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The SM is a tremendously successful theory that explains 
“boringly” well all its predictions!

However, it fails to…

• Explain neutrino masses 

• Explain dark matter 

• Explain CP violation and matter/anti-matter assymetry 

• Explain the observed flavour structure

What Grand Unification can teach us about these problems?



Example: SM fermion sector featuresMotivation

Motivation

Large mass and mixing hierarchies found in Nature

mt , mh ,mz ,mw ⇠ 102 GeV (EW scale)

mt ⇠ 102mc ⇠ 104.6mu

mt ⇠ 101.6mb ⇠ 103.2ms ⇠ 104.8md

mt & 1011m⌫

me & 105m⌫

m⌧ ⇠ 101.2mµ ⇠ 103.5me

VCKM ⇠

0

BB@

cos ✓c sin ✓c 0
- sin ✓c cos ✓c 0

0 0 1

1

CCA+ Perturbations .

APM,RP (AU,LU) On the origin of fermion masses and mixing from a unified description of flavour and gauge interactionsMay 20th, 2019 4 / 28



Top-down approach: the story of Trinification



Why Trinification

Positives:

Negatives:

The model accommodates any quark and lepton masses
and mixings (Sayre et al 2016)
Naturally light neutrinos via radiative see-saw with split-SUSY  
(Cauet et al 2011)

Gauge symmetry preserve baryon number, i.e. no gauge-mediated
proton decay (Achiman&Stech’78; Glashow&Kang'84)

Motivated as a low-energy version of E8xE8 heterotic string theory
(Gross et al 1985)



Motivation

GOAL

Build a SUSY GUT-scale framework in the top-down approach that:

> Features all the basic advantages of the trinification GUTs and resolves
their major issues;

> Addresses the µ-problem of conventional MSSM-based approaches;

> Generates larger masses and Cabibbo mixing at tree-level;

> Full CKM and light fermion masses to be radiatively generated;

> Adopts a seesaw mechanism for light active neutrinos, with no strong
PMNS hierarchies;

> Unifies gauge interactions and reduces parametric freedom in the Yukawa
sector (Yukawa unification).

IDEA

> Questions to be addressed:

proper embedding into E6 and E8, with gauged family symmetry,

top-charm masses degenerate at tree-level requiring large fine-tuning to
split them at loop-level,

soft-SUSY breaking interactions too large: Msoft ⇠ O
�
1011 GeV

�
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“Flavoured” T-GUT approach

References:  
2004.114550,  

2001.06383, 2001.04804,  
1711.05199, 1610.03642,  

1606.03492



“Flavoured” T-GUT with gauged family symmetry

Scale hierarchy:

Consider embedding Trinification into E6:

Defining the model from unification principles

Origin of Yukawa interactions

Massless sector dim-3 superpotential with universal Yukawa coupling:

W27 =
1
2
�27dµ⌫�"ij 

µ i ⌫ j � 3 = 0

dµ⌫� - completely symmetric "ij - totally anti-symmetric

(27, 2)(1) ⌘  µ i , (27, 1)(-2) ⌘  µ 3 µ = 1, , . . . , 27 i = 1, 2

Effects from higher dimensional operators become dominant!
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see e.g. Refs. [14–21]. Remarkably, in Ref. [22] it has been demonstrated that the well-known hierarchy
and doublet-triplet splitting problems appear to be naturally resolved in the framework of SUSY
SU(6) GUT (see also Refs. [23,24]). This model also provides means for explanation of the origin
of the fermion mass hierarchy, i.e. why the 3rd fermion family in the SM is heavier than first two
[25]. Other promising scenarios designed to address the flavor problem invoke new “horizontal”
symmetries at high energies; for recent studies, see e.g. Refs. [26–32]. For original works, where it
was suggested, in particular in the context of SU(3)F, that the observed fermion spectrum with its
hierarchies of masses and mixing angles are due to horizontal symmetry breaking hierarchy, i.e. by
the flavon VEV hierarchy breaking it, see Refs. [33–36].

In general, it is rather difficult to combine both gauge symmetries and horizontal symmetries
without a proliferation of unknown parameters in the Yukawa sector. Our main goal here is to find
a consistent GUT framework in four spacetime dimensions, with both types of unification realised
dynamically in the gauge and Yukawa sectors. For this purpose, we would like to study high-scale
SUSY-based framework binding together both observed fermion families’ replication in the SM and
grand unification. For this purpose, let us consider the N = 1 SUSY E6 ⇥ SU(2)F ⇥ U(1)F GUT in
four dimensions where the gauge symmetries of the SM originate from E6 whereas additional group
factors SU(2)F ⇥ U(1)F conveniently represent a “horizontal” gauge symmetry distinguishing the
fermion families, i.e. the family symmetry1.

Note that a further constrained scenario based on SU(3)F has been previously studied by some of
the authors in Refs. [39,40]. Indeed, promoting SU(2)F ⇥U(1)F to SU(3)F, the model seems to become
more compact and natural. However, it was found that the top and charm quark tree-level masses
are degenerate and a strong fine-tuning in the soft SUSY breaking sector is necessary in order to
induce a realistic mass splitting at one-loop level. Such a fine-tuning implies a rather strong hierarchy
between different soft SUSY breaking parameters that has prompted the search for a less constrained
fully-gauged family symmetry such as the one considered in this work.

The subsequent symmetry breaking steps can be realised by means of the Higgs mechanism as
follows:

E6 ⇥ SU(2)F ⇥ U(1)F
M6�! [SU(3)]3 ⇥ SU(2)F ⇥ U(1)F (1)
M3�! SU(3)C ⇥ [SU(2) ⇥ U(1)]2 (2)

⇥SU(2)F ⇥ U(1)F
MS�! . . . . (3)

where [SU(3)]3 ⌘ SU(3)C ⇥ SU(3)L ⇥ SU(3)R is the trinification group and [SU(2) ⇥ U(1)]2 ⌘
SU(2)L ⇥ SU(2)R ⇥ U(1)L ⇥ U(1)R. We adopt at this stage that E6 ⇥ SU(2)F ⇥ U(1)F theory
originates from a certain large gauge group G at the upper-most GUT-scale MGUT (with a single
universal gauge coupling) by means of some unknown dynamics and formulate the basic criteria for
phenomenological consistency of such a scenario.

The mass scales of the rank-preserving symmetry breaking steps in Eqs. (1) and (2) are given by
the sizes of the superpotential quadratic terms implying a nearly-compressed scale hierarchy MGUT &
M6 & M3. The . . . in Eq. (3) represent the subsequent low-scale breaking steps down to the SM gauge
group triggered by soft-SUSY breaking interactions at the soft scale MS. The latter can be decoupled
from the trinification breaking scale, i.e. MS ⌧ M3, in consistency with the low-scale electroweak
spontaneous symmetry breaking (EW-SSB) in the SM.

In this work, our main goal is to briefly discuss the main features of the SUSY E6 ⇥ SU(2)F ⇥
U(1)F GUT with the symmetry breaking pattern given in Eqs. (1) - (3) and with a particular
anomaly-free superfield content summarised in Table 1. In order to build a minimal working GUT

1 For a previous discussion of implications of non-abelian family symmetries in supersymmetric GUT model building, see
e.g. Refs. [37,38]
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see e.g. Refs. [14–21]. Remarkably, in Ref. [22] it has been demonstrated that the well-known hierarchy
and doublet-triplet splitting problems appear to be naturally resolved in the framework of SUSY
SU(6) GUT (see also Refs. [23,24]). This model also provides means for explanation of the origin
of the fermion mass hierarchy, i.e. why the 3rd fermion family in the SM is heavier than first two
[25]. Other promising scenarios designed to address the flavor problem invoke new “horizontal”
symmetries at high energies; for recent studies, see e.g. Refs. [26–32]. For original works, where it
was suggested, in particular in the context of SU(3)F, that the observed fermion spectrum with its
hierarchies of masses and mixing angles are due to horizontal symmetry breaking hierarchy, i.e. by
the flavon VEV hierarchy breaking it, see Refs. [33–36].

In general, it is rather difficult to combine both gauge symmetries and horizontal symmetries
without a proliferation of unknown parameters in the Yukawa sector. Our main goal here is to find
a consistent GUT framework in four spacetime dimensions, with both types of unification realised
dynamically in the gauge and Yukawa sectors. For this purpose, we would like to study high-scale
SUSY-based framework binding together both observed fermion families’ replication in the SM and
grand unification. For this purpose, let us consider the N = 1 SUSY E6 ⇥ SU(2)F ⇥ U(1)F GUT in
four dimensions where the gauge symmetries of the SM originate from E6 whereas additional group
factors SU(2)F ⇥ U(1)F conveniently represent a “horizontal” gauge symmetry distinguishing the
fermion families, i.e. the family symmetry1.

Note that a further constrained scenario based on SU(3)F has been previously studied by some of
the authors in Refs. [39,40]. Indeed, promoting SU(2)F ⇥U(1)F to SU(3)F, the model seems to become
more compact and natural. However, it was found that the top and charm quark tree-level masses
are degenerate and a strong fine-tuning in the soft SUSY breaking sector is necessary in order to
induce a realistic mass splitting at one-loop level. Such a fine-tuning implies a rather strong hierarchy
between different soft SUSY breaking parameters that has prompted the search for a less constrained
fully-gauged family symmetry such as the one considered in this work.

The subsequent symmetry breaking steps can be realised by means of the Higgs mechanism as
follows:

E6 ⇥ SU(2)F ⇥ U(1)F
M6�! [SU(3)]3 ⇥ SU(2)F ⇥ U(1)F (1)
M3�! SU(3)C ⇥ [SU(2) ⇥ U(1)]2 (2)

⇥SU(2)F ⇥ U(1)F
MS�! . . . . (3)

where [SU(3)]3 ⌘ SU(3)C ⇥ SU(3)L ⇥ SU(3)R is the trinification group and [SU(2) ⇥ U(1)]2 ⌘
SU(2)L ⇥ SU(2)R ⇥ U(1)L ⇥ U(1)R. We adopt at this stage that E6 ⇥ SU(2)F ⇥ U(1)F theory
originates from a certain large gauge group G at the upper-most GUT-scale MGUT (with a single
universal gauge coupling) by means of some unknown dynamics and formulate the basic criteria for
phenomenological consistency of such a scenario.

The mass scales of the rank-preserving symmetry breaking steps in Eqs. (1) and (2) are given by
the sizes of the superpotential quadratic terms implying a nearly-compressed scale hierarchy MGUT &
M6 & M3. The . . . in Eq. (3) represent the subsequent low-scale breaking steps down to the SM gauge
group triggered by soft-SUSY breaking interactions at the soft scale MS. The latter can be decoupled
from the trinification breaking scale, i.e. MS ⌧ M3, in consistency with the low-scale electroweak
spontaneous symmetry breaking (EW-SSB) in the SM.

In this work, our main goal is to briefly discuss the main features of the SUSY E6 ⇥ SU(2)F ⇥
U(1)F GUT with the symmetry breaking pattern given in Eqs. (1) - (3) and with a particular
anomaly-free superfield content summarised in Table 1. In order to build a minimal working GUT

1 For a previous discussion of implications of non-abelian family symmetries in supersymmetric GUT model building, see
e.g. Refs. [37,38]
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see e.g. Refs. [14–21]. Remarkably, in Ref. [22] it has been demonstrated that the well-known hierarchy
and doublet-triplet splitting problems appear to be naturally resolved in the framework of SUSY
SU(6) GUT (see also Refs. [23,24]). This model also provides means for explanation of the origin
of the fermion mass hierarchy, i.e. why the 3rd fermion family in the SM is heavier than first two
[25]. Other promising scenarios designed to address the flavor problem invoke new “horizontal”
symmetries at high energies; for recent studies, see e.g. Refs. [26–32]. For original works, where it
was suggested, in particular in the context of SU(3)F, that the observed fermion spectrum with its
hierarchies of masses and mixing angles are due to horizontal symmetry breaking hierarchy, i.e. by
the flavon VEV hierarchy breaking it, see Refs. [33–36].

In general, it is rather difficult to combine both gauge symmetries and horizontal symmetries
without a proliferation of unknown parameters in the Yukawa sector. Our main goal here is to find
a consistent GUT framework in four spacetime dimensions, with both types of unification realised
dynamically in the gauge and Yukawa sectors. For this purpose, we would like to study high-scale
SUSY-based framework binding together both observed fermion families’ replication in the SM and
grand unification. For this purpose, let us consider the N = 1 SUSY E6 ⇥ SU(2)F ⇥ U(1)F GUT in
four dimensions where the gauge symmetries of the SM originate from E6 whereas additional group
factors SU(2)F ⇥ U(1)F conveniently represent a “horizontal” gauge symmetry distinguishing the
fermion families, i.e. the family symmetry1.

Note that a further constrained scenario based on SU(3)F has been previously studied by some of
the authors in Refs. [39,40]. Indeed, promoting SU(2)F ⇥U(1)F to SU(3)F, the model seems to become
more compact and natural. However, it was found that the top and charm quark tree-level masses
are degenerate and a strong fine-tuning in the soft SUSY breaking sector is necessary in order to
induce a realistic mass splitting at one-loop level. Such a fine-tuning implies a rather strong hierarchy
between different soft SUSY breaking parameters that has prompted the search for a less constrained
fully-gauged family symmetry such as the one considered in this work.

The subsequent symmetry breaking steps can be realised by means of the Higgs mechanism as
follows:

E6 ⇥ SU(2)F ⇥ U(1)F
M6�! [SU(3)]3 ⇥ SU(2)F ⇥ U(1)F (1)
M3�! SU(3)C ⇥ [SU(2) ⇥ U(1)]2 (2)

⇥SU(2)F ⇥ U(1)F
MS�! . . . . (3)

where [SU(3)]3 ⌘ SU(3)C ⇥ SU(3)L ⇥ SU(3)R is the trinification group and [SU(2) ⇥ U(1)]2 ⌘
SU(2)L ⇥ SU(2)R ⇥ U(1)L ⇥ U(1)R. We adopt at this stage that E6 ⇥ SU(2)F ⇥ U(1)F theory
originates from a certain large gauge group G at the upper-most GUT-scale MGUT (with a single
universal gauge coupling) by means of some unknown dynamics and formulate the basic criteria for
phenomenological consistency of such a scenario.

The mass scales of the rank-preserving symmetry breaking steps in Eqs. (1) and (2) are given by
the sizes of the superpotential quadratic terms implying a nearly-compressed scale hierarchy MGUT &
M6 & M3. The . . . in Eq. (3) represent the subsequent low-scale breaking steps down to the SM gauge
group triggered by soft-SUSY breaking interactions at the soft scale MS. The latter can be decoupled
from the trinification breaking scale, i.e. MS ⌧ M3, in consistency with the low-scale electroweak
spontaneous symmetry breaking (EW-SSB) in the SM.

In this work, our main goal is to briefly discuss the main features of the SUSY E6 ⇥ SU(2)F ⇥
U(1)F GUT with the symmetry breaking pattern given in Eqs. (1) - (3) and with a particular
anomaly-free superfield content summarised in Table 1. In order to build a minimal working GUT

1 For a previous discussion of implications of non-abelian family symmetries in supersymmetric GUT model building, see
e.g. Refs. [37,38]
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see e.g. Refs. [14–21]. Remarkably, in Ref. [22] it has been demonstrated that the well-known hierarchy
and doublet-triplet splitting problems appear to be naturally resolved in the framework of SUSY
SU(6) GUT (see also Refs. [23,24]). This model also provides means for explanation of the origin
of the fermion mass hierarchy, i.e. why the 3rd fermion family in the SM is heavier than first two
[25]. Other promising scenarios designed to address the flavor problem invoke new “horizontal”
symmetries at high energies; for recent studies, see e.g. Refs. [26–32]. For original works, where it
was suggested, in particular in the context of SU(3)F, that the observed fermion spectrum with its
hierarchies of masses and mixing angles are due to horizontal symmetry breaking hierarchy, i.e. by
the flavon VEV hierarchy breaking it, see Refs. [33–36].

In general, it is rather difficult to combine both gauge symmetries and horizontal symmetries
without a proliferation of unknown parameters in the Yukawa sector. Our main goal here is to find
a consistent GUT framework in four spacetime dimensions, with both types of unification realised
dynamically in the gauge and Yukawa sectors. For this purpose, we would like to study high-scale
SUSY-based framework binding together both observed fermion families’ replication in the SM and
grand unification. For this purpose, let us consider the N = 1 SUSY E6 ⇥ SU(2)F ⇥ U(1)F GUT in
four dimensions where the gauge symmetries of the SM originate from E6 whereas additional group
factors SU(2)F ⇥ U(1)F conveniently represent a “horizontal” gauge symmetry distinguishing the
fermion families, i.e. the family symmetry1.

Note that a further constrained scenario based on SU(3)F has been previously studied by some of
the authors in Refs. [39,40]. Indeed, promoting SU(2)F ⇥U(1)F to SU(3)F, the model seems to become
more compact and natural. However, it was found that the top and charm quark tree-level masses
are degenerate and a strong fine-tuning in the soft SUSY breaking sector is necessary in order to
induce a realistic mass splitting at one-loop level. Such a fine-tuning implies a rather strong hierarchy
between different soft SUSY breaking parameters that has prompted the search for a less constrained
fully-gauged family symmetry such as the one considered in this work.

The subsequent symmetry breaking steps can be realised by means of the Higgs mechanism as
follows:

E6 ⇥ SU(2)F ⇥ U(1)F
M6�! [SU(3)]3 ⇥ SU(2)F ⇥ U(1)F (1)
M3�! SU(3)C ⇥ [SU(2) ⇥ U(1)]2 (2)

⇥SU(2)F ⇥ U(1)F
MS�! . . . . (3)

where [SU(3)]3 ⌘ SU(3)C ⇥ SU(3)L ⇥ SU(3)R is the trinification group and [SU(2) ⇥ U(1)]2 ⌘
SU(2)L ⇥ SU(2)R ⇥ U(1)L ⇥ U(1)R. We adopt at this stage that E6 ⇥ SU(2)F ⇥ U(1)F theory
originates from a certain large gauge group G at the upper-most GUT-scale MGUT (with a single
universal gauge coupling) by means of some unknown dynamics and formulate the basic criteria for
phenomenological consistency of such a scenario.

The mass scales of the rank-preserving symmetry breaking steps in Eqs. (1) and (2) are given by
the sizes of the superpotential quadratic terms implying a nearly-compressed scale hierarchy MGUT &
M6 & M3. The . . . in Eq. (3) represent the subsequent low-scale breaking steps down to the SM gauge
group triggered by soft-SUSY breaking interactions at the soft scale MS. The latter can be decoupled
from the trinification breaking scale, i.e. MS ⌧ M3, in consistency with the low-scale electroweak
spontaneous symmetry breaking (EW-SSB) in the SM.

In this work, our main goal is to briefly discuss the main features of the SUSY E6 ⇥ SU(2)F ⇥
U(1)F GUT with the symmetry breaking pattern given in Eqs. (1) - (3) and with a particular
anomaly-free superfield content summarised in Table 1. In order to build a minimal working GUT

1 For a previous discussion of implications of non-abelian family symmetries in supersymmetric GUT model building, see
e.g. Refs. [37,38]
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see e.g. Refs. [14–21]. Remarkably, in Ref. [22] it has been demonstrated that the well-known hierarchy
and doublet-triplet splitting problems appear to be naturally resolved in the framework of SUSY
SU(6) GUT (see also Refs. [23,24]). This model also provides means for explanation of the origin
of the fermion mass hierarchy, i.e. why the 3rd fermion family in the SM is heavier than first two
[25]. Other promising scenarios designed to address the flavor problem invoke new “horizontal”
symmetries at high energies; for recent studies, see e.g. Refs. [26–32]. For original works, where it
was suggested, in particular in the context of SU(3)F, that the observed fermion spectrum with its
hierarchies of masses and mixing angles are due to horizontal symmetry breaking hierarchy, i.e. by
the flavon VEV hierarchy breaking it, see Refs. [33–36].

In general, it is rather difficult to combine both gauge symmetries and horizontal symmetries
without a proliferation of unknown parameters in the Yukawa sector. Our main goal here is to find
a consistent GUT framework in four spacetime dimensions, with both types of unification realised
dynamically in the gauge and Yukawa sectors. For this purpose, we would like to study high-scale
SUSY-based framework binding together both observed fermion families’ replication in the SM and
grand unification. For this purpose, let us consider the N = 1 SUSY E6 ⇥ SU(2)F ⇥ U(1)F GUT in
four dimensions where the gauge symmetries of the SM originate from E6 whereas additional group
factors SU(2)F ⇥ U(1)F conveniently represent a “horizontal” gauge symmetry distinguishing the
fermion families, i.e. the family symmetry1.

Note that a further constrained scenario based on SU(3)F has been previously studied by some of
the authors in Refs. [39,40]. Indeed, promoting SU(2)F ⇥U(1)F to SU(3)F, the model seems to become
more compact and natural. However, it was found that the top and charm quark tree-level masses
are degenerate and a strong fine-tuning in the soft SUSY breaking sector is necessary in order to
induce a realistic mass splitting at one-loop level. Such a fine-tuning implies a rather strong hierarchy
between different soft SUSY breaking parameters that has prompted the search for a less constrained
fully-gauged family symmetry such as the one considered in this work.

The subsequent symmetry breaking steps can be realised by means of the Higgs mechanism as
follows:

E6 ⇥ SU(2)F ⇥ U(1)F
M6�! [SU(3)]3 ⇥ SU(2)F ⇥ U(1)F (1)
M3�! SU(3)C ⇥ [SU(2) ⇥ U(1)]2 (2)

⇥SU(2)F ⇥ U(1)F
MS�! . . . . (3)

where [SU(3)]3 ⌘ SU(3)C ⇥ SU(3)L ⇥ SU(3)R is the trinification group and [SU(2) ⇥ U(1)]2 ⌘
SU(2)L ⇥ SU(2)R ⇥ U(1)L ⇥ U(1)R. We adopt at this stage that E6 ⇥ SU(2)F ⇥ U(1)F theory
originates from a certain large gauge group G at the upper-most GUT-scale MGUT (with a single
universal gauge coupling) by means of some unknown dynamics and formulate the basic criteria for
phenomenological consistency of such a scenario.

The mass scales of the rank-preserving symmetry breaking steps in Eqs. (1) and (2) are given by
the sizes of the superpotential quadratic terms implying a nearly-compressed scale hierarchy MGUT &
M6 & M3. The . . . in Eq. (3) represent the subsequent low-scale breaking steps down to the SM gauge
group triggered by soft-SUSY breaking interactions at the soft scale MS. The latter can be decoupled
from the trinification breaking scale, i.e. MS ⌧ M3, in consistency with the low-scale electroweak
spontaneous symmetry breaking (EW-SSB) in the SM.

In this work, our main goal is to briefly discuss the main features of the SUSY E6 ⇥ SU(2)F ⇥
U(1)F GUT with the symmetry breaking pattern given in Eqs. (1) - (3) and with a particular
anomaly-free superfield content summarised in Table 1. In order to build a minimal working GUT

1 For a previous discussion of implications of non-abelian family symmetries in supersymmetric GUT model building, see
e.g. Refs. [37,38]
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see e.g. Refs. [14–21]. Remarkably, in Ref. [22] it has been demonstrated that the well-known hierarchy
and doublet-triplet splitting problems appear to be naturally resolved in the framework of SUSY
SU(6) GUT (see also Refs. [23,24]). This model also provides means for explanation of the origin
of the fermion mass hierarchy, i.e. why the 3rd fermion family in the SM is heavier than first two
[25]. Other promising scenarios designed to address the flavor problem invoke new “horizontal”
symmetries at high energies; for recent studies, see e.g. Refs. [26–32]. For original works, where it
was suggested, in particular in the context of SU(3)F, that the observed fermion spectrum with its
hierarchies of masses and mixing angles are due to horizontal symmetry breaking hierarchy, i.e. by
the flavon VEV hierarchy breaking it, see Refs. [33–36].

In general, it is rather difficult to combine both gauge symmetries and horizontal symmetries
without a proliferation of unknown parameters in the Yukawa sector. Our main goal here is to find
a consistent GUT framework in four spacetime dimensions, with both types of unification realised
dynamically in the gauge and Yukawa sectors. For this purpose, we would like to study high-scale
SUSY-based framework binding together both observed fermion families’ replication in the SM and
grand unification. For this purpose, let us consider the N = 1 SUSY E6 ⇥ SU(2)F ⇥ U(1)F GUT in
four dimensions where the gauge symmetries of the SM originate from E6 whereas additional group
factors SU(2)F ⇥ U(1)F conveniently represent a “horizontal” gauge symmetry distinguishing the
fermion families, i.e. the family symmetry1.

Note that a further constrained scenario based on SU(3)F has been previously studied by some of
the authors in Refs. [39,40]. Indeed, promoting SU(2)F ⇥U(1)F to SU(3)F, the model seems to become
more compact and natural. However, it was found that the top and charm quark tree-level masses
are degenerate and a strong fine-tuning in the soft SUSY breaking sector is necessary in order to
induce a realistic mass splitting at one-loop level. Such a fine-tuning implies a rather strong hierarchy
between different soft SUSY breaking parameters that has prompted the search for a less constrained
fully-gauged family symmetry such as the one considered in this work.

The subsequent symmetry breaking steps can be realised by means of the Higgs mechanism as
follows:

E6 ⇥ SU(2)F ⇥ U(1)F
M6�! [SU(3)]3 ⇥ SU(2)F ⇥ U(1)F (1)
M3�! SU(3)C ⇥ [SU(2) ⇥ U(1)]2 (2)

⇥SU(2)F ⇥ U(1)F
MS�! . . . . (3)

where [SU(3)]3 ⌘ SU(3)C ⇥ SU(3)L ⇥ SU(3)R is the trinification group and [SU(2) ⇥ U(1)]2 ⌘
SU(2)L ⇥ SU(2)R ⇥ U(1)L ⇥ U(1)R. We adopt at this stage that E6 ⇥ SU(2)F ⇥ U(1)F theory
originates from a certain large gauge group G at the upper-most GUT-scale MGUT (with a single
universal gauge coupling) by means of some unknown dynamics and formulate the basic criteria for
phenomenological consistency of such a scenario.

The mass scales of the rank-preserving symmetry breaking steps in Eqs. (1) and (2) are given by
the sizes of the superpotential quadratic terms implying a nearly-compressed scale hierarchy MGUT &
M6 & M3. The . . . in Eq. (3) represent the subsequent low-scale breaking steps down to the SM gauge
group triggered by soft-SUSY breaking interactions at the soft scale MS. The latter can be decoupled
from the trinification breaking scale, i.e. MS ⌧ M3, in consistency with the low-scale electroweak
spontaneous symmetry breaking (EW-SSB) in the SM.

In this work, our main goal is to briefly discuss the main features of the SUSY E6 ⇥ SU(2)F ⇥
U(1)F GUT with the symmetry breaking pattern given in Eqs. (1) - (3) and with a particular
anomaly-free superfield content summarised in Table 1. In order to build a minimal working GUT

1 For a previous discussion of implications of non-abelian family symmetries in supersymmetric GUT model building, see
e.g. Refs. [37,38]
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see e.g. Refs. [14–21]. Remarkably, in Ref. [22] it has been demonstrated that the well-known hierarchy
and doublet-triplet splitting problems appear to be naturally resolved in the framework of SUSY
SU(6) GUT (see also Refs. [23,24]). This model also provides means for explanation of the origin
of the fermion mass hierarchy, i.e. why the 3rd fermion family in the SM is heavier than first two
[25]. Other promising scenarios designed to address the flavor problem invoke new “horizontal”
symmetries at high energies; for recent studies, see e.g. Refs. [26–32]. For original works, where it
was suggested, in particular in the context of SU(3)F, that the observed fermion spectrum with its
hierarchies of masses and mixing angles are due to horizontal symmetry breaking hierarchy, i.e. by
the flavon VEV hierarchy breaking it, see Refs. [33–36].

In general, it is rather difficult to combine both gauge symmetries and horizontal symmetries
without a proliferation of unknown parameters in the Yukawa sector. Our main goal here is to find
a consistent GUT framework in four spacetime dimensions, with both types of unification realised
dynamically in the gauge and Yukawa sectors. For this purpose, we would like to study high-scale
SUSY-based framework binding together both observed fermion families’ replication in the SM and
grand unification. For this purpose, let us consider the N = 1 SUSY E6 ⇥ SU(2)F ⇥ U(1)F GUT in
four dimensions where the gauge symmetries of the SM originate from E6 whereas additional group
factors SU(2)F ⇥ U(1)F conveniently represent a “horizontal” gauge symmetry distinguishing the
fermion families, i.e. the family symmetry1.

Note that a further constrained scenario based on SU(3)F has been previously studied by some of
the authors in Refs. [39,40]. Indeed, promoting SU(2)F ⇥U(1)F to SU(3)F, the model seems to become
more compact and natural. However, it was found that the top and charm quark tree-level masses
are degenerate and a strong fine-tuning in the soft SUSY breaking sector is necessary in order to
induce a realistic mass splitting at one-loop level. Such a fine-tuning implies a rather strong hierarchy
between different soft SUSY breaking parameters that has prompted the search for a less constrained
fully-gauged family symmetry such as the one considered in this work.

The subsequent symmetry breaking steps can be realised by means of the Higgs mechanism as
follows:

E6 ⇥ SU(2)F ⇥ U(1)F
M6�! [SU(3)]3 ⇥ SU(2)F ⇥ U(1)F (1)
M3�! SU(3)C ⇥ [SU(2) ⇥ U(1)]2 (2)

⇥SU(2)F ⇥ U(1)F
MS�! . . . . (3)

where [SU(3)]3 ⌘ SU(3)C ⇥ SU(3)L ⇥ SU(3)R is the trinification group and [SU(2) ⇥ U(1)]2 ⌘
SU(2)L ⇥ SU(2)R ⇥ U(1)L ⇥ U(1)R. We adopt at this stage that E6 ⇥ SU(2)F ⇥ U(1)F theory
originates from a certain large gauge group G at the upper-most GUT-scale MGUT (with a single
universal gauge coupling) by means of some unknown dynamics and formulate the basic criteria for
phenomenological consistency of such a scenario.

The mass scales of the rank-preserving symmetry breaking steps in Eqs. (1) and (2) are given by
the sizes of the superpotential quadratic terms implying a nearly-compressed scale hierarchy MGUT &
M6 & M3. The . . . in Eq. (3) represent the subsequent low-scale breaking steps down to the SM gauge
group triggered by soft-SUSY breaking interactions at the soft scale MS. The latter can be decoupled
from the trinification breaking scale, i.e. MS ⌧ M3, in consistency with the low-scale electroweak
spontaneous symmetry breaking (EW-SSB) in the SM.

In this work, our main goal is to briefly discuss the main features of the SUSY E6 ⇥ SU(2)F ⇥
U(1)F GUT with the symmetry breaking pattern given in Eqs. (1) - (3) and with a particular
anomaly-free superfield content summarised in Table 1. In order to build a minimal working GUT

1 For a previous discussion of implications of non-abelian family symmetries in supersymmetric GUT model building, see
e.g. Refs. [37,38]
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Table 1. Fundamental superfield content of the anomaly-free 4-dimensional SUSY E6 ⇥ SU(2)F ⇥
U(1)F GUT. Here, i = 1, 2 and k = 1, 2, 3.

Z2-even Z2-odd

yµ i = (27, 2)(1) , yµ 3 = (27, 1)(�2)
HU = (1, 2)(�1) , HD = (1, 2)(+1) Lk = (1, 2)(�1)

A = (78, 1)(0) E k = (1, 1)(+2)
S, S0 = (650, 1)(0) N k = (1, 1)(0)
Y = (2430, 1)(0)

scenario in this framework, one simple way to proceed is to adopt a scheme enabling to give
large masses to the majority of supermultiplets listed in Table 1 apart from those that we need for
phenomenological explorations. For simplicity, we introduce an extra Z2 parity that plays a similar
role to R-parity of the MSSM yielding the superpotential of the Z2-odd superfields analogical to that
of the MSSM leptonic sector with right-handed neutrinos,

WHN = µHHUHD + yLHULE + yNHDLN + µNNN . (4)

Hence, an analogue of right-handed neutrino, N , receives Majorana mass at some large scale µN ,
while other additional superfields HU ,D , L and E acquire their masses upon breaking of SU(2)F ⇥
U(1)F symmetry through VEVs in scalar components of SU(2)F HU ,D doublets. This resembles the
Higgsino, (s)neutrinos’ and (s)leptons’ mass generation via the EW symmetry breaking mechanism
in the conventional MSSM framework, but for the family SU(2)F ⇥ U(1)F SSB and at a larger scale,
µH & MS � MEW.

Provided that HU ,D are Z2-even, their VEVs are not affecting Z2 symmetry which is therefore
preserved in this model and survives down to low scales. Similarly to R-parity, this symmetry
provides a possible way to stabilise the lightest state among the Z2-odd components of L, E and
N superfields. Whether or not such a state can play a role of a Dark Matter candidate remains
one of the interesting topics for further studies in this model. Besides, neutrino-like states may
receive a relatively small mass scale due to a seesaw-type mixing with the Majorana fermion from
N . Communication of such Z2-odd sector with the SM sectors would be suppressed due to a large
mass scale of family SU(2)F ⇥ U(1)F gauge bosons at tree level and due to a small loop-generated
coupling to the SM Higgs boson. Apart from potentially light and decoupled Z2-odd states, all the
other fields in WHN are well above the EW scale and their impact on the low-scale phenomenology
is expected to be strongly suppressed. Thus, they can be safely integrated out below MS scale.

It is worth noticing here that the particle content of the considered E6 ⇥ SU(2)F ⇥ U(1)F ⇥ Z2
GUT and charge assignments in Table 1 enable the superpotential mass terms to all the fundamental
Z2-even superfields except for yµ i and yµ 3, providing a novel GUT framework manifestly free of the
gauge and Witten anomalies.

The large E6 representations S, S0 and Y trigger (through their scalar VEVs) the spontaneous
rank- and SUSY-preserving breaking of E6 symmetry at M6 scale in Eq. (1), while the components of
the Z2-even E6-adjoint representation A play a critical role in triggering the subsequent trinification
SSB in Eq. (2). All these fields conveniently received large masses and can be integrated out below
either M6 (large E6 reps) or M3 (adjoint E6 rep) scale in the considered SUSY GUT. Taking the
trinification breaking at M3 scale as an example, the SU(3)L,R-adjoint superfields Da

L,R ⇢ (78, 1) (see
Table 2) originating from A superfield have a universal mass term µ78 ⇠ MGUT in the superpotential,
which together with a cubic term triggers a rank- and SUSY-preserving VEV in one of its scalar
components hD̃a=8

L,R i ⌘ M3 [40]. The SUSY-preserving breaking of a gauge symmetry implies that
the D- and F-terms have to vanish separately. This means that the scalar potential has zero value in

SU(2)F
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possible source

for Dark Matter
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Y = (2430, 1)(0)

scenario in this framework, one simple way to proceed is to adopt a scheme enabling to give
large masses to the majority of supermultiplets listed in Table 1 apart from those that we need for
phenomenological explorations. For simplicity, we introduce an extra Z2 parity that plays a similar
role to R-parity of the MSSM yielding the superpotential of the Z2-odd superfields analogical to that
of the MSSM leptonic sector with right-handed neutrinos,

WHN = µHHUHD + yLHULE + yNHDLN + µNNN . (4)

Hence, an analogue of right-handed neutrino, N , receives Majorana mass at some large scale µN ,
while other additional superfields HU ,D , L and E acquire their masses upon breaking of SU(2)F ⇥
U(1)F symmetry through VEVs in scalar components of SU(2)F HU ,D doublets. This resembles the
Higgsino, (s)neutrinos’ and (s)leptons’ mass generation via the EW symmetry breaking mechanism
in the conventional MSSM framework, but for the family SU(2)F ⇥ U(1)F SSB and at a larger scale,
µH & MS � MEW.

Provided that HU ,D are Z2-even, their VEVs are not affecting Z2 symmetry which is therefore
preserved in this model and survives down to low scales. Similarly to R-parity, this symmetry
provides a possible way to stabilise the lightest state among the Z2-odd components of L, E and
N superfields. Whether or not such a state can play a role of a Dark Matter candidate remains
one of the interesting topics for further studies in this model. Besides, neutrino-like states may
receive a relatively small mass scale due to a seesaw-type mixing with the Majorana fermion from
N . Communication of such Z2-odd sector with the SM sectors would be suppressed due to a large
mass scale of family SU(2)F ⇥ U(1)F gauge bosons at tree level and due to a small loop-generated
coupling to the SM Higgs boson. Apart from potentially light and decoupled Z2-odd states, all the
other fields in WHN are well above the EW scale and their impact on the low-scale phenomenology
is expected to be strongly suppressed. Thus, they can be safely integrated out below MS scale.

It is worth noticing here that the particle content of the considered E6 ⇥ SU(2)F ⇥ U(1)F ⇥ Z2
GUT and charge assignments in Table 1 enable the superpotential mass terms to all the fundamental
Z2-even superfields except for yµ i and yµ 3, providing a novel GUT framework manifestly free of the
gauge and Witten anomalies.

The large E6 representations S, S0 and Y trigger (through their scalar VEVs) the spontaneous
rank- and SUSY-preserving breaking of E6 symmetry at M6 scale in Eq. (1), while the components of
the Z2-even E6-adjoint representation A play a critical role in triggering the subsequent trinification
SSB in Eq. (2). All these fields conveniently received large masses and can be integrated out below
either M6 (large E6 reps) or M3 (adjoint E6 rep) scale in the considered SUSY GUT. Taking the
trinification breaking at M3 scale as an example, the SU(3)L,R-adjoint superfields Da

L,R ⇢ (78, 1) (see
Table 2) originating from A superfield have a universal mass term µ78 ⇠ MGUT in the superpotential,
which together with a cubic term triggers a rank- and SUSY-preserving VEV in one of its scalar
components hD̃a=8
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the D- and F-terms have to vanish separately. This means that the scalar potential has zero value in
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Defining the model from unification principles
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L5D = - ⇠
M8

h
1

4C Tr
⇣

Fµ⌫ · �̃E6 · Fµ⌫
⌘i

�̃E6 ⇠ (78 ⌦ 78)sym = 1 � 650 � 2430

Since 650 contains two orthogonal trinification singlets we consider
corrections from

⌃ ⌘ 650 , ⌃0 ⌘ 6500 ,  ⌘ 2430

APM,RP (AU,LU) On the origin of fermion masses and mixing from a unified description of flavour and gauge interactionsMay 20th, 2019 9 / 28

The role of E6 dim-5 operators in the gauge sector



E6 and Trinification breaking

Universe 2021, 7, 461 6 of 11

sector capable of destabilising the proton at the soft scale. Together with the baryon-number
U(1)B-symmetric Yukawa sector, this ensures that only E6 gauge interactions can trigger the proton
decay, highly suppressed by a large M6 close to MGUT.

The dim-3 superpotential of X, X0 and DL,R,C superfields – components of the massive chiral A
superfield (see Table 2, also Ref. [42]) – reads

W78 = Â
A=L,R,C

h1
2

µ78TrD2
A +

1
3!
Y78TrD3

A

i
+ µ78Tr(XX0) + Â

A=L,R,C
Y78Tr(XX0DA) , (12)

with the universal µ78 ' MGUT. As was mentioned above, the last rank/SUSY-preserving breaking
step in Eq. (2) represents the trinification breaking by means of degenerate VEVs at M3 . M6 in the
SU(3)L, SU(3)R octet superfields DL, DR, respectively [39,40]. In this case, all the DL,R,C components
acquire large masses MDL,R,C ⇠ M3 and hence are integrated out leaving no heavy fields in the
resulting left-right (LR) symmetric SUSY EFT [47]

WLR = Y1#ij
⇥
ci · q
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written in terms of the massless components of trinification bi-triplets introduced in Eq. (7). The
further symmetry breaking steps down to the SM and hence the masses/mixings of the L

i,3 and
Q

i,3
L,R components are controlled by the structure of the soft-SUSY breaking mass terms and tri-linear

interactions as well as by the tree-level Yukawa hierarchy (10).
In the LR symmetric SUSY theory the largest amount of free parameters comes from the

soft-SUSY breaking sector, namely, 17 trilinear couplings (5 invloving sleptons and 12 – squarks),
16 soft L̃L̃- and Q̃Q̃-type mass terms, 2 high-scale gaugino mass parameters (in E6 and gauge-family
sectors). In addition, there are 4 gauge couplings in the gauge sector whereas all the low-scale Yukawa
couplings are matched to two universal high-scale ones defining the strongest hierarchies (10) already
at tree level. The loop corrections to the Yukawa sector are controlled by the soft-SUSY breaking
parameters and gauge couplings, whose number is sufficient to accommodate the measured values
of the SM fermion masses and mixing angles.

Let us now investigate how strong the hierarchy between the soft and trinification breaking
scales, MS ⌧ M3, can be – the question of primary importance for a realistic low-energy theory.
Provided the compressed hierarchy MGUT & M6, the unknown MGUT-scale effects may induce
significant threshold corrections to the trinification gauge couplings at M6 scale. Indeed, the relevant
gauge-kinetic dim-5 operators [46]

L5D = � x

MGUT

h 1
4C

Tr(Fµn · F̃E6 · F
µn)

i
(14)

where C is the charge normalization, Fµn is the E6 field strength tensor, x ⇠ 1 is a non-renormalisable
coupling constant, and F̃E6 is a linear combination of the scalar fields originating from the symmetric
product of two E6 adjoint representations F̃E6 2 (78 ⌦ 78)sym = 1 � 650 � 2430, with two 650-reps
S

µ
n and S0µ

n already utilised above. The E6-breaking VEVs in these fields modify the gauge coupling
unification condition at M6 scale via dim-5 threshold corrections from Eq. (14) [46]
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sector capable of destabilising the proton at the soft scale. Together with the baryon-number
U(1)B-symmetric Yukawa sector, this ensures that only E6 gauge interactions can trigger the proton
decay, highly suppressed by a large M6 close to MGUT.
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step in Eq. (2) represents the trinification breaking by means of degenerate VEVs at M3 . M6 in the
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sector capable of destabilising the proton at the soft scale. Together with the baryon-number
U(1)B-symmetric Yukawa sector, this ensures that only E6 gauge interactions can trigger the proton
decay, highly suppressed by a large M6 close to MGUT.

The dim-3 superpotential of X, X0 and DL,R,C superfields – components of the massive chiral A
superfield (see Table 2, also Ref. [42]) – reads
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with the universal µ78 ' MGUT. As was mentioned above, the last rank/SUSY-preserving breaking
step in Eq. (2) represents the trinification breaking by means of degenerate VEVs at M3 . M6 in the
SU(3)L, SU(3)R octet superfields DL, DR, respectively [39,40]. In this case, all the DL,R,C components
acquire large masses MDL,R,C ⇠ M3 and hence are integrated out leaving no heavy fields in the
resulting left-right (LR) symmetric SUSY EFT [47]
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written in terms of the massless components of trinification bi-triplets introduced in Eq. (7). The
further symmetry breaking steps down to the SM and hence the masses/mixings of the L
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soft-SUSY breaking sector, namely, 17 trilinear couplings (5 invloving sleptons and 12 – squarks),
16 soft L̃L̃- and Q̃Q̃-type mass terms, 2 high-scale gaugino mass parameters (in E6 and gauge-family
sectors). In addition, there are 4 gauge couplings in the gauge sector whereas all the low-scale Yukawa
couplings are matched to two universal high-scale ones defining the strongest hierarchies (10) already
at tree level. The loop corrections to the Yukawa sector are controlled by the soft-SUSY breaking
parameters and gauge couplings, whose number is sufficient to accommodate the measured values
of the SM fermion masses and mixing angles.

Let us now investigate how strong the hierarchy between the soft and trinification breaking
scales, MS ⌧ M3, can be – the question of primary importance for a realistic low-energy theory.
Provided the compressed hierarchy MGUT & M6, the unknown MGUT-scale effects may induce
significant threshold corrections to the trinification gauge couplings at M6 scale. Indeed, the relevant
gauge-kinetic dim-5 operators [46]
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sector capable of destabilising the proton at the soft scale. Together with the baryon-number
U(1)B-symmetric Yukawa sector, this ensures that only E6 gauge interactions can trigger the proton
decay, highly suppressed by a large M6 close to MGUT.

The dim-3 superpotential of X, X0 and DL,R,C superfields – components of the massive chiral A
superfield (see Table 2, also Ref. [42]) – reads
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+ µ78Tr(XX0) + Â

A=L,R,C
Y78Tr(XX0DA) , (12)

with the universal µ78 ' MGUT. As was mentioned above, the last rank/SUSY-preserving breaking
step in Eq. (2) represents the trinification breaking by means of degenerate VEVs at M3 . M6 in the
SU(3)L, SU(3)R octet superfields DL, DR, respectively [39,40]. In this case, all the DL,R,C components
acquire large masses MDL,R,C ⇠ M3 and hence are integrated out leaving no heavy fields in the
resulting left-right (LR) symmetric SUSY EFT [47]
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written in terms of the massless components of trinification bi-triplets introduced in Eq. (7). The
further symmetry breaking steps down to the SM and hence the masses/mixings of the L

i,3 and
Q

i,3
L,R components are controlled by the structure of the soft-SUSY breaking mass terms and tri-linear

interactions as well as by the tree-level Yukawa hierarchy (10).
In the LR symmetric SUSY theory the largest amount of free parameters comes from the

soft-SUSY breaking sector, namely, 17 trilinear couplings (5 invloving sleptons and 12 – squarks),
16 soft L̃L̃- and Q̃Q̃-type mass terms, 2 high-scale gaugino mass parameters (in E6 and gauge-family
sectors). In addition, there are 4 gauge couplings in the gauge sector whereas all the low-scale Yukawa
couplings are matched to two universal high-scale ones defining the strongest hierarchies (10) already
at tree level. The loop corrections to the Yukawa sector are controlled by the soft-SUSY breaking
parameters and gauge couplings, whose number is sufficient to accommodate the measured values
of the SM fermion masses and mixing angles.

Let us now investigate how strong the hierarchy between the soft and trinification breaking
scales, MS ⌧ M3, can be – the question of primary importance for a realistic low-energy theory.
Provided the compressed hierarchy MGUT & M6, the unknown MGUT-scale effects may induce
significant threshold corrections to the trinification gauge couplings at M6 scale. Indeed, the relevant
gauge-kinetic dim-5 operators [46]
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where C is the charge normalization, Fµn is the E6 field strength tensor, x ⇠ 1 is a non-renormalisable
coupling constant, and F̃E6 is a linear combination of the scalar fields originating from the symmetric
product of two E6 adjoint representations F̃E6 2 (78 ⌦ 78)sym = 1 � 650 � 2430, with two 650-reps
S

µ
n and S0µ

n already utilised above. The E6-breaking VEVs in these fields modify the gauge coupling
unification condition at M6 scale via dim-5 threshold corrections from Eq. (14) [46]
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where a�1
3A , A = L, R, C, are the inverse trinification structure constants, kS,S0 and z ⇠ 1 were defined

above. Provided that the family U(1)T and the hypercharge U(1)Y gauge groups remain unbroken
above the EW scale, their the T- and Y-charges are related to the high-scale ones as TT = 6T3
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structure constants are matched (at tree level) to the high-scale ones below M3-scale as follows: a�1
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2R , respectively. (Here, a2A and
aA are the structure constants for SU(2)A and U(1)A, respectively.)

We have performed a sophisticated numerical analysis of the one-loop RG flow of gauge
couplings between MGUT and MEW scales accounting for tree-level matching at intermediate scales
as well as the matching to their measured counterparts at MEW. We have demonstrated that the
presence of threshold corrections dA to the gauge couplings at M6 enables a perturbative universal
coupling with MGUT = 1016 � 1018 GeV as well as low-scale soft-SUSY breaking down to as low
as MS . 103 TeV, in overall consistency with the SM phenomenology. For all valid points, we
have found a compressed M6 � MGUT hierarchy with z ' 1 as well as kS ' �kS0 . One particular
example for such RG flow for a valid parameter space point is shown in Fig. 1. The E6 gauge coupling
evolves very fast as indicated by a steep line stretched between MGUT and M6 scales. The threshold
corrections are quite sizable in this example. We give the corresponding parameters in Table 3. Note,
in an unrealistic case of a strong M6 � MGUT hierarchy z ⌧ 1, one could recover an approximate
unification a�1

3C ' a�1
3L ' a�1

3R corresponding to Z3-permutation symmetry in the trinification gauge
sector, originally imposed in Ref. [48]. However, a small z ⌧ 1 implies unacceptably small Yukawa
couplings (see Eq. (9)).

Figure 1. An illustration of RG evolution of the gauge couplings in the considered model for a
parameter space point with a low-scale soft-SUSY breaking consistent with the SM. Here, all the
soft-induced symmetry breaking scales (except MEW ⌧ MS) are assumed to be compressed for
simplicity and are fixed to a universal value MS where the SM gauge symmetry emerges. The purple
dot represents the universal a�1

U (MGUT), while the orange dot shows the a�1
T (MS) value. The purple

dot represents an example of a unified gauge couplings where non-perturbative effects can start
playing role.
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sector capable of destabilising the proton at the soft scale. Together with the baryon-number
U(1)B-symmetric Yukawa sector, this ensures that only E6 gauge interactions can trigger the proton
decay, highly suppressed by a large M6 close to MGUT.

The dim-3 superpotential of X, X0 and DL,R,C superfields – components of the massive chiral A
superfield (see Table 2, also Ref. [42]) – reads

W78 = Â
A=L,R,C

h1
2

µ78TrD2
A +

1
3!
Y78TrD3

A

i
+ µ78Tr(XX0) + Â

A=L,R,C
Y78Tr(XX0DA) , (12)

with the universal µ78 ' MGUT. As was mentioned above, the last rank/SUSY-preserving breaking
step in Eq. (2) represents the trinification breaking by means of degenerate VEVs at M3 . M6 in the
SU(3)L, SU(3)R octet superfields DL, DR, respectively [39,40]. In this case, all the DL,R,C components
acquire large masses MDL,R,C ⇠ M3 and hence are integrated out leaving no heavy fields in the
resulting left-right (LR) symmetric SUSY EFT [47]
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written in terms of the massless components of trinification bi-triplets introduced in Eq. (7). The
further symmetry breaking steps down to the SM and hence the masses/mixings of the L
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L,R components are controlled by the structure of the soft-SUSY breaking mass terms and tri-linear
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In the LR symmetric SUSY theory the largest amount of free parameters comes from the
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16 soft L̃L̃- and Q̃Q̃-type mass terms, 2 high-scale gaugino mass parameters (in E6 and gauge-family
sectors). In addition, there are 4 gauge couplings in the gauge sector whereas all the low-scale Yukawa
couplings are matched to two universal high-scale ones defining the strongest hierarchies (10) already
at tree level. The loop corrections to the Yukawa sector are controlled by the soft-SUSY breaking
parameters and gauge couplings, whose number is sufficient to accommodate the measured values
of the SM fermion masses and mixing angles.

Let us now investigate how strong the hierarchy between the soft and trinification breaking
scales, MS ⌧ M3, can be – the question of primary importance for a realistic low-energy theory.
Provided the compressed hierarchy MGUT & M6, the unknown MGUT-scale effects may induce
significant threshold corrections to the trinification gauge couplings at M6 scale. Indeed, the relevant
gauge-kinetic dim-5 operators [46]
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where C is the charge normalization, Fµn is the E6 field strength tensor, x ⇠ 1 is a non-renormalisable
coupling constant, and F̃E6 is a linear combination of the scalar fields originating from the symmetric
product of two E6 adjoint representations F̃E6 2 (78 ⌦ 78)sym = 1 � 650 � 2430, with two 650-reps
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n already utilised above. The E6-breaking VEVs in these fields modify the gauge coupling
unification condition at M6 scale via dim-5 threshold corrections from Eq. (14) [46]
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Below E6 breaking scale:

have a common origin in E6 they can share a universal mass and hence be kept in the
trinification spectrum. Furthermore, since they are not gauge singlets, their effect to the
one-loop running of the gauge couplings must be considered. The quantum numbers of the�
78,1(0)

�
components are shown in Tab. V and the part of the superpotential containing

SU(3)L SU(3)R SU(3)C SU(2)F U(1)F

�L 8 1 1 1 0
�R 1 8 1 1 0
�C 1 1 8 1 0
⌅ 3 3 3 1 0
⌅0 3 3 3 1 0

TABLE V. Components of the adjoint chiral superfield
�
78,1(0)

�
.

massive trinification representations reads
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(2.23)

After trinification symmetry breaking, Eq. (2.22), we are left with the left-right symmetric
theory whose tree-level superpotential can be written as
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where we recast the chiral superfields in Eq. (2.21) as
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and where l̄ and r̄ are the SU(2)L and SU(2)R doublet indices, respectively.

III. SOFT-SUSY BREAKING INTERACTIONS

The choice of the E8 symmetry breaking pattern down to a LR-symmetric SUSY theory,
with three distinct but relatively compressed breaking scales, M8, M6 and M3, introduced
above, leaves the 27-plet components L, QL and QR massless. The latter, hence, contain
the light SM matter sectors naturally decoupled from the trinification breaking scale M3.
Indeed, the subsequent breaking steps towards the SM gauge group should be induced by a
new energy scale which originates from another sector, in particular, the sector of soft-SUSY
breaking interactions.

The existence of the soft SUSY breaking sector triggers the breaking of the remaining
gauge symmetries down to the SM gauge group. The most generic VEV setting that leaves
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In analogy to conventional R-parity, we may denote PB as B-parity and its relevance
will become evident below. In particular, Higgs bosons, which are embedded in eL, are even
while squarks are odd under B-parity. This is quite relevant since triple-Higgs and Higgs-
fermion Yukawa interactions are allowed whereas triple-squark or quark-quark-squark terms
are forbidden. This means that the only fundamental interactions that could destabilise the
proton in the considered SHUT framework would come from B-parity violating E6 gauge
interactions at the M6 scale.

Note that the origins of (non-universal) gauge and Yukawa interactions in the SHUT
model are interconnected and emerge due to the E6-breaking effects by means of the high-
dimensional operators. We also see from Eqs. (2.16) and (2.18) that the M8 and M6 scales
cannot be too far off. If so, the SM quark and lepton masses would be strongly suppressed
by a small ratio vE6/M8 which, in turn, would make it challenging to reproduce the observed
fermion spectrum. Interestingly, as we will notice in Sec. V, the measured values of the gauge
couplings at the EW-scale imply that the M6 and M8 scales are indeed almost degenerate
making both the Yukawa and gauge sectors self-consistent without any artificial tuning.

The massless superfields resulting from the (27,2)(1) and (27,1)(�2) supermultiplets form
bi-triplets of the trinification group and transform according to the quantum numbers spec-
ified in Tab. IV, where we cast the components of the lepton and quark superfields as
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(2.21)

with l, r and x denoting SU(3)L, SU(3)R and SU(3)C triplet indices, respectively. Note that
the L and R subscripts do not denote left and right chiralities and the fermionic components
of the superfields are defined as left-handed Weyl spinors. As was thoroughly investigated

SU(3)L SU(3)R SU(3)C SU(2)F U(1)F

Li 3 3 1 2 1
L3 3 3 1 1 �2
Qi

L 3 1 3 2 1
Q3

L 3 1 3 1 �2
Qi

R 1 3 3 2 1
Q3

R 1 3 3 1 �2

TABLE IV. Fundamental chiral superfields in the SHUT model.

in an earlier work [33], the breaking of the trinification symmetry takes place once the
scalar components of the heavy adjoint octet superfields �L and �R acquire VEVs, i.e.
vL = vR ⌘ M3, respectively,

SU(3)L ⇥ SU(3)R
vL,R
! SU(2)L ⇥ SU(2)R ⇥ U(1)L ⇥ U(1)R . (2.22)

Such superfields are embedded in a heavy E6 adjoint 78-plet which also contains two trini-
fication tri-triplets that we denote as ⌅ and ⌅0. Since both the octets and the tri-triplets
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Trinification EFT: Yukawa sector

Defining the model from unification principles

E6 27-plet contains three trinification SU(3)L ⇥ SU(3)R ⇥ SU(3)C bi-triplets:
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SUSY unifies Higgs and Leptons in L

Only two quark generations acquire tree-level masses from W3
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2

constraints on the structure of the resulting low-energy
EFT below MS. How does such Higgs-matter unification
comply with observations?

First, heavy states corresponding to adjoint represen-
tations of E6⇥SU(3)F such as (1,8), (78,1) etc, develop
their masses of order MGUT. Their scalar VEVs fur-
ther trigger the subsequent rank- and SUSY-preserving
SSB steps indicated in Eqs. (1), (2), and (3). For exam-
ple, the SU(3)F-adjoint (E6-singlet) superfield �a

F⌘(1,8)

has a large mass term µ1=MGUT in the superpotential,
which together with a cubic term triggers a rank- and
SUSY-preserving VEV in one of its scalar components
h�̃

a=8
F i⌘M3F at a nearly degenerate scale, M3F'MGUT

[25]. The SUSY-preserving breaking of a gauge symme-
try implies that the D- and F -terms have to vanish sep-
arately. This means that the scalar potential has zero
value in both the SU(3)F-symmetric and SU(3)F-broken
vacua in the exact SUSY case. Thus, the presence of even
a tiny soft-SUSY breaking effect already at the MGUT

scale is needed to make these vacua non-equivalent [26],
hence, enabling the SU(3)F SSB. As a result, all the com-
ponents of �a

F acquire a universal mass, M�F⇠M3F due
to D-terms and thus are integrated out below the M�F

scale. Notably, this breaking enables for a phenomenolog-
ically consistent splitting between the second- and third-
generation quark masses already at tree level with only
two distinct quark Yukawa couplings below M6. Let us
explore this interesting phenomenon in more detail.

SU(3)L SU(3)R SU(3)C SU(2)F U(1)F U(1)W U(1)B

Li 3 3 1 2 1 1 0
L3 3 3 1 1 �2 1 0
Qi

L 3 1 3 2 1 �1/2 1/3
Q3

L 3 1 3 1 �2 �1/2 1/3
Qi

R 1 3 3 2 1 �1/2 �1/3
Q3

R 1 3 3 1 �2 �1/2 �1/3

�L 8 1 1 1 0 0 0
�R 1 8 1 1 0 0 0
�C 1 1 8 1 0 0 0
⌅ 3 3 3 1 0 0 0
⌅0 3 3 3 1 0 0 0

TABLE I: Upper part: fundamental chiral superfields in the
[SU(3)]3⇥SU(2)F⇥U(1)F theory – components of the mass-
less (27,3) superfield of E6⇥SU(3)F [27]. Lower part: the
corresponding components of the massive superfield (78,1).
Accidental symmetries’ charges are shown in last two columns.

Indeed, the resulting SUSY GUT E6⇥SU(2)F⇥

U(1)F theory below MGUT features a vanishing dim-
3 superpotential in the fundamental sector com-
posed of (27,2)(1)⌘ 

µi and (27,1)(�2)⌘ 
µ3 superfields,

dµ⌫�"ij µi ⌫j �3
=0, caused by anti-symmetry of fam-

ily index contractions, where dµ⌫� is a completely sym-
metric E6 tensor [28, 29], and "ij is the totally anti-
symmetric SU(2) Levi-Civita tensor. Since the renor-

malisable E6 interactions cannot generate a non-trivial
Yukawa structure in this theory, the effects of high-
dimensional operators become important. In particular,
the relevant dim-4 superpotential below M3F scale reads
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i
, (5)

where the minimal superfield content necessary to gener-
ate two distinct Yukawa couplings below M6 requires the
presence of two different bi-fundamental 650-superfields
of E6, ⌃µ

⌫ and ⌃0µ
⌫ , originating from large E8 representa-

tions such as 3875 and 27000. Their VEVs, h⌃i / k⌃M6

and h⌃0
i / k⌃0M6, trigger subsequent breaking of E6 [30]

down to the trinification symmetry (2). As a result, an
EFT superpotential below M6 reads
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in terms of the massless trinification leptonic Li,3 and
quark Qi,3

L,R superfields – components of the original
(27,3) representation of E6⇥SU(3)F described in Table I.
Next, it is convenient to perform the following decompo-
sition
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where l, r and x represent SU(3)L, SU(3)R and SU(3)C

triplet indices, respectively, i is the SU(2)F index, while
the labels L (R) should not be identified with left (right)
chiralities at this stage (fermionic components are L-
handed Weyl spinors). The Higgs matter unification here
implies that the Higgs doublet superfields of the EW
theory are unified together with the lepton and quark
SU(3)L,R doublet superfields in the same (27,3) represen-
tation. Such a unification is thus enforced by the gauge
symmetry of the high-scale theory and that cannot be
consistently realised in the MSSM.

The effective trinification superpotential (6) contains
two universal Yukawa couplings

Y1=⇣
k⌃0
p

6
�̃45, Y2=⇣

k⌃
2
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2
(�̃21��̃45), (8)

where �̃ij⌘�̃i��̃j and ⇣'M6/M3F. As we will demon-
strate below, due to a very steep Renormalisation Group
(RG) evolution of the gauge couplings in the E6⇥

SU(2)F⇥U(1)F theory at high scales and the required
matching of the SM gauge couplings to their measured
values at the electroweak (EW) scale, one has ⇣⇠1 and
k⌃'�k⌃0 . On another hand, a common origin of the dim-
4 operators from E8 dynamics in the superpotential (5)
and a compressed hierarchy MGUT'M3F&M6 imply that
�̃21'�̃45 suggesting the following hierarchy Y2⌧Y1⇠1. It

2

constraints on the structure of the resulting low-energy
EFT below MS. How does such Higgs-matter unification
comply with observations?

First, heavy states corresponding to adjoint represen-
tations of E6⇥SU(3)F such as (1,8), (78,1) etc, develop
their masses of order MGUT. Their scalar VEVs fur-
ther trigger the subsequent rank- and SUSY-preserving
SSB steps indicated in Eqs. (1), (2), and (3). For exam-
ple, the SU(3)F-adjoint (E6-singlet) superfield �a

F⌘(1,8)

has a large mass term µ1=MGUT in the superpotential,
which together with a cubic term triggers a rank- and
SUSY-preserving VEV in one of its scalar components
h�̃

a=8
F i⌘M3F at a nearly degenerate scale, M3F'MGUT

[25]. The SUSY-preserving breaking of a gauge symme-
try implies that the D- and F -terms have to vanish sep-
arately. This means that the scalar potential has zero
value in both the SU(3)F-symmetric and SU(3)F-broken
vacua in the exact SUSY case. Thus, the presence of even
a tiny soft-SUSY breaking effect already at the MGUT

scale is needed to make these vacua non-equivalent [26],
hence, enabling the SU(3)F SSB. As a result, all the com-
ponents of �a

F acquire a universal mass, M�F⇠M3F due
to D-terms and thus are integrated out below the M�F

scale. Notably, this breaking enables for a phenomenolog-
ically consistent splitting between the second- and third-
generation quark masses already at tree level with only
two distinct quark Yukawa couplings below M6. Let us
explore this interesting phenomenon in more detail.

SU(3)L SU(3)R SU(3)C SU(2)F U(1)F U(1)W U(1)B
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TABLE I: Upper part: fundamental chiral superfields in the
[SU(3)]3⇥SU(2)F⇥U(1)F theory – components of the mass-
less (27,3) superfield of E6⇥SU(3)F [27]. Lower part: the
corresponding components of the massive superfield (78,1).
Accidental symmetries’ charges are shown in last two columns.
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where l, r and x represent SU(3)L, SU(3)R and SU(3)C

triplet indices, respectively, i is the SU(2)F index, while
the labels L (R) should not be identified with left (right)
chiralities at this stage (fermionic components are L-
handed Weyl spinors). The Higgs matter unification here
implies that the Higgs doublet superfields of the EW
theory are unified together with the lepton and quark
SU(3)L,R doublet superfields in the same (27,3) represen-
tation. Such a unification is thus enforced by the gauge
symmetry of the high-scale theory and that cannot be
consistently realised in the MSSM.
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�̃21'�̃45 suggesting the following hierarchy Y2⌧Y1⇠1. It

2

constraints on the structure of the resulting low-energy
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ple, the SU(3)F-adjoint (E6-singlet) superfield �a

F⌘(1,8)

has a large mass term µ1=MGUT in the superpotential,
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try implies that the D- and F -terms have to vanish sep-
arately. This means that the scalar potential has zero
value in both the SU(3)F-symmetric and SU(3)F-broken
vacua in the exact SUSY case. Thus, the presence of even
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scale is needed to make these vacua non-equivalent [26],
hence, enabling the SU(3)F SSB. As a result, all the com-
ponents of �a

F acquire a universal mass, M�F⇠M3F due
to D-terms and thus are integrated out below the M�F

scale. Notably, this breaking enables for a phenomenolog-
ically consistent splitting between the second- and third-
generation quark masses already at tree level with only
two distinct quark Yukawa couplings below M6. Let us
explore this interesting phenomenon in more detail.
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constraints on the structure of the resulting low-energy
EFT below MS. How does such Higgs-matter unification
comply with observations?
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tations of E6⇥SU(3)F such as (1,8), (78,1) etc, develop
their masses of order MGUT. Their scalar VEVs fur-
ther trigger the subsequent rank- and SUSY-preserving
SSB steps indicated in Eqs. (1), (2), and (3). For exam-
ple, the SU(3)F-adjoint (E6-singlet) superfield �a
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has a large mass term µ1=MGUT in the superpotential,
which together with a cubic term triggers a rank- and
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F i⌘M3F at a nearly degenerate scale, M3F'MGUT
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arately. This means that the scalar potential has zero
value in both the SU(3)F-symmetric and SU(3)F-broken
vacua in the exact SUSY case. Thus, the presence of even
a tiny soft-SUSY breaking effect already at the MGUT

scale is needed to make these vacua non-equivalent [26],
hence, enabling the SU(3)F SSB. As a result, all the com-
ponents of �a

F acquire a universal mass, M�F⇠M3F due
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generation quark masses already at tree level with only
two distinct quark Yukawa couplings below M6. Let us
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where l, r and x represent SU(3)L, SU(3)R and SU(3)C

triplet indices, respectively, i is the SU(2)F index, while
the labels L (R) should not be identified with left (right)
chiralities at this stage (fermionic components are L-
handed Weyl spinors). The Higgs matter unification here
implies that the Higgs doublet superfields of the EW
theory are unified together with the lepton and quark
SU(3)L,R doublet superfields in the same (27,3) represen-
tation. Such a unification is thus enforced by the gauge
symmetry of the high-scale theory and that cannot be
consistently realised in the MSSM.

The effective trinification superpotential (6) contains
two universal Yukawa couplings

Y1=⇣
k⌃0
p

6
�̃45, Y2=⇣

k⌃
2
p

2
(�̃21��̃45), (8)

where �̃ij⌘�̃i��̃j and ⇣'M6/M3F. As we will demon-
strate below, due to a very steep Renormalisation Group
(RG) evolution of the gauge couplings in the E6⇥

SU(2)F⇥U(1)F theory at high scales and the required
matching of the SM gauge couplings to their measured
values at the electroweak (EW) scale, one has ⇣⇠1 and
k⌃'�k⌃0 . On another hand, a common origin of the dim-
4 operators from E8 dynamics in the superpotential (5)
and a compressed hierarchy MGUT'M3F&M6 imply that
�̃21'�̃45 suggesting the following hierarchy Y2⌧Y1⇠1. It

2

constraints on the structure of the resulting low-energy
EFT below MS. How does such Higgs-matter unification
comply with observations?

First, heavy states corresponding to adjoint represen-
tations of E6⇥SU(3)F such as (1,8), (78,1) etc, develop
their masses of order MGUT. Their scalar VEVs fur-
ther trigger the subsequent rank- and SUSY-preserving
SSB steps indicated in Eqs. (1), (2), and (3). For exam-
ple, the SU(3)F-adjoint (E6-singlet) superfield �a

F⌘(1,8)

has a large mass term µ1=MGUT in the superpotential,
which together with a cubic term triggers a rank- and
SUSY-preserving VEV in one of its scalar components
h�̃

a=8
F i⌘M3F at a nearly degenerate scale, M3F'MGUT

[25]. The SUSY-preserving breaking of a gauge symme-
try implies that the D- and F -terms have to vanish sep-
arately. This means that the scalar potential has zero
value in both the SU(3)F-symmetric and SU(3)F-broken
vacua in the exact SUSY case. Thus, the presence of even
a tiny soft-SUSY breaking effect already at the MGUT

scale is needed to make these vacua non-equivalent [26],
hence, enabling the SU(3)F SSB. As a result, all the com-
ponents of �a

F acquire a universal mass, M�F⇠M3F due
to D-terms and thus are integrated out below the M�F

scale. Notably, this breaking enables for a phenomenolog-
ically consistent splitting between the second- and third-
generation quark masses already at tree level with only
two distinct quark Yukawa couplings below M6. Let us
explore this interesting phenomenon in more detail.

SU(3)L SU(3)R SU(3)C SU(2)F U(1)F U(1)W U(1)B

Li 3 3 1 2 1 1 0
L3 3 3 1 1 �2 1 0
Qi

L 3 1 3 2 1 �1/2 1/3
Q3

L 3 1 3 1 �2 �1/2 1/3
Qi

R 1 3 3 2 1 �1/2 �1/3
Q3

R 1 3 3 1 �2 �1/2 �1/3

�L 8 1 1 1 0 0 0
�R 1 8 1 1 0 0 0
�C 1 1 8 1 0 0 0
⌅ 3 3 3 1 0 0 0
⌅0 3 3 3 1 0 0 0

TABLE I: Upper part: fundamental chiral superfields in the
[SU(3)]3⇥SU(2)F⇥U(1)F theory – components of the mass-
less (27,3) superfield of E6⇥SU(3)F [27]. Lower part: the
corresponding components of the massive superfield (78,1).
Accidental symmetries’ charges are shown in last two columns.
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triplet indices, respectively, i is the SU(2)F index, while
the labels L (R) should not be identified with left (right)
chiralities at this stage (fermionic components are L-
handed Weyl spinors). The Higgs matter unification here
implies that the Higgs doublet superfields of the EW
theory are unified together with the lepton and quark
SU(3)L,R doublet superfields in the same (27,3) represen-
tation. Such a unification is thus enforced by the gauge
symmetry of the high-scale theory and that cannot be
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implies that the Higgs doublet superfields of the EW
theory are unified together with the lepton and quark
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k⌃'�k⌃0 . On another hand, a common origin of the dim-
4 operators from E8 dynamics in the superpotential (5)
and a compressed hierarchy MGUT'M3F&M6 imply that
�̃21'�̃45 suggesting the following hierarchy Y2⌧Y1⇠1. It

3

turns out that such an emergent hierarchy is consistent
with the existence of an order-one top-quark Yukawa cou-
pling given by Y1. Besides, it leads to the observed top-
charm and bottom-strange quark mass hierarchies in the
SM as well as to the down-type vector-like quark mass
hierarchy already at tree level, namely,

Y1

Y2
=

mt

mc
⇡

mb

ms
⇡

mB

mD,S
⇠ O(100), (9)

implying also a possibility for two light vector-like D,S-
quark species potentially within the reach of the LHC or
future collider measurements.

The superpotential (6) possesses an accidental Abelian
U(1)W⇥U(1)B symmetry whose charges, W and B, are
summarised in Table I. Furthermore, the theory has an
extra Z2 parity denoted as PB-parity defined as

PB = (�1)
2W+2S

=(�1)
3B+2S , (10)

where S is the spin. In the considered GUT theory, the
PB-parity replaces the conventional R-parity and forbids
triple-squark or quark-quark-squark trilinear interactions
in the soft-SUSY breaking sector capable of destabilising
the proton at the soft scale. Together with the baryon-
number U(1)B-symmetric Yukawa sector, this ensures
that only E6 gauge interactions can trigger the proton
decay, highly suppressed by a large M6 close to MGUT.

The dim-3 superpotential of ⌅, ⌅0 and �L,R,C super-
fields – components of the massive chiral (78,1) super-
field of E6⇥SU(3)F (see Table I,also Ref. [27]) – reads

W78=

X

A=L,R,C

h
1

2
µ78Tr�2

A+
1

3!
Y78Tr�3

A

i

+µ78Tr(⌅⌅0
)+

X

A=L,R,C

Y78Tr(⌅⌅0�A),
(11)

with the universal µ78'MGUT. The last rank/SUSY-
preserving breaking step in Eq. (3) represents the trinifi-
cation breaking by means of degenerate VEVs at M3.M6

in the SU(3)L, SU(3)R octet superfields �L, �R, respec-
tively [25, 31]. In this case, similarly to �F, all the
�L,R,C components acquire large masses M�L,R,C⇠M3

and hence are integrated out leaving no heavy fields in
the resulting left-right (LR) symmetric SUSY EFT [32]

W=Y1"ij
⇥
�i

·q3
L·q

j
R+`iR·D

3
L·q

j
R+`iL·q

3
L·D

j
R+�i

·D3
L·D

j
R

⇤

�Y2"ij
⇥
j$3

⇤
+Y2"ij

⇥
i$3

⇤
(12)

written in terms of the massless components of trinifica-
tion bi-triplets introduced in Eq. (7). The further sym-
metry breaking steps down to the SM and hence the
masses/mixings of the Li,3 and Qi,3

L,R components are
controlled by the structure of the soft-SUSY breaking
mass terms and tri-linear interactions as well as by the
tree-level Yukawa hierarchy (9).

In the LR symmetric SUSY theory the largest amount
of free parameters comes from the soft-SUSY breaking

sector, namely, 17 trilinear couplings (5 invloving slep-
tons and 12 – squarks), 16 soft L̃L̃- and Q̃Q̃-type mass
terms, 2 high-scale gaugino mass parameters (in E6 and
gauge-family sectors). In addition, there are 4 gauge
couplings in the gauge sector whereas all the low-scale
Yukawa couplings are matched to two universal high-
scale ones defining the strongest hierarchies (9) already
at tree level. The loop corrections to the Yukawa sector
are controlled by the soft-SUSY breaking parameters and
gauge couplings, whose number is sufficient to accommo-
date the measured values of the SM fermion masses and
mixing angles.

Let us now investigate how strong the hierarchy be-
tween the soft and trinification breaking scales, MS⌧M3,
can be – the question of primary importance for a real-
istic low-energy theory. Provided that MGUT&M6, E8

breaking effects may induce significant threshold correc-
tions to the trinification gauge couplings at M6 scale.
Indeed, the relevant gauge-kinetic dim-5 operators [30]

L5D=�
⇠

MGUT

h
1

4C
Tr(Fµ⌫ ·�̃E6 ·F

µ⌫
)

i
(13)

where C is the charge normalization, Fµ⌫ is the E6 field
strength tensor, ⇠⇠1 is a non-renormalisable coupling
constant, and �̃E6 is a linear combination of the scalar
fields originating from the symmetric product of two
E6 adjoint representations �̃E62(78⌦78)sym=1�650�
2430, where 2430227000 of E8, on top of ⌃µ

⌫ and ⌃0µ
⌫

introduced above. The E6-breaking VEVs in these fields
modify the gauge coupling unification condition at M6

scale via dim-5 threshold corrections from Eq. (13) [30]

↵�1
3C(1+⇣�C)

�1
=↵�1

3L (1+⇣�L)
�1

=↵�1
3R(1+⇣�R)

�1, (14)

↵�1
3A=

4⇡

g2A
, �C=�

1
p

2
k⌃�

1
p

26
k ,

�L,R=
1

2
p

2
k⌃±

3

2
p

2
k⌃0�

1
p

26
k , k /

h2430i

M6
,

where ↵�1
3A, A=L,R,C, are the inverse trinification struc-

ture constants, k⌃,⌃0 and ⇣⇠1 were defined above. Pro-
vided that the family U(1)T and the hypercharge U(1)Y

gauge groups remain unbroken above the EW scale,
their the T - and Y -charges are related to the high-
scale ones as TT=6T 3

R�4T 3
F+

2p
3
(T 8

L�T 8
R�2T 8

F) and TY=

2T 3
R+

2p
3
(T 8

L+T 8
R), respectively. The corresponding in-

verse structure constants are matched (at tree level) to
the high-scale ones below M3-scale as follows: ↵�1

T =
4
9

�
↵�1

2F +
1
12 [↵�1

L +↵�1
R +4↵�1

F ]
�
+↵�1

2R and ↵�1
Y =

1
3 (↵�1

L +

↵�1
R )+↵�1

2R , respectively. (Here, ↵2A and ↵A are the
structure constants for SU(2)A and U(1)A, respectively.)

We have performed a sophisticated numerical analy-
sis of the one-loop RG flow of gauge couplings between
MGUT and MEW scales accounting for tree-level match-
ing at intermediate scales as well as the matching to
their measured counterparts at MEW. We have demon-
strated that the presence of threshold corrections �A to

tree-level quark hierarchies

are secured!

where the �̃1,2,4,5 terms are no longer completely symmetric under E6 contractions, thus no
longer vanishing. Once the 650-plets develop the VEVs (see Ref. [53] for more details),

h⌃i =
k⌃vE6
p

18
diag

✓
�2, ..., �2

9 entries
, 1, . . . , 1

9 entries
, 1, . . . , 1

9 entries

◆

h⌃0
i =

k⌃0vE6
p

6
diag

✓
0, ..., 0
9 entries

, 1, . . . , 1
9 entries

, �1, . . . , �1
9 entries

◆ (2.17)

breaking E6 to its trinification subgroup, an effective superpotential

W3 ="ij

�
Y1Li

· Q3
L · Qj

R � Y2Li
· Qj

L · Q3
R + Y2L3

· Qi
L · Qj

R

�
(2.18)

is generated3 reproducing a new version of the SHUT model with local family symmetry
SU(2)F ⇥ U(1)F and with Yukawa couplings

Y1 = ⇣
k⌃0
p

6

⇣
�̃4 � �̃5

⌘
,

Y2 = ⇣
k⌃

2
p

2

⇣
�̃2 � �̃1

⌘
�

p
3k⌃

2k⌃0
Y1 ,

(2.19)

where k⌃, k⌃0 and ⇣ are defined in Eqs. (2.9) and (2.12), respectively. Note that the su-
perpotential in Eq. (2.18) contains an accidental Abelian U(1)W ⇥ U(1)B symmetry whose
charges can be chosen as in Tab. II.

U(1)W U(1)B

L +1 0
QL �1/2 +1/3
QR �1/2 �1/3

TABLE II. Charge assignment of the light bi-triplets in the trinification theory under the accidental
symmetries of the superpotential Eq. (2.18). The family index is implicit.

It is instructive to notice that the SUSY theory exhibits a new accidental Z2 parity which
can be equivalently associated with either U(1)W or U(1)B symmetries of the superpotential

PB = (�1)
2W+2S

= (�1)
3B+2S

, (2.20)
where S is the spin, while W and B are the U(1)W and U(1)B charges, respectively, given
in Tab. II. The corresponding PB-parity of the underlying fields is provided in Tab. III.

L eL QL eQL QR eQR Vµ g

PB � + + � + � + �

TABLE III. PB parity charges of the SHUT fields. Scalar fields are denoted with tildes, Vµ corre-
sponds to vector bosons while g are the gaugino fermions.

3 We have used E6-Tensors package [61] to verify the form of the superpotential Eq. (2.18).
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Accidental symmetries

and �C,L,R are the group theoretical factors for each VEV given in table 4 of Ref. [53].
Note that for a large hierarchy M6 ⌧ M8 the gauge coupling unification conditions,

Eq. (2.11), reduce to the standard unification relations ↵
�1
C ' ↵

�1
L ' ↵

�1
R , thus, recovering

an approximate Z3-permutation symmetry in the gauge sector of the T-GUT, previously
imposed in Ref. [33]. However, if M6 ⇠ M8 then sizeable threshold corrections on the gauge
couplings emerge with a significant impact on the subsequent RG evolution. Here we will
further consider that E6 breaking towards the trinification symmetry can proceed through
the generic vacuum direction obeying Eq. (2.9) such that the �C,L,R factors are given by the
following relations:

�C = �
1

p
2
k⌃ �

1
p

26
k ,

�L,R =
1

2
p

2
k⌃ ±

3

2
p

2
k⌃0 �

1
p

26
k .

(2.13)

Note that the singlet direction v� does not participate in deviations from non-universality
at one-loop level. As we will see below in Sec. V, the relations in Eq. (2.13) above modify
the boundary values of the gL,R,C couplings at the M6 scale in such a way that their one-loop
running allows for low-scale soft-SUSY breaking interactions in overall consistency with the
SM phenomenology.

2. Origin of Yukawa interactions

Denoting the fundamental chiral representations in the E6 ⇥ SU(2)F ⇥ U(1)F phase as

(27,2)(1) ⌘  µ i
, (27,1)(�2) ⌘  µ 3

, (2.14)

where µ = 1 , . . . , 27 is a fundamental E6 index, i = 1, 2 is a SU(2)F doublet index and the
subscripts are U(1)F charges, the superpotential for the massless sector vanishes due to the
anti-symmetry of family contractions, i.e.

W27 =
1

2
Y27dµ⌫�"ij 

µ i ⌫ j � 3
= 0 (2.15)

where dµ⌫� is a completely symmetric E6 tensor, the only invariant tensor corresponding
to 27 ⇥ 27 ⇥ 27 product, see Ref. [60, 61], and "ij is the totally anti-symmetric SU(2)

Levi-Civita tensor. Note that the vanishing superpotential in Eq. (2.15), on its own, cannot
generate a non-trivial Yukawa structure in the considered E6 ⇥SU(2)F ⇥U(1)F theory. This
means that renormalisable E6 interactions in this theory are not capable of generating the
Yukawa sector in a form similar to L · QL · QR in the SHUT theory emerging after E6

breaking, i.e. in the trinification theory supplemented with SU(2)F ⇥U(1)F, see Eq. (2.2), or
in the trinification theory supplemented with SU(3)F introduced in Ref. [33]. However, such
vanishing terms imply that effects from high-dimensional operators become relevant and
should be considered in detail. In particular, the product of three 27-plets forms invariant
contractions with the bi-fundamental 650-plets ⌃µ

⌫ and ⌃0µ
⌫ generated below the E8 breaking

scale M8 as follows

W4D =
1

2

1

M8
"ij 

µ i ⌫ j � 3
h
�̃1⌃

↵
µd↵⌫� + �̃2⌃

↵
⌫d↵µ� + �̃3⌃

↵
�d↵µ⌫+

+ �̃4⌃
0↵
µd↵⌫� + �̃5⌃

0↵
⌫d↵µ� + �̃6⌃

0↵
�d↵µ⌫

i (2.16)
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Trinification EFT: SSB

2

constraints on the structure of the resulting low-energy
EFT below MS. How does such Higgs-matter unification
comply with observations?

First, heavy states corresponding to adjoint represen-
tations of E6⇥SU(3)F such as (1,8), (78,1) etc, develop
their masses of order MGUT. Their scalar VEVs fur-
ther trigger the subsequent rank- and SUSY-preserving
SSB steps indicated in Eqs. (1), (2), and (3). For exam-
ple, the SU(3)F-adjoint (E6-singlet) superfield �a

F⌘(1,8)

has a large mass term µ1=MGUT in the superpotential,
which together with a cubic term triggers a rank- and
SUSY-preserving VEV in one of its scalar components
h�̃

a=8
F i⌘M3F at a nearly degenerate scale, M3F'MGUT

[25]. The SUSY-preserving breaking of a gauge symme-
try implies that the D- and F -terms have to vanish sep-
arately. This means that the scalar potential has zero
value in both the SU(3)F-symmetric and SU(3)F-broken
vacua in the exact SUSY case. Thus, the presence of even
a tiny soft-SUSY breaking effect already at the MGUT

scale is needed to make these vacua non-equivalent [26],
hence, enabling the SU(3)F SSB. As a result, all the com-
ponents of �a

F acquire a universal mass, M�F⇠M3F due
to D-terms and thus are integrated out below the M�F

scale. Notably, this breaking enables for a phenomenolog-
ically consistent splitting between the second- and third-
generation quark masses already at tree level with only
two distinct quark Yukawa couplings below M6. Let us
explore this interesting phenomenon in more detail.

SU(3)L SU(3)R SU(3)C SU(2)F U(1)F U(1)W U(1)B

Li 3 3 1 2 1 1 0
L3 3 3 1 1 �2 1 0
Qi

L 3 1 3 2 1 �1/2 1/3
Q3

L 3 1 3 1 �2 �1/2 1/3
Qi

R 1 3 3 2 1 �1/2 �1/3
Q3

R 1 3 3 1 �2 �1/2 �1/3

�L 8 1 1 1 0 0 0
�R 1 8 1 1 0 0 0
�C 1 1 8 1 0 0 0
⌅ 3 3 3 1 0 0 0
⌅0 3 3 3 1 0 0 0

TABLE I: Upper part: fundamental chiral superfields in the
[SU(3)]3⇥SU(2)F⇥U(1)F theory – components of the mass-
less (27,3) superfield of E6⇥SU(3)F [27]. Lower part: the
corresponding components of the massive superfield (78,1).
Accidental symmetries’ charges are shown in last two columns.

Indeed, the resulting SUSY GUT E6⇥SU(2)F⇥

U(1)F theory below MGUT features a vanishing dim-
3 superpotential in the fundamental sector com-
posed of (27,2)(1)⌘ 

µi and (27,1)(�2)⌘ 
µ3 superfields,

dµ⌫�"ij µi ⌫j �3
=0, caused by anti-symmetry of fam-

ily index contractions, where dµ⌫� is a completely sym-
metric E6 tensor [28, 29], and "ij is the totally anti-
symmetric SU(2) Levi-Civita tensor. Since the renor-

malisable E6 interactions cannot generate a non-trivial
Yukawa structure in this theory, the effects of high-
dimensional operators become important. In particular,
the relevant dim-4 superpotential below M3F scale reads

W 4D
 =

"ij µi ⌫j �3

2M3F

h
�̃1⌃

↵
µd↵⌫�+�̃2⌃

↵
⌫ d↵µ�+

+�̃4⌃
0↵
µd↵⌫�+�̃5⌃

0↵
⌫ d↵µ�

i
, (5)

where the minimal superfield content necessary to gener-
ate two distinct Yukawa couplings below M6 requires the
presence of two different bi-fundamental 650-superfields
of E6, ⌃µ

⌫ and ⌃0µ
⌫ , originating from large E8 representa-

tions such as 3875 and 27000. Their VEVs, h⌃i / k⌃M6

and h⌃0
i / k⌃0M6, trigger subsequent breaking of E6 [30]

down to the trinification symmetry (2). As a result, an
EFT superpotential below M6 reads

We↵="ij(Y1Li
·Q3

L·Q
j
R�Y2Li

·Qj
L·Q

3
R+Y2L3

·Qi
L·Q

j
R) (6)

in terms of the massless trinification leptonic Li,3 and
quark Qi,3

L,R superfields – components of the original
(27,3) representation of E6⇥SU(3)F described in Table I.
Next, it is convenient to perform the following decompo-
sition

�
Li,3

�l
r=

✓
�l̄

r̄ `l̄L
`Rr̄ �

◆i,3

,

⇣
Qi,3

L

⌘x

l=
�
qx
Ll̄

Dx
L

�i,3
,

⇣
Qi,3

R

⌘r

x=
�
qr̄
Rx DRx

�>i,3
,

(7)

where l, r and x represent SU(3)L, SU(3)R and SU(3)C

triplet indices, respectively, i is the SU(2)F index, while
the labels L (R) should not be identified with left (right)
chiralities at this stage (fermionic components are L-
handed Weyl spinors). The Higgs matter unification here
implies that the Higgs doublet superfields of the EW
theory are unified together with the lepton and quark
SU(3)L,R doublet superfields in the same (27,3) represen-
tation. Such a unification is thus enforced by the gauge
symmetry of the high-scale theory and that cannot be
consistently realised in the MSSM.

The effective trinification superpotential (6) contains
two universal Yukawa couplings

Y1=⇣
k⌃0
p

6
�̃45, Y2=⇣

k⌃
2
p

2
(�̃21��̃45), (8)

where �̃ij⌘�̃i��̃j and ⇣'M6/M3F. As we will demon-
strate below, due to a very steep Renormalisation Group
(RG) evolution of the gauge couplings in the E6⇥

SU(2)F⇥U(1)F theory at high scales and the required
matching of the SM gauge couplings to their measured
values at the electroweak (EW) scale, one has ⇣⇠1 and
k⌃'�k⌃0 . On another hand, a common origin of the dim-
4 operators from E8 dynamics in the superpotential (5)
and a compressed hierarchy MGUT'M3F&M6 imply that
�̃21'�̃45 suggesting the following hierarchy Y2⌧Y1⇠1. It

Particle content and charges

3

turns out that such an emergent hierarchy is consistent
with the existence of an order-one top-quark Yukawa cou-
pling given by Y1. Besides, it leads to the observed top-
charm and bottom-strange quark mass hierarchies in the
SM as well as to the down-type vector-like quark mass
hierarchy already at tree level, namely,

Y1

Y2
=

mt

mc
⇡

mb

ms
⇡

mB

mD,S
⇠ O(100), (9)

implying also a possibility for two light vector-like D,S-
quark species potentially within the reach of the LHC or
future collider measurements.

The superpotential (6) possesses an accidental Abelian
U(1)W⇥U(1)B symmetry whose charges, W and B, are
summarised in Table I. Furthermore, the theory has an
extra Z2 parity denoted as PB-parity defined as

PB = (�1)
2W+2S

=(�1)
3B+2S , (10)

where S is the spin. In the considered GUT theory, the
PB-parity replaces the conventional R-parity and forbids
triple-squark or quark-quark-squark trilinear interactions
in the soft-SUSY breaking sector capable of destabilising
the proton at the soft scale. Together with the baryon-
number U(1)B-symmetric Yukawa sector, this ensures
that only E6 gauge interactions can trigger the proton
decay, highly suppressed by a large M6 close to MGUT.

The dim-3 superpotential of ⌅, ⌅0 and �L,R,C super-
fields – components of the massive chiral (78,1) super-
field of E6⇥SU(3)F (see Table I,also Ref. [27]) – reads

W78=

X

A=L,R,C

h
1

2
µ78Tr�2

A+
1

3!
Y78Tr�3

A

i

+µ78Tr(⌅⌅0
)+

X

A=L,R,C

Y78Tr(⌅⌅0�A),
(11)

with the universal µ78'MGUT. The last rank/SUSY-
preserving breaking step in Eq. (3) represents the trinifi-
cation breaking by means of degenerate VEVs at M3.M6

in the SU(3)L, SU(3)R octet superfields �L, �R, respec-
tively [25, 31]. In this case, similarly to �F, all the
�L,R,C components acquire large masses M�L,R,C⇠M3

and hence are integrated out leaving no heavy fields in
the resulting left-right (LR) symmetric SUSY EFT [32]

W=Y1"ij
⇥
�i

·q3
L·q

j
R+`iR·D

3
L·q

j
R+`iL·q

3
L·D

j
R+�i

·D3
L·D

j
R

⇤

�Y2"ij
⇥
j$3

⇤
+Y2"ij

⇥
i$3

⇤
(12)

written in terms of the massless components of trinifica-
tion bi-triplets introduced in Eq. (7). The further sym-
metry breaking steps down to the SM and hence the
masses/mixings of the Li,3 and Qi,3

L,R components are
controlled by the structure of the soft-SUSY breaking
mass terms and tri-linear interactions as well as by the
tree-level Yukawa hierarchy (9).

In the LR symmetric SUSY theory the largest amount
of free parameters comes from the soft-SUSY breaking

sector, namely, 17 trilinear couplings (5 invloving slep-
tons and 12 – squarks), 16 soft L̃L̃- and Q̃Q̃-type mass
terms, 2 high-scale gaugino mass parameters (in E6 and
gauge-family sectors). In addition, there are 4 gauge
couplings in the gauge sector whereas all the low-scale
Yukawa couplings are matched to two universal high-
scale ones defining the strongest hierarchies (9) already
at tree level. The loop corrections to the Yukawa sector
are controlled by the soft-SUSY breaking parameters and
gauge couplings, whose number is sufficient to accommo-
date the measured values of the SM fermion masses and
mixing angles.

Let us now investigate how strong the hierarchy be-
tween the soft and trinification breaking scales, MS⌧M3,
can be – the question of primary importance for a real-
istic low-energy theory. Provided that MGUT&M6, E8

breaking effects may induce significant threshold correc-
tions to the trinification gauge couplings at M6 scale.
Indeed, the relevant gauge-kinetic dim-5 operators [30]

L5D=�
⇠

MGUT

h
1

4C
Tr(Fµ⌫ ·�̃E6 ·F

µ⌫
)

i
(13)

where C is the charge normalization, Fµ⌫ is the E6 field
strength tensor, ⇠⇠1 is a non-renormalisable coupling
constant, and �̃E6 is a linear combination of the scalar
fields originating from the symmetric product of two
E6 adjoint representations �̃E62(78⌦78)sym=1�650�
2430, where 2430227000 of E8, on top of ⌃µ

⌫ and ⌃0µ
⌫

introduced above. The E6-breaking VEVs in these fields
modify the gauge coupling unification condition at M6

scale via dim-5 threshold corrections from Eq. (13) [30]
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↵�1
3A=

4⇡

g2A
, �C=�

1
p

2
k⌃�

1
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1

2
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2
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1
p

26
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h2430i

M6
,

where ↵�1
3A, A=L,R,C, are the inverse trinification struc-

ture constants, k⌃,⌃0 and ⇣⇠1 were defined above. Pro-
vided that the family U(1)T and the hypercharge U(1)Y

gauge groups remain unbroken above the EW scale,
their the T - and Y -charges are related to the high-
scale ones as TT=6T 3

R�4T 3
F+

2p
3
(T 8

L�T 8
R�2T 8

F) and TY=

2T 3
R+

2p
3
(T 8

L+T 8
R), respectively. The corresponding in-

verse structure constants are matched (at tree level) to
the high-scale ones below M3-scale as follows: ↵�1

T =
4
9

�
↵�1

2F +
1
12 [↵�1

L +↵�1
R +4↵�1

F ]
�
+↵�1

2R and ↵�1
Y =

1
3 (↵�1

L +

↵�1
R )+↵�1

2R , respectively. (Here, ↵2A and ↵A are the
structure constants for SU(2)A and U(1)A, respectively.)

We have performed a sophisticated numerical analy-
sis of the one-loop RG flow of gauge couplings between
MGUT and MEW scales accounting for tree-level match-
ing at intermediate scales as well as the matching to
their measured counterparts at MEW. We have demon-
strated that the presence of threshold corrections �A to

Massive super fields sector:

3

turns out that such an emergent hierarchy is consistent
with the existence of an order-one top-quark Yukawa cou-
pling given by Y1. Besides, it leads to the observed top-
charm and bottom-strange quark mass hierarchies in the
SM as well as to the down-type vector-like quark mass
hierarchy already at tree level, namely,

Y1

Y2
=

mt

mc
⇡

mb

ms
⇡

mB

mD,S
⇠ O(100), (9)

implying also a possibility for two light vector-like D,S-
quark species potentially within the reach of the LHC or
future collider measurements.

The superpotential (6) possesses an accidental Abelian
U(1)W⇥U(1)B symmetry whose charges, W and B, are
summarised in Table I. Furthermore, the theory has an
extra Z2 parity denoted as PB-parity defined as

PB = (�1)
2W+2S

=(�1)
3B+2S , (10)

where S is the spin. In the considered GUT theory, the
PB-parity replaces the conventional R-parity and forbids
triple-squark or quark-quark-squark trilinear interactions
in the soft-SUSY breaking sector capable of destabilising
the proton at the soft scale. Together with the baryon-
number U(1)B-symmetric Yukawa sector, this ensures
that only E6 gauge interactions can trigger the proton
decay, highly suppressed by a large M6 close to MGUT.

The dim-3 superpotential of ⌅, ⌅0 and �L,R,C super-
fields – components of the massive chiral (78,1) super-
field of E6⇥SU(3)F (see Table I,also Ref. [27]) – reads

W78=

X

A=L,R,C

h
1

2
µ78Tr�2

A+
1

3!
Y78Tr�3

A

i

+µ78Tr(⌅⌅0
)+

X

A=L,R,C

Y78Tr(⌅⌅0�A),
(11)

with the universal µ78'MGUT. The last rank/SUSY-
preserving breaking step in Eq. (3) represents the trinifi-
cation breaking by means of degenerate VEVs at M3.M6

in the SU(3)L, SU(3)R octet superfields �L, �R, respec-
tively [25, 31]. In this case, similarly to �F, all the
�L,R,C components acquire large masses M�L,R,C⇠M3

and hence are integrated out leaving no heavy fields in
the resulting left-right (LR) symmetric SUSY EFT [32]

W=Y1"ij
⇥
�i

·q3
L·q

j
R+`iR·D

3
L·q

j
R+`iL·q

3
L·D

j
R+�i

·D3
L·D

j
R

⇤

�Y2"ij
⇥
j$3

⇤
+Y2"ij

⇥
i$3

⇤
(12)

written in terms of the massless components of trinifica-
tion bi-triplets introduced in Eq. (7). The further sym-
metry breaking steps down to the SM and hence the
masses/mixings of the Li,3 and Qi,3

L,R components are
controlled by the structure of the soft-SUSY breaking
mass terms and tri-linear interactions as well as by the
tree-level Yukawa hierarchy (9).

In the LR symmetric SUSY theory the largest amount
of free parameters comes from the soft-SUSY breaking

sector, namely, 17 trilinear couplings (5 invloving slep-
tons and 12 – squarks), 16 soft L̃L̃- and Q̃Q̃-type mass
terms, 2 high-scale gaugino mass parameters (in E6 and
gauge-family sectors). In addition, there are 4 gauge
couplings in the gauge sector whereas all the low-scale
Yukawa couplings are matched to two universal high-
scale ones defining the strongest hierarchies (9) already
at tree level. The loop corrections to the Yukawa sector
are controlled by the soft-SUSY breaking parameters and
gauge couplings, whose number is sufficient to accommo-
date the measured values of the SM fermion masses and
mixing angles.

Let us now investigate how strong the hierarchy be-
tween the soft and trinification breaking scales, MS⌧M3,
can be – the question of primary importance for a real-
istic low-energy theory. Provided that MGUT&M6, E8

breaking effects may induce significant threshold correc-
tions to the trinification gauge couplings at M6 scale.
Indeed, the relevant gauge-kinetic dim-5 operators [30]
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where C is the charge normalization, Fµ⌫ is the E6 field
strength tensor, ⇠⇠1 is a non-renormalisable coupling
constant, and �̃E6 is a linear combination of the scalar
fields originating from the symmetric product of two
E6 adjoint representations �̃E62(78⌦78)sym=1�650�
2430, where 2430227000 of E8, on top of ⌃µ

⌫ and ⌃0µ
⌫

introduced above. The E6-breaking VEVs in these fields
modify the gauge coupling unification condition at M6

scale via dim-5 threshold corrections from Eq. (13) [30]
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where ↵�1
3A, A=L,R,C, are the inverse trinification struc-

ture constants, k⌃,⌃0 and ⇣⇠1 were defined above. Pro-
vided that the family U(1)T and the hypercharge U(1)Y

gauge groups remain unbroken above the EW scale,
their the T - and Y -charges are related to the high-
scale ones as TT=6T 3
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2R , respectively. (Here, ↵2A and ↵A are the
structure constants for SU(2)A and U(1)A, respectively.)

We have performed a sophisticated numerical analy-
sis of the one-loop RG flow of gauge couplings between
MGUT and MEW scales accounting for tree-level match-
ing at intermediate scales as well as the matching to
their measured counterparts at MEW. We have demon-
strated that the presence of threshold corrections �A to

Defining the model from unification principles

Trinification breaking
The breaking of the trinification symmetry takes place once the heavy adjoint
scalar octets �̃L and �̃R acquire VEVs of the order vL,R ⇠ M3 (Morais, Pasechnik et
al. Phys.Rev. D99 (2019) no.3, 035041)

SU(3)L ⇥ SU(3)R
vL,R! SU(2)L ⇥ SU(2)R ⇥ U(1)L ⇥ U(1)R

Generate SUSY Left-Right model (tree-level matched)

WLR =�1"ij

h
�i · q3

L · qj
R + `i

R · D3
L · qj

R + `i
L · q3

L · Dj
R +�i · D3

L · Dj
R

i

-�2"ij

h
�i · qj

L · q3
R + `i

R · Dj
L · q3

R + `i
L · qj

L · D3
R +�i · Dj

L · D3
R

i

+�2"ij

h
�3 · qi

L · qj
R + `3

R · Di
L · qj

R + `3
L · qi

L · Dj
R +�3 · Di

L · Dj
R

i
.
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Quark spectrum: more details

The allowed soft-SUSY trilinear interactions preserving U(1)W and U(1)B read
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whereas the mass terms are of the form

m
2
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where ' represents any of the scalars contained in the superfields (2.24) with the appropriate
group contractions left implicit.

The U(1)W-violating soft interactions are given by the following trilinear terms allowed
by the gauge symmetry and B-parity of the SUSY LR-symmetric theory
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Note that soft trilinear U(1)B-violating interactions are not allowed by the B-parity in the
considered theory.

With the superpotential (2.23) and the soft-SUSY breaking interactions (3.3), (3.4) and
(3.5) we have all relevant ingredients necessary to consistently generate a SM-like low-energy
EFT through the breaking chain shown in Fig. 1.

IV. IMPLICATIONS FOR THE FERMION SECTOR

A. Quark masses and CKM mixing

In what follows, at the first stage we would like to discuss the properties of the SM
quark spectrum neglecting the effect of vector-like quarks (VLQs) DL,R. With the p, f ,
! and s1,2,3 VEV setting, one generates the gauge group of the SM at low energy scales
according to the breaking scheme schematically illustrated in Fig. 1. In this scheme, the
subsequent EW symmetry can only be broken by SU(2)L doublet VEVs, in the spirit of N-
Higgs doublet models. Thus, the most generic VEV setting that one can have in the SHUT
model consistent with the considered symmetry breaking scheme reads
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where ui, di and ei denote up-type, down-type and sneutrino-type EWSB VEVs, respectively.
It is instructive to consider only those minimal VEVs settings that roughly reproduce the
viable quark mass and mixing parameters in the SM already at tree level. Note, if one
considers both di and ei VEVs, they contribute to a non-trivial mixing between the down-
type DR and dR quarks. In what follows and unless noted otherwise, we would like to align
our EW-breaking VEVs in such a way that ei = 0 corresponding to a small mixing between
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The most generic VeV setting:

DR and dR quarks suppressed by a strong hierarchy between the EW scale and the higher
intermediate scales associated with !, f, p VEVs.

The quark mass sector in the SHUT model reveals a number of interesting features. The
up-quark mass matrix takes the following form
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yielding the generic mass spectrum with one massless quark, the would-be u-quark in the
SM,
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Here we notice that the proper charm-top mass hierarchy is realised if and only if Y2 ⌧ Y1.
This condition will further be employed in the analysis of the down-type quark spectrum
and mixing.

In fact, as it is explicit in the field decomposition (2.20) there are six down-type quarks,
three SU(2)L-doublet (chiral) components d

1,2,3
L,R and three SU(2)L-singlet (vector-like) fields

D
1,2,3
L,R which acquire large masses above the EW scale. The generic down-type quark mass

form thus takes the following structure
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The VLQs acquire their masses as soon as the p, f and ! VEVs are generated corre-
sponding to the fifth, sixth and seventh boxes in Fig. 1. Before the EWSB (Higgs doublet)
and si VEVs are developed the total down-type quark mass matrix reads
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yielding the following VLQ mass spectrum where we kept the first-order terms in Y2 ⌧ Y1

as needed for a realistic u-quark mass spectrum,
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DR and dR quarks suppressed by a strong hierarchy between the EW scale and the higher
intermediate scales associated with !, f, p VEVs.

The quark mass sector in the SHUT model reveals a number of interesting features. The
up-quark mass matrix takes the following form
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yielding the generic mass spectrum with one massless quark, the would-be u-quark in the
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Here we notice that the proper charm-top mass hierarchy is realised if and only if Y2 ⌧ Y1.
This condition will further be employed in the analysis of the down-type quark spectrum
and mixing.

In fact, as it is explicit in the field decomposition (2.20) there are six down-type quarks,
three SU(2)L-doublet (chiral) components d

1,2,3
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R) with i = 1, 2, 3.
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Here, we adopt that the lightest VLQ is D-quark, such that mD < mS, so which of the first
two states is D-quark and which is S-quark depends on relative magnitudes of f , p and !

(see below).
As can clearly be seen from Eq. (4.5), the massless (before the EWSB) states will consist

of dL and an admixture of dR with DR states. After diagonalising this mass form we can
use the resulting matrix to bring Eq. (4.4) in a block-diagonal structure where the three
light states can be properly identified. This way we obtain the mass matrix of the light
down-type quark states in the following approximate form

Md ⇡
1

p
2

0

BB@

0 0 Y2
d3f�d2pp
f2+p2+!2

�d3Y2 0 d1Y2
pp

f2+p2+!2

�d2Y1 0 d1Y1
fp

f2+p2+!2

1

CCA , (4.8)

It is obvious that there is one massless state, the would-be SM down-quark d, in analogy to
the zeroth up-quark mass found above in Eq. (4.3). While the mass spectrum and mixing
can be, in principle, calculated analytically for the most generic case with six nonzero Higgs
doublet VEVs ui and di, the resulting formulas are rather lengthy and not very enlightening.
Instead, we have analysed three distinct scenarios with five nonzero Higgs doublet VEVs by
setting one of the down-type VEVs di to zero. We have analysed the down-type mass
spectra and CKM in each of such scenarios and found that only one of them (with d1 = 0)
provides the physical CKM matrix and spectrum compatible with those in the SM. Other
two scenarios corresponding to d2 = 0 or d3 = 0 render unphysical CKM mixing, and hence
are no longer discussed here.

Thus, setting d1 = 0 in Eq. (4.8) one arrives at the following physical down-type quark
spectrum

md = 0 , m
2
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2
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2
1 + d

2
3Y

2
2 ) , (4.9)

which is exact i.e. no hierarchies between the VEVs and Yukawa couplings are imposed
at this step. Note, the SM-like down-type quark masses Eq. (4.9) represent the leading
contributions as emerge from the full 6⇥6 down-type mass matrix in Eq. (4.4). Remarkably,
even for the maximal number of possible Higgs VEVs the first generation u and d quarks
appear as massless states at tree level. Therefore, the origin of their mass is purely radiative,
in consistency with their observed decoupling in the quark mass spectrum. As will be shown
numerically below, si produce only a minor effect on the tree-level down-type masses and
mixing, thus, justifying the approximate procedure employed here.

It is clear from Eq. (4.9) that in the realistic VEV hierarchy p, f, ! � d2,3, one recovers a
strong hierarchy ms ⌧ mb in consistency with the charm-top mass hierarchy in the up-quark
sector. In fact, taking u3 = d3 = 0 for simplicity we observe that the ratio of both Yukawa
couplings reads

Y1

Y2
=

mt

mc
⇡

mb

ms
⇠ O (100) , (4.10)

Indeed, the second and third quark generations acquiring their masses already at tree-level
such that their hierarchy is controlled by the only two Yukawa couplings in the SHUT
superpotential, Y1 and Y2. This demonstrates that leading order terms in our model can
potentially explain the quark masses and their hierarchies without significant fine tuning of
the underlying model parameters.
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Scenarios ! [TeV] f [TeV] p [TeV] mD [TeV] mS [TeV] mB [TeV]

! ⇠ f ⇠ p 100 � 1000 100 � 1000 100 � 1000 1 � 10 1 � 10 100 � 1000
! ⇠ f ⌧ p 10 � 100 10 � 100 100 � 1000 1 � 10 1 � 10 10 � 100
! ⌧ f ⇠ p 100 1000 1000 1 10 1000

TABLE V. An example for an order of magnitude estimation of VLQ mass scales relevant for
numerical considerations in this work.

mixing, realistic hierarchies between the second- and third-generation quark masses and a
new physics decoupled sector of heavy VLQs already at the classical level.

Thus, a realistic low-scale EFT of the SHUT model may only contain either five (with ui,
d2,3), four (with u1,2, d2,3) or the minimum of three (with u1,2, d2) Higgs doublets yielding
the realistic tree-level quark spectra and mixing, and each such scenario is unique. Any
other scenario is incompatible with the SM at tree level. Recall that our calculations so far
did not include sub-dominant radiative effects. As will be discussed below, such effects will
be necessary for a full description of the quark sector.

B. Numerical analysis

1. VLQ hierarchies

The three distinct realistic examples of possible hierarchies among the !, f and p scales
with their effects on the VLQ masses are shown in Tab. V. We have chosen for these examples
that the !, f and p VEVs are such that the lightest VLQ mass scale is at or above 1 TeV.
In fact, the soft scales !, f, p cannot be too close to the EWSB scale since otherwise the
lightest VLQs would become unacceptably light. In essence, the benchmark scenarios in
Tab. V show that the low-scale EFT limit of the SHUT model may contain either one light
VLQ generation at the TeV scale (last row) or, alternatively, two light generations (second
and third row). This illustrates that a hypothetical discovery of VLQs at the LHC or at a
future collider would become a smoking gun of the SHUT model and a way to indirectly
probe its symmetry breaking scales above the EWSB one.

2. Tree-level deviations from unitarity

The Cabibbo-like CKM mixing discussed above in Sec. IVA can be considered as a good
approximation in the case of vanishing third-generation Higgs VEVs, u3 and d3 and in the
VLQs decoupling limit. Retaining the latter limit, for a particular parameter space point in
the realistic 3HDM (u1, u2, d2) scenario,

Y1 = 0.98 , Y2 = 0.0068 , u1 = 59.65 GeV , u2 = 238.6 GeV , d2 = 6 GeV , (4.16)
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Quark mixing

Let us now consider the realistic quark mixing starting from the light-quark mass forms
Eq. (4.2) and Eq. (4.8) by setting d1 = 0. The corresponding left quark mixing matrices Lu

and Ld defined as m
2
u,d = L

†
u,d(Mu,dM

†
u,d)Lu,d provide the CKM mixing matrix in analytic

form

VCKM ⌘ LuL
†
d =

0

B@

d2u2Y2
1+d3u3Y2

2p
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u1Y1p
A

(d2u3�d3u2)Y1Y2p
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�
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BC �
u2p
C
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BC

(Cd3�d2u2u3)Y1Y2p
ABC

u1u3Y2p
AC

Cd2Y2
1+d3u2u3Y2

2p
ABC

1

CA (4.11)

where the ordering of rows and columns is consistent with the ordering of the mass states
in Eqs. (4.3) and (4.9), and

A = CY
2
1 + u

2
3Y

2
2 , B = d

2
2Y

2
1 + d

2
3Y

2
2 , C = u

2
1 + u

2
2 . (4.12)

We have explicitly imposed the positivity of all the VEVs and Yukawa couplings, ui > 0,
d2,3 > 0, Y1,2 > 0, for simplicity. Note, the CKM matrix in Eq. (4.11) is exact for the
3 ⇥ 3 quark mass forms (4.2) and (4.8) in a sense that no hierarchies between the VEVs
and Yukawa couplings are imposed here. Remarkably, while the down-type quark masses in
Eq. (4.9) contain an explicit dependence on the high-scale VEVs p, f, !, the corresponding
CKM mixing does not contain any information about p, f, ! VEVs at all as long as the
approximate down-type matrix Eq. (4.8) is concerned.

Accounting for the first subleading term only, the top-bottom mixing element [VCKM]33 ⌘

Vtb in the limit of small Y2 ⌧ Y1 reads

Vtb ' 1 �

✓
Y2

Y1

◆2
d
2
3C + d2u3(d2u3 � 2d3u2)

2d2
2C

, (4.13)

whose deviation from unity is well under control due to a very small ratio Y2/Y1 ⌧ 1.
Apparently, the same ratio is responsible for a strong suppression of Vtd, Vts, Vbu and Vbc
CKM elements.

In the limit u3 ! 0 and d3 ! 0, the top-bottom mixing approaches unity from below, i.e.
Vtb ! 1

�. Furthermore, in this case the CKM matrix takes a particularly simple Cabibbo
form

|VCKM| =

0

@
cos ✓C sin ✓C 0

sin ✓C cos ✓C 0

0 0 1

1

A , (4.14)

where the Cabibbo angle is directly related to the ratio of the up-type Higgs doublet VEVs
as follows

✓C = arctan

✓
u1

u2

◆
. (4.15)

Thus, while the small ratio Y2/Y1 ⌧ 1 imposes a strong suppression on mixing between
the third generation with the other two already at the classical level of 5HDM, one acquires
an additional suppression also in the effective 3HDM limit corresponding to very small (or
zero) third-generation Higgs VEVs, u3 and d3. Due to the very specific structure of the CKM
matrix and the masses, one cannot impose a limit of small first- and/or second-generation
Higgs VEVs u1,2 and d2 without destroying the realistic quark mixing. This fact renders an
interesting possibility for a unique minimal effective 3HDM scenario of the SHUT theory
with dominant u1,2 and d2 VEVs only. This also gives rise to a nearly Cabibbo quark
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zero) third-generation Higgs VEVs, u3 and d3. Due to the very specific structure of the CKM
matrix and the masses, one cannot impose a limit of small first- and/or second-generation
Higgs VEVs u1,2 and d2 without destroying the realistic quark mixing. This fact renders an
interesting possibility for a unique minimal effective 3HDM scenario of the SHUT theory
with dominant u1,2 and d2 VEVs only. This also gives rise to a nearly Cabibbo quark
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Minimal 3HDM limit:

chosen such that u
2
1 + u

2
2 + d

2
2 = (246 GeV)

2 and u1/u2 ⇡ 0.25, one obtains the following
quark mass spectrum and mixing at tree level,

mt = 170.4 GeV , mc = 1.18 GeV , mb = 4.15 GeV , ms = 0.017 GeV ,

|VCKM| =

0

@
0.97 0.24 0

0.24 0.97 0

0 0 1

1

A ,
(4.17)

which appear in a reasonably close vicinity of the experimentally measured values.
It is instructive to study the impact of VLQs on the light quark masses and mixing in

the case of exact 6 ⇥ 6 down-type quark mass matrix Eq. (4.4). The generalized 3 ⇥ 6 CKM
mixing matrix is defined as

VCKM = Lu · P · L
†
d =

⇣
V

SM
CKM | V

VLQs
CKM

⌘
with P = (13⇥3 03⇥3) . (4.18)

It generally depends on the Yukawa couplings Y1,2 and on the symmetry breaking scales p,
f , ! and si. In the full down-quark mass form in Eq. (4.4) we will now fix s = si = 10 TeV,
i = 1, 2, 3, and consider the benchmark points in the 3HDM EFT (u1, u2, d2) for each of the
three soft-scale VEV hierarchies summarised in Tab. V.

Fully compressed ! ⇠ f ⇠ p scenario

In this first example, let us consider that the p, f and ! scales are not too far off and are
set to, e.g.

p = 220 TeV , f = 210 TeV , ! = 200 TeV , (4.19)
from where the down-type quark mass spectrum becomes

ms = 0.017 GeV , mb = 4.15 GeV , mD = 1.3 TeV , mS = 1.5 TeV , mB = 211.0 TeV .

(4.20)
Note that this scenario contains two light VLQs at the TeV scale and a heavy one well
beyond the reach of the LHC. The total quark mixing matrix reads

|VCKM| '

0

@
0.97 0.24 2.31 ⇥ 10

�5
4.36 ⇥ 10

�6
7.29 ⇥ 10

�7
⇠ 0

0.24 0.97 9.23 ⇥ 10
�5

1.74 ⇥ 10
�5

2.92 ⇥ 10
�6

⇠ 0

0 9.51 ⇥ 10
�5

1 5.55 ⇥ 10
�5

1.15 ⇥ 10
�5

6.47 ⇥ 10
�7

1

A .

(4.21)
With this example we observe that the SM-like 3⇥3 CKM quark mixing is no longer unitary
with small deviations induced via a small tree-level mixing with VLQs. It also generates
small elements in V

VLQs
CKM , with the largest entry being VtD = 5.55 ⇥ 10

�5. The correct
values of the light quark masses as well as the mixing between the third with the first two
generations is expected to be generated at one-loop level as will be discussed below. On the
other hand, such effects are sub-leading contributions to VLQ masses.

!-f compressed ! ⇠ f ⌧ p scenario

For the second example, we fix

p = 600 TeV , f = 110 TeV , ! = 100 TeV , (4.22)
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�7

1

A .

(4.21)
With this example we observe that the SM-like 3⇥3 CKM quark mixing is no longer unitary
with small deviations induced via a small tree-level mixing with VLQs. It also generates
small elements in V

VLQs
CKM , with the largest entry being VtD = 5.55 ⇥ 10

�5. The correct
values of the light quark masses as well as the mixing between the third with the first two
generations is expected to be generated at one-loop level as will be discussed below. On the
other hand, such effects are sub-leading contributions to VLQ masses.

!-f compressed ! ⇠ f ⌧ p scenario

For the second example, we fix

p = 600 TeV , f = 110 TeV , ! = 100 TeV , (4.22)
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chosen such that u
2
1 + u

2
2 + d

2
2 = (246 GeV)

2 and u1/u2 ⇡ 0.25, one obtains the following
quark mass spectrum and mixing at tree level,

mt = 170.4 GeV , mc = 1.18 GeV , mb = 4.15 GeV , ms = 0.017 GeV ,

|VCKM| =

0

@
0.97 0.24 0

0.24 0.97 0

0 0 1

1

A ,
(4.17)

which appear in a reasonably close vicinity of the experimentally measured values.
It is instructive to study the impact of VLQs on the light quark masses and mixing in

the case of exact 6 ⇥ 6 down-type quark mass matrix Eq. (4.4). The generalized 3 ⇥ 6 CKM
mixing matrix is defined as

VCKM = Lu · P · L
†
d =

⇣
V

SM
CKM | V

VLQs
CKM

⌘
with P = (13⇥3 03⇥3) . (4.18)

It generally depends on the Yukawa couplings Y1,2 and on the symmetry breaking scales p,
f , ! and si. In the full down-quark mass form in Eq. (4.4) we will now fix s = si = 10 TeV,
i = 1, 2, 3, and consider the benchmark points in the 3HDM EFT (u1, u2, d2) for each of the
three soft-scale VEV hierarchies summarised in Tab. V.

Fully compressed ! ⇠ f ⇠ p scenario

In this first example, let us consider that the p, f and ! scales are not too far off and are
set to, e.g.

p = 220 TeV , f = 210 TeV , ! = 200 TeV , (4.19)
from where the down-type quark mass spectrum becomes

ms = 0.017 GeV , mb = 4.15 GeV , mD = 1.3 TeV , mS = 1.5 TeV , mB = 211.0 TeV .

(4.20)
Note that this scenario contains two light VLQs at the TeV scale and a heavy one well
beyond the reach of the LHC. The total quark mixing matrix reads
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(4.21)
With this example we observe that the SM-like 3⇥3 CKM quark mixing is no longer unitary
with small deviations induced via a small tree-level mixing with VLQs. It also generates
small elements in V

VLQs
CKM , with the largest entry being VtD = 5.55 ⇥ 10

�5. The correct
values of the light quark masses as well as the mixing between the third with the first two
generations is expected to be generated at one-loop level as will be discussed below. On the
other hand, such effects are sub-leading contributions to VLQ masses.

!-f compressed ! ⇠ f ⌧ p scenario

For the second example, we fix

p = 600 TeV , f = 110 TeV , ! = 100 TeV , (4.22)
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Quark masses and mixing

If d1 = s = 0 and ! < f ⇠ p: m2
D ' �2

1�
2
2

�2
1+�2

2
!2, m2

S ' p2�2
2, m2

B ' 1
2 p2�2

1

One U(1)family symmetry is restored when s ! 0

mB ⇠ 103 TeV, mS ⇠ 10 TeV, mD & 1 TeV ) ! ⇠ 100 TeV

If d1 = s = 0 and ! ⇠ f ⇠ p: m2
D ' 3

4 p2�2
2, m2

S = p2�2
2, m2

B = p2�2
1

mB ⇠ 103 TeV, mS ⇠ mD ⇠ 10 TeV

�1 and �2 are fixed by SM-like quark masses and their effect propagates
directly into the VLQ sector

Model favours low-energy scale with two VLQs below the soft-scale p.

Good opportunity to probe the model at the LHC or future colliders.
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Radiative generation of charge lepton spectra
'1

'2 '3

 1  2 3

A123

G G

FIG. 4. One-loop topology contributing to the radiatively generated Yukawa interactions. G denotes
a Yukawa coupling with D-term origin.

C. Radiative effects

1. Light quark and lepton sectors

The dominant one-loop contribution to the Yukawa couplings for both, leptons and
quarks, in our model is given in Fig. 4. In the zero external momentum limit, the one-
loop amplitude reads as

 = 2i G
2
CAA123m 3f(m

2
 3

, m
2
'2

, m
2
'3

) . (4.29)

where CA = (N
2
�1)/(2N) in case of an SU(N) gaugino, G denotes a Yukawa coupling with

D-term origin and m 3 is the gaugino mass. m'2 and m'3 are the scalar masses. The effective
trilinear coupling A123 gets contribution from two sources: (i) After the breaking of a gauge
symmetry as an effective coupling �1236 h'6i. Here �1236 is a quartic coupling originating
either from an F - or D-term as discussed in detail in Appendix C. (ii) A trilinear coupling
a123 from the soft SUSY breaking sector. Hence, the SUSY breaking and the fermion sectors
are interconnected via radiative corrections to the corresponding Yukawa interactions. The
radiative threshold contributions to the Yukawa couplings have to be calculated at the scale
where the fermions and scalars in the loop propagators acquire their masses. Such a scale
can be of the order of any of the p, f , ! or s VEVs introduced above.

The loop integral in Eq. (4.29) is given by

f(x, y, z) =
1

16⇡2

1

x � y

0

@
y log

⇣
z
y

⌘

y � z
�

x log
�
z
x

�

x � z

1

A . (4.30)

To get a better understanding for the dependence on the involved masses, it is useful to
consider certain limit, in particular the case where all masses are equal or the case where
there is a sizable hierarchy between scalars and fermions in the loop. The different limits
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FIG. 5. Examples of one-loop diagrams contributing to the radiatively generated lepton Yukawa
couplings, in addition to the topologies in Fig. 4. The indices L,R refer to the original tri-triplets
given in Sec. II A 2. Y denotes a Yukawa couplings with F-term origin.

quark and squark propagators shown in Fig. 5, and two more obtained from the latter by
simultaneous replacements of the fields in propagators and legs:

D̃L ! ũR, d̃R , uR, dR ! DL , D̃R ! q̃L , qL ! DR , (4.36)
eER, eEL ! [h⌫̃Ri, h�̃i] , [h⌫̃Ri, h�̃i] ! eER, eEL , (4.37)

where the quark fields are the gauge eigenstates defined before the quark mixing. Note,
here we do not specify the generation indices and hence the type of the trilinear coupling a

which should be extracted from the soft SUSY-breaking Lagrangian. Similarly, the Yukawa
couplings commonly denoted as Y due to its F-term origin are, in general, different in each
vertex. Finally, replacing the ⌫R fermion leg by � and, simultaneously, dR ! DR in the
propagator of the right diagram in Fig. 5 we obtain two additional one-loop induced bilinear
operators, EL� and lL�.

Thus, due to different origins of the Yukawa interactions, we have an understanding
why the second- and third-generation quark Yukawa couplings are larger than the first-
generation quark and leptonic ones (including both the charged leptons and neutrinos).
Before considering the SM-like leptons in more detail we have to investigate their mixing
with the heavy vector-like leptons.
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FIG. 6. One-loop diagrams contributing to the radiative generation of 1 (top diagram), 
0
1 (bottom-

left diagram) and 
00
1 (bottom-right diagram) VLL Yukawa interactions. The Yukawa coupling G is

equal to yL,R,F
25 for the SL,R,F propagators, or to y31, 37, 43 – for the TL,R,F propagators, respectively. For

more details on the corresponding Yukawa operators, see Appendix C 2.

takes the following form
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0
15s3 + 
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CCCCCA
.

(4.42)

Similar to what has been done in the extended quark sector, we investigate the case where
the si can be neglected with respect to !, f and p that are assumed to be of similar size in
what follows.

It is possible to further simplify M` by noting that i dominates over 
0
i and 

00
i in

L
1�loop
VLL,1 . To see this, let us consider the first term in Eq. (4.39) where 1 is generated from

the top diagram in Fig. 6 while 
0
1 and 

00
1 from the bottom-left and bottom-right diagrams

respectively. While the top diagram is linear in a5, defined in Eq. (3.5), the bottom ones
contain suppression factors of the order of the scalar quartic couplings �5 and �109, which
are defined in Eqs. (C7) and (C8). From the tree-level matching conditions in Tab. XII we
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heavy vector-like

leptons (VLLs)

Quantum effects and scale hierarchies

Before EWSB vector-like lepton masses are generated:
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Take e.g. the ! < f ⇠ p case:

m2
T ⇡ p2(2

7 + 2
8) m2

M ⇡ p2(2
5 + 2

6) m2
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6)

E.g.: p ⇠ 103 TeV, ! ⇠ 100 TeV and i ⇠ 10-3 to 10-2:

mT,M ⇠ 1 to 10 TeV mE ⇠ 0.1 to 1 TeV
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Neutrino sector

 i  k

SL,R,F

h e'ii h e'ki

G G

FIG. 7. Tree-level diagrams generating the entries of M6⇥6 block of the neutrino mass matrix (see
Eq. (4.54)). The flavour indices i, k denote the last six entries in  N in Eq. (4.53). The Yukawa
coupling G is equal to yA

23, 24, 27, 28 and yA
23, 24, 27, 28 (A = L,R,F). For more details, see Appendix C 2.

Even simpler expressions are obtained in the case of !-f compressed scenario

mT ⇡ p2 , mM ⇡ p1 , mE ⇡ !

q
2
5 + 2

8 . (4.51)

Note, for the analytical approximations in Eqs. (4.50) and (4.51) we have assumed that the
radiative Yukawa couplings i all have comparable sizes. We see from these expressions that
the two heaviest VLLs are proportional to the p VEV whereas the lightest one – to the !

VEV. For example, taking the benchmark scenarios defined in Eqs. (4.22) and (4.25), where
p = 600 TeV and ! = 100 TeV and assuming i ⇠ O (10

�2
) we get for both scenarios:

mT,M ⇠ O (6 TeV) , mE ⇠ O (1 TeV) . (4.52)

D. Neutrinos

Limiting our consideration to the neutral components of the fermionic L
i,3 bi-triplets only

(see Eq. (2.20)), we briefly discuss the structure of the neutrino sector. Similarly to quarks,
one has both tree-level and loop induced contributions to the masses. In the basis
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�
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, (4.53)

the neutrino mass matrix before EW symmetry breaking can be written in a block-diagonal
form as

MN =

✓
M 9⇥9 0
0 M6⇥6

◆
, (4.54)

with M the 6 ⇥ 6 mass matrix of SU(2)L singlet neutrinos while M denotes the 9 ⇥ 9 block
of SU(2)L doublet neutral components.

The entries M are generated at tree-level via the topology shown in Fig. 7. Here we
assumed that the gaugino-masses corresponding to the broken gauge groups at the high
scales are significantly larger than the VEVs leading to the breaking. The corresponding
elements are given by

Mik =
1

2
G
2 he'ii he'ki

MS
with he'ii = s1,2,3, !, f, p , (4.55)
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FIG. 7. Tree-level diagrams generating the entries of M6⇥6 block of the neutrino mass matrix (see
Eq. (4.54)). The flavour indices i, k denote the last six entries in  N in Eq. (4.53). The Yukawa
coupling G is equal to yA

23, 24, 27, 28 and yA
23, 24, 27, 28 (A = L,R,F). For more details, see Appendix C 2.

Even simpler expressions are obtained in the case of !-f compressed scenario

mT ⇡ p2 , mM ⇡ p1 , mE ⇡ !

q
2
5 + 2

8 . (4.51)

Note, for the analytical approximations in Eqs. (4.50) and (4.51) we have assumed that the
radiative Yukawa couplings i all have comparable sizes. We see from these expressions that
the two heaviest VLLs are proportional to the p VEV whereas the lightest one – to the !

VEV. For example, taking the benchmark scenarios defined in Eqs. (4.22) and (4.25), where
p = 600 TeV and ! = 100 TeV and assuming i ⇠ O (10
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) we get for both scenarios:

mT,M ⇠ O (6 TeV) , mE ⇠ O (1 TeV) . (4.52)

D. Neutrinos

Limiting our consideration to the neutral components of the fermionic L
i,3 bi-triplets only

(see Eq. (2.20)), we briefly discuss the structure of the neutrino sector. Similarly to quarks,
one has both tree-level and loop induced contributions to the masses. In the basis
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the neutrino mass matrix before EW symmetry breaking can be written in a block-diagonal
form as

MN =

✓
M 9⇥9 0
0 M6⇥6

◆
, (4.54)

with M the 6 ⇥ 6 mass matrix of SU(2)L singlet neutrinos while M denotes the 9 ⇥ 9 block
of SU(2)L doublet neutral components.

The entries M are generated at tree-level via the topology shown in Fig. 7. Here we
assumed that the gaugino-masses corresponding to the broken gauge groups at the high
scales are significantly larger than the VEVs leading to the breaking. The corresponding
elements are given by

Mik =
1

2
G
2 he'ii he'ki

MS
with he'ii = s1,2,3, !, f, p , (4.55)
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SU(2)L-doublet neutrinos

SU(2)L-singlet neutrinos
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FIG. 7. Tree-level diagrams generating the entries of M6⇥6 block of the neutrino mass matrix (see
Eq. (4.54)). The flavour indices i, k denote the last six entries in  N in Eq. (4.53). The Yukawa
coupling G is equal to yA

23, 24, 27, 28 and yA
23, 24, 27, 28 (A = L,R,F). For more details, see Appendix C 2.

Even simpler expressions are obtained in the case of !-f compressed scenario

mT ⇡ p2 , mM ⇡ p1 , mE ⇡ !
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8 . (4.51)

Note, for the analytical approximations in Eqs. (4.50) and (4.51) we have assumed that the
radiative Yukawa couplings i all have comparable sizes. We see from these expressions that
the two heaviest VLLs are proportional to the p VEV whereas the lightest one – to the !

VEV. For example, taking the benchmark scenarios defined in Eqs. (4.22) and (4.25), where
p = 600 TeV and ! = 100 TeV and assuming i ⇠ O (10

�2
) we get for both scenarios:

mT,M ⇠ O (6 TeV) , mE ⇠ O (1 TeV) . (4.52)

D. Neutrinos

Limiting our consideration to the neutral components of the fermionic L
i,3 bi-triplets only

(see Eq. (2.20)), we briefly discuss the structure of the neutrino sector. Similarly to quarks,
one has both tree-level and loop induced contributions to the masses. In the basis
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the neutrino mass matrix before EW symmetry breaking can be written in a block-diagonal
form as

MN =

✓
M 9⇥9 0
0 M6⇥6

◆
, (4.54)

with M the 6 ⇥ 6 mass matrix of SU(2)L singlet neutrinos while M denotes the 9 ⇥ 9 block
of SU(2)L doublet neutral components.

The entries M are generated at tree-level via the topology shown in Fig. 7. Here we
assumed that the gaugino-masses corresponding to the broken gauge groups at the high
scales are significantly larger than the VEVs leading to the breaking. The corresponding
elements are given by

Mik =
1

2
G
2 he'ii he'ki

MS
with he'ii = s1,2,3, !, f, p , (4.55)
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FIG. 7. Tree-level diagrams generating the entries of M6⇥6 block of the neutrino mass matrix (see
Eq. (4.54)). The flavour indices i, k denote the last six entries in  N in Eq. (4.53). The Yukawa
coupling G is equal to yA

23, 24, 27, 28 and yA
23, 24, 27, 28 (A = L,R,F). For more details, see Appendix C 2.

Even simpler expressions are obtained in the case of !-f compressed scenario

mT ⇡ p2 , mM ⇡ p1 , mE ⇡ !
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8 . (4.51)

Note, for the analytical approximations in Eqs. (4.50) and (4.51) we have assumed that the
radiative Yukawa couplings i all have comparable sizes. We see from these expressions that
the two heaviest VLLs are proportional to the p VEV whereas the lightest one – to the !

VEV. For example, taking the benchmark scenarios defined in Eqs. (4.22) and (4.25), where
p = 600 TeV and ! = 100 TeV and assuming i ⇠ O (10
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) we get for both scenarios:

mT,M ⇠ O (6 TeV) , mE ⇠ O (1 TeV) . (4.52)

D. Neutrinos

Limiting our consideration to the neutral components of the fermionic L
i,3 bi-triplets only

(see Eq. (2.20)), we briefly discuss the structure of the neutrino sector. Similarly to quarks,
one has both tree-level and loop induced contributions to the masses. In the basis
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the neutrino mass matrix before EW symmetry breaking can be written in a block-diagonal
form as

MN =

✓
M 9⇥9 0
0 M6⇥6

◆
, (4.54)

with M the 6 ⇥ 6 mass matrix of SU(2)L singlet neutrinos while M denotes the 9 ⇥ 9 block
of SU(2)L doublet neutral components.

The entries M are generated at tree-level via the topology shown in Fig. 7. Here we
assumed that the gaugino-masses corresponding to the broken gauge groups at the high
scales are significantly larger than the VEVs leading to the breaking. The corresponding
elements are given by

Mik =
1

2
G
2 he'ii he'ki

MS
with he'ii = s1,2,3, !, f, p , (4.55)
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FIG. 7. Tree-level diagrams generating the entries of M6⇥6 block of the neutrino mass matrix (see
Eq. (4.54)). The flavour indices i, k denote the last six entries in  N in Eq. (4.53). The Yukawa
coupling G is equal to yA

23, 24, 27, 28 and yA
23, 24, 27, 28 (A = L,R,F). For more details, see Appendix C 2.

Even simpler expressions are obtained in the case of !-f compressed scenario
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where MS is the gaugino mass scale, and the Yukawa coupling G has a D-term origin and
is specified in the caption of Fig. 7. Clearly, M offers the leading contributions to the total
neutrino mass matrix which can be as large as p

2
/MS . In this sector, hierarchies result from

possible different sizes among the VEVs s1,2,3, !, f and p.
The matrix entries of M are induced at the loop-level in the same way as for their charged

counterparts discussed in the previous section. In this limit, where the contributions are
dominated by i, f , ! and p, it is given by
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1

CCCCCCCCCCCA

, (4.56)

which is a matrix of rank-6. Due to SU(2)L invariance one finds in this limit:
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At this stage one has 12 massive (6 from M and 6 from M) and three massless neutrinos.
In the corresponding mass basis and denoting these masses as µi (i = 1, . . . , 12) one obtains
after electroweak symmetry breaking a seesaw type I structure for the mass matrix:

m⌫ =

0

B@
03⇥3

vEW
p

2
(y⌫)12⇥3

vEW
p

2

�
y>
⌫

�
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1
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where vEW represents schematically the electroweak symmetry breaking VEVs. y⌫ is a 3⇥12

matrix denoting a combination of various Yukawa couplings, which are radiatively generated
via diagrams as in Fig. 4. A more detailed discussion including on how to fit neutrino data
is beyond the scope of this work and will be presented in a subsequent paper.

V. GRAND UNIFICATION

One of the key features of the considered model is the local nature of the family symmetry
implying that the family, strong and electroweak interactions are treated on the same footing
and are ultimately unified within an E8 gauge symmetry. In this section we study the possible
hierarchies among soft SUSY, trinification, E6 and E8 breaking scales, denoted by MS, M3,
M6 and M8, respectively. It will also become evident how important are the effects resulting
from the five-dimensional terms in Eq. (2.5) which induce threshold corrections at the scale
M6. It was shown that without such corrections MS � 10

11 is required [33]. In what follows,
we assume for simplicity that p = f = ! = si ⌘ MS. Inspired by the discussion in Sec. IVA
we consider a low-energy EW-scale theory with three light Higgs doublets. We will also
include three generations of VLLs and two generations of VLQs with a degenerate mass of
order one TeV, in agreement with our findings in Sec. IVB.
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Type-I seesaw structure!



Grand Unification

For these considerations we use the analytic solutions of the one-loop renormalisation
group equations (RGEs) which are independent of the Yukawa couplings:
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, (5.1)

where ↵i = g
2
i /(4⇡) and bi are the one-loop beta-function coefficients. The tree-level match-

ing conditions in the gauge sector at every symmetry breaking scale and the explicit values
of the bi between the corresponding scales can be found in Appendix B. Note that, between
M8 and M6 scales the presence of large representations discussed in Sec. II A 1 results in
b6 = �1095 and, thus, a very fast running of the E6 gauge coupling. Such a steep running,
which is governed by
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, (5.2)

implies that the M8 and M6 breaking scales are very close to each other but the values of
the E8 and E6 gauge couplings become rather different. In particular, we find ↵6(M6) < ↵8.

We can express the SM gauge couplings at the MZ scale in terms of the universal E8

gauge coupling and the intermediate symmetry breaking scales:
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where ⇣ = M6/M8. In addition, we take ↵T(MS) as a free parameter because the corre-
sponding Z

0 boson with mass MZ0 = gTMS/2 will be the lightest of the additional vector
bosons. We find
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Note that �L,R appear in this equation due to the presence of U(1)L,R generators in U(1)T,
see Tab. X, which themselves originate from SU(3)L,R. For the numerical results below we
use the following values for the SM gauge couplings:

↵
�1
C (MZ) = 8.4 , ↵

�1
L (MZ) = 29.6 , ↵

�1
Y (MZ) = 98.5 . (5.6)
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Note that �L,R appear in this equation due to the presence of U(1)L,R generators in U(1)T,
see Tab. X, which themselves originate from SU(3)L,R. For the numerical results below we
use the following values for the SM gauge couplings:
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C (MZ) = 8.4 , ↵

�1
L (MZ) = 29.6 , ↵
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Y (MZ) = 98.5 . (5.6)
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For these considerations we use the analytic solutions of the one-loop renormalisation
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implies that the M8 and M6 breaking scales are very close to each other but the values of
the E8 and E6 gauge couplings become rather different. In particular, we find ↵6(M6) < ↵8.
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Note that �L,R appear in this equation due to the presence of U(1)L,R generators in U(1)T,
see Tab. X, which themselves originate from SU(3)L,R. For the numerical results below we
use the following values for the SM gauge couplings:
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C (MZ) = 8.4 , ↵
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L (MZ) = 29.6 , ↵
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Y (MZ) = 98.5 . (5.6)
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Now, let us address the question on how large the coefficients �i, i = L,R,C have to be to
get a consistent picture while requiring the ranges for the free parameters as given in Tab. VI.
For this purpose we numerically invert Eqs. (5.2) to (5.5) in order to determine the �i, ⇣ and
M8. We find that 0.9  ⇣ < 1 and M8 is a few times 10

17 GeV, which is close to the string
scale. This clearly demonstