∼ Aa,SM
nij |x1 − x2|

(3.28)

9The domain of a is given by a = a + 2πf . In the model defined around (3.11), f ≡ v1v2√
v2
1
+100v2

2

×

min{|10m− n|, (m,n) ∈ Z
2} = v1v2√

v2
1
+100v2

2

. Thus, NDW =
A3,SM

x2|x1−x2|
= 2 in this model.
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(where x1 − x2 should be understood as the U(1)FN charge of the flavon field). (3.27)

features qualitative differences with (3.28), for instance it is not only sensitive to |x1 − x2|,
which sets the magnitude of the U(1)FN charges of the MSSM fields, but also to the

absolute value of e.g. x2, such that it contains non-trivial information about the UV physics.

Nonetheless, provided the xi’s take reasonable values, the magnitude of (3.27) and (3.28)

are comparable (they are actually equal at order zero in ǫ) and the phenomenological

predictions of either kinds of models are qualitatively robust.

An upper bound can actually be imposed on 〈φ1,2〉 by requiring that the shift symmetry

of the axion a is of high enough quality [73, 78–81] to actually solve the strong CP problem

once quantum gravity corrections [35–40] are taken into account. Indeed, we started with

gauge symmetries considerations and did not impose any global symmetry on the model.

Consequently, we expect to be able to write some gauge invariant operator which would

break the shift symmetry of the physical axion. On the other hand, the presence of the

U(1)FN(×GSM) gauge symmetry may force such an operator to be of very high dimension

such that it has no relevant impact on the axion dynamics.

For instance, in the model B discussed in section 3.2, the first gauge-invariant operator

one could write (beyond those such as (3.13) which carry the heavy axion and respect the

light axion shift symmetry by definition) is

cφ2φ
10
1 , (3.29)

with c a coupling constant. In the latter case for instance, to be consistent with the

measured value of the θ-angle of QCD, θ < 10−10 [82], we must ensure that:

[

ma,QCD ∼ mπfπ
fa

]

> 105

[

ma,explicit ∼ 10
√

|c|ǫ4
(

v2√
2

) 9
2

]

or equivalently

v2 .
(

10−5
√
2

11
2 |c|−

1
2 ǫ−5mπfπ

) 2
11 ∼ 2

∣

∣cM7
P

∣

∣

− 1
11 × 1011 GeV ,

(3.30)

where MP is the reduced Planck mass. We immediately see that this is in tension with

the perturbativity bound of section 3.3, even though not in strict contradiction since there

are lots of undetermined order one numbers (e.g. the precise heavy fermion mass or the

coefficient c). For instance, in our supersymmetric framework, (3.29) would be present in

the scalar potential if it is also present in the Kähler potential and SUSY is broken. Then

c ∼
m2

3/2

M9
P

, (3.31)

with m3/2 the gravitino mass, such that the upper bound in (3.30) can for instance increase

by a factor ∼ 5 × 105 if m3/2 = 10−4 eV, compatible with the gauge mediation of SUSY

breaking. (3.29), or its analog in an other model, could also be generated from interference

terms between superpotential terms, in which case similar increases of the upper bound

may happen.
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There is a second gauge-invariant term to be considered in model B,

HuHdφ
9
1 . (3.32)

Understood together with (3.29) as unsuppressed potential terms, (3.32) will never domi-

nate since the weak scale is much smaller than v2. However, since model B is supersym-

metric, (3.32) will appear in the superpotential whereas (3.29) lies in the Kähler potential,

such that a careful analysis of which term contributes dominantly to the axion mass is

needed. Nevertheless, in both cases there is some room for the axion to be a decent QCD

axion and the bounds from the running of the gauge couplings to be satisfied.10

It is then presumably possible to satisfy both kinds of bounds if v2 ∼ 1011−13GeV,

also implying that explicit breaking of the Peccei-Quinn symmetry could be observable

in future experiments aiming at better measuring the neutron (or proton) EDM [83, 84].

Furthermore, this value for v2 implies a value for fa which is compatible with the fact that

the flavourful axion makes up part or all of dark matter [85–87] (see also [75] for a review),

and which is close to the values probed by precision flavour measurements, as discussed now.

3.5 Flavourful axion phenomenology

The low-energy phenomenology of our flavourful axion is similar to the one of the

flaxion/axiflavon of [7–9]. The axion-induced flavour changing transitions of the type

di → dj + a, where di are d-type quarks, and ei → ej + a, where ei are charged leptons,

generate decays with the axion in the final state. Experimental limits on such processes

set lower limits on the axion decay constant, for a fixed axion-induced flavour changing

vertex. Flavour transitions in the quark sector lead to meson decays, the most constrain-

ing ones being K+ → π+ + a, B+ → π+ + a. The first decay, for example, is bound

experimentally [88] to be Br(K+ → π+ + a) < 7.3× 10−11, which leads to the limit

fa ≥ 2× 1010 GeV× 26

NDW

∣

∣

∣

∣

(kdv)12
ms

∣

∣

∣

∣

, (3.33)

where kdv are vector-like fermionic couplings to the axion11 ia√
2fa

(kψa ψ̄iγ5ψi + kψv ψ̄iψi) and

NDW =
∑

i(2qQi+qUi+qDi )

x2|x1−x2| is the domain wall number.

Flavour transitions in the charged lepton sector lead to lepton number per species non-

conserving processes, most constraining one being µ→ e+a+γ, constrained experimentally

10(3.32) leads to a scalar potential ∼ m3/2v
2
H

φ9
1

M8

P
so that there are two cases to consider. First, the

contribution of (3.29) to the axion mass dominates over the one due to (3.32) if m3/2 > ǫ
(

vH
v2

)2

MP . With

vH ∼ 102 GeV and using for instance v2 = 1012 GeV, this means that m3/2 &MeV. In this case, (3.30)

yields v2 . 1015 GeV, which is consistent with our choice for v2 and compatible with the bounds coming

from the runnings. On the other hand, if m3/2 < ǫ
(

vH
v2

)2

MP , (3.32) dominates and an analysis similar

to (3.30) yields v2 . 6.5
(

1 MeV
m3/2

)1/2

1011 GeV. Achieving more precision demands the inclusion of many

unfixed Lagrangian parameters, such as tan β.
11In the notations of section 3.4, we have kψ ∼ fa

fij
, estimated in (3.27).
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to be Br(µ→ e+ a+ γ) < 1.1× 10−9, which leads to the bound [89]

fa ≥ 1× 108 GeV× 26

NDW

∣

∣

∣

∣

(klv)12
mµ

∣

∣

∣

∣

. (3.34)

Our perturbativity bounds due to the running effects of heavy fields v2 & 1012GeV are

compatible with all these bounds. However, one-two orders of magnitude improvement of

experimental data in the near future is expected and will start probing our models.12

Another source of flavour violation is the coupling of quarks and leptons to the U(1)FN
gauge boson Z ′. Baryon number cannot be violated in this way, otherwise the flavon

would carry baryon number. Lepton number per species could be violated, but due to

the high scale of U(1)FN symmetry breaking v2 & 1012GeV, Z ′-induced lepton number

non-conserving processes are currently unobservable.

3.6 Non-supersymmetric models

We now briefly comment on non-SUSY chiral FN models, by again explicitly displaying

such models for definiteness. We focus for simplicity on holomorphic models with two

Higgs doublets, meaning that (3.1), once complemented by its hermitian conjugate, now

defines the lagrangian of the theory, with Hu,d referring to scalar fields and Qi, Uj , Dj , Ej
to left-handed Weyl fermions. The heavy FN fields are similarly all fermionic, except φ1,2
which are scalars.

It is straightforward to check that the model A of section 3.2 is also valid as a non-SUSY

model, consistently with the findings of [57, 58] (indeed, higgsinos carry no charge under

U(1)FN, so they can be removed at no cost, and all the heavy fermions remain).13 For the

Yukawa matrices in (3.12), there are again models with two charged scalars, for instance

if x1 = 1, x2 = 1
2 , hu = hd = 3, XQ = 0, XL = −1

6 and nQ,1 = 5, nQ,2 = 1, nQ,3 = 0,

nL,1 = 0, nL,2 = 2, nL,3 = 0 (so that nU,1 = 3, nU,2 = 3, nU,3 = 0, nD,1 = 0, nD,2 = 1,

nD,3 = 0, nE,1 = 4, nE,2 = 0, nE,3 = 0). With such charges the physical pseudoscalar

contained in φ1,2, which has a QCD axion-like coupling to gluons, is too heavy to be a

proper QCD axion since there can be operators such as

φ1φ2
2

(3.35)

in the lagrangian. On the other hand, the “µ-term” has the following form

HuHdφ
2
1

(

φ1
Λ

)4

, (3.36)

with Λ a high scale, so that the pseudoscalar in Hu,d is heavier than e.g. a TeV if

v21

(v1
Λ

)4
> TeV2 , (3.37)

12As we emphasized in section 3.3, for a given vector-like gauged FN model with an axion, the bound

on v2 may increase (perhaps weakly) with respect to those derived in chiral models, so that the axion is in

principle less detectable than ones from chiral models.
13Since the Higgs fields carry no U(1)FN charge, one of them can be discarded by defining e.g. Hu = Hc

d.
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Moreover, we emphasized the fact that chiral models often come with a physical axion

mode, which has couplings typical of a QCD flaxion/axiflavon. In such models, the gauging

of the FN symmetry makes it easy to protect the axion mass, which is a significant difference

with respect to flavourful axions originating from a global FN mechanism. The qualitative

axion phenomenology is similar to the one of global flaxion/axiflavon models, meaning

that the axion couplings are mainly dictated by low-energy physics, which remains as

a robust prediction. However, there are slight changes in the axion couplings to gauge

fields, since the latter are already generated by the integrating-out of heavy FN fermions,

not only by the SM ones. In addition, irrespective of the model, strong bounds on the

input scales describing the heavy sector can be derived from the running of the (MS)SM

gauge couplings, which imposes that the scale of spontaneous FN symmetry breaking is

at least intermediate (1012−13GeV). Those lower bounds are stricter in gauged vector-like

FN models, so that the axions arising in chiral models are maximally coupled/detectable.

Nonetheless, such bounds are enough for the models to be automatically compatible with

experimental results on flavour-changing processes, albeit not too high so that one will start

scanning the couplings of the flavourful axions after the experimental sensitivity increases

slightly. Finally, since the SM mass matrices make anomaly cancellation compatible with

the MSSM gauge coupling unification, one can define anomaly-free models which preserve

gauge coupling unification such that the couplings of the axion, anomaly cancellation and

the gauge couplings running are all entangled.
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A All possible superpotential terms

In this appendix, we study the most general renormalizable couplings which can appear in

the superpotential for the kind of models discussed in section 3. We assume that x1−x2 6= 0,

so that the Froggatt-Nielsen mechanism is operating, as well as R-parity.

With the matter content of table 2 (together with the replacement rules (3.7)), table 4

displays the renormalizable invariant-under-GSM terms which one may write down in the

superpotential if they are also U(1)FN-invariant (i.e. if they are invariant under the full

gauge group). There, the three sets of possibilities in the middle of the table are those which

are required to implement the FN mechanism as emphasized in (3.6). They can always

be written down provided the values of the subscripts i and j are chosen appropriately.
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GSM invariant term U(1)FN charge Invariant if

ΨQ
i Ψ̃

Q
j

Ψu
i Ψ̃

u
j

Ψd
i Ψ̃

d
j

ΨL
i Ψ̃

L
j



















(i−j)x1−(i−j−1)x2















i= j and x2=0

or

i 6= j and x1=
(i−j−1)x2

i−j

ΨQ
i Ψ̃

Q
j

Ψu
i Ψ̃

u
j

Ψd
i Ψ̃

d
j

ΨL
i Ψ̃

L
j



















×φ1 (i−j−1)(x1−x2) i= j+1

ΨQ
i Ψ̃

Q
j

Ψu
i Ψ̃

u
j

Ψd
i Ψ̃

d
j

ΨL
i Ψ̃

L
j



















×φ2 (i−j)(x1−x2) i= j

Ψ̃Q
i Ψ

u
jHu

Ψ̃Q
i Ψ

d
jHd

Ψ̃L
i Ψ

e
jHd











(j−i−1)(x1−x2) i= j−1

ΨQ
i Ψ̃

u
jHd

ΨQ
i Ψ̃

d
jHu

ΨL
i Ψ̃

e
jHu











(i−j+1)x1−(i−j−1)x2+hu+hd















i= j−1 and x2=
hu+hd
i−j−1

or

i 6= j−1 and x1=
(i−j−1)x2−hu−hd

i−j+1

Table 4. GSM-invariant superpotential terms formed with superfields defined in section 3.

The other two can appear when x1, x2, hu and hd verify specific arithmetical relations. For

instance, they are not allowed in the two models discussed in section 3.2.

B Anomalies and unification

In this appendix, we show that the “unification” relations (3.11) can be reexpressed in terms

of the mixed anomalies in the MSSM sector. To see this, let us recall (see the discussion

around (3.17) in section 3.4) that the contribution to the axion couplings generated by the

integrating out of the heavy FN sector is:

W ⊃
∫

d2θ

(

−AA,heavy
16π2Cx2

log (φ2) Tr
(

W 2
A

)

)

, (B.1)

where again C = 1, 2 respectively for a SU(N) or an abelian factor of the gauge group

and, with our conventions,
AA,heavy

x2
counts the heavy chiral fields which are charged under
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the gauge factor A (with multiplicity and charge squared for an abelian gauge factor).

Thanks to the holomorphy in our SUSY model, the same anomaly coefficients appear in

the β-function for the gauge couplings:

1

g2A(µ)
=

1

g2A(µ0)
+
bMSSM
A

8π2
log

(

µ

µ0

)

− AA,heavy
64π2

log

(

µ

v2

)

. (B.2)

Respecting the gauge unification of the MSSM thus demands

ASU(3)C ,heavy = ASU(2)W ,heavy =
3

5
AU(1)Y ,heavy , (B.3)

which, for anomaly-free models, is extended to

ASU(3)C ,SM = ASU(2)W ,SM =
3

5
AU(1)Y ,SM . (B.4)

This relation agrees well with phenomenological mass matrices, and is the one required to

implement the Green-Schwarz mechanism [41–44], consistently with the fact that the phase

θ2 of φ2 does generate a GS mechanism here once the heavy fields are integrated out.

As a consistency check, it is straightforward to check that model B of section 3.2 indeed

verifies

ASU(3)C ,SM = ASU(2)W ,SM =
3

5
AU(1)Y ,SM

= −ASU(3)C ,heavy = −ASU(2)W ,heavy = −3

5
AU(1)Y ,heavy = −180 .

(B.5)

C Minimal vector-like models

We detail in this appendix the construction of and the bounds on the vector-like counter-

parts to model A and B.

A vector-like counterpart to model A is a model which has one SM singlet (which

amounts to the choice x1 = 1 and x2 = 0) and the matrices (3.10). Thus, the anomalies

from the MSSM(+FN) sector are

A3,SM=18−3(hu+hd)

A2,SM=−16+3(3XQ+XL)+hu+hd

A1,SM=64−3(3XQ+XL)−7(hu+hd)

A′
1,SM=−128+XQ(6hd−12hu+36)+XL(6hd−12)+64hu−40hd+5(h2d−h2u) ,

(C.1)

the last coefficient referring to the U(1)Y × U(1)2FN anomaly. Restricting ourselves to

spectators (χi, χ̃i) which get their mass from couplings to the singlet φ1 as follows

W ⊃ ciφ1χ
iχ̃i , (C.2)

and which live in the singlet or fundamental representations of the SM gauge groups (as

shown in table 5), their contribution to the anomalies are
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the strongest constraint in figure 2, so that the chiral model is as much constrained as (or

only marginally less constrained than) its vector-like counterpart, although it contains less

heavy particles.

Let us now turn to the derivation of the bounds on vector-like counterparts to model

B, meaning models which have two SM singlets of U(1)FN charges −1 and −10, the matri-

ces (3.12) and SU(5)-like unification as in (3.11). Assuming that the charges of the MSSM

particles are the same as in model B and that the Yukawa couplings are all expressed in

terms of the same singlet, then normalizing all the U(1)FN charges such that the Yukawa

couplings have natural integer charges (i.e. using (3.4) with x1 − x2 = 1), the MSSM

anomalies are

A3,SM=17−3(hu+hd)

A2,SM=−19+3(3XQ+XL)+hu+hd

A1,SM=
199

3
−3(3XQ+XL)−7(hu+hd)

A′
1,SM=−135+XQ(6hd−12hu+38)+XL(6hd−12)+68hu−40hd+5(h2d−h2u) .

(C.5)

With our assumptions and normalizations, model B contains either a SM singlet of U(1)FN
charge −1 and an other one of charge −10, or a SM singlet of U(1)FN charge −1 and an

other one of charge − 1
10 . A1−2−3,SM should be negative in both cases, and A2−3,SM should

be either integer or multiples of 1
10 , for the same reasons as presented previously. Since the

running of the hypercharge coupling gives the strongest constraint in figure 3, the bound

it induces will strengthen if at least a spectator field has a non-vanishing hypercharge.15

Assuming the opposite would imply A1,spect. = A1,SM = 0, which gives (since A1,SM +

A2,SM − 2A3,SM = 40
3 )

A2,SM − 2A3,SM =
40

3
, (C.6)

whereas this quantity should be a multiple of 1 or 1
10 . We thus conclude that one needs at

least one spectator with a non-zero hypercharge, which would in turn make the running of

the hypercharge coupling a bit steeper than it was in the chiral model.16

In order to make this quantitative, we scanned over all possible realizations compatible

with the assumptions listed at the beginning of this appendix, and we found that the least

constrained vector-like models must have v2 ≥ 4.5×1013GeV for the unification to happen

within the perturbative regime, more than one order of magnitude above the chiral model.

A realization of this is obtained as follows: choose hu + hd = 17, 3XQ + XL = −32
3 and

(φ1, φ2) of charges (−1,−10), add a set of 8 Q-like and 1 L-like SU(5) heavy multiplets,

use 6 Q-like multiplets among those to generate the mass matrices and couple the rest in

15The bound could also increase due to contributions of the other gauge couplings.
16This conclusion might be evaded, and the running brought back to the one of the chiral model, by

relaxing some of the assumptions we made, for instance if one starts using both singlets to generate the

mass matrices, contrary to what we assumed here. On the other hand, this means that the U(1)FN charges

of some fields should be modified as well. Indeed, if the two singlets have charges −1 and −10, for certain

charges of the Yukawa couplings such as the ones we choose in this appendix, only the singlet of charge −1

can enter the Yukawas.
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Heavy superfield type Number of (chiral) spectators coupled to φ1 coupled to φ2

Q 2 1 1

U 2 2 0

D 1 0 1

E 2 2 0

L 1 1 0

Table 6. Spectators chiral couplings in the minimal vector-like counterpart to model B.

a chiral way to φ1 and φ2, distributing the remaining available superfields as in table 6.

This way, A1 = A1,SM +A1,spect., A2 and A3 all vanish, and one can choose XQ so that A′
1

vanishes as well.
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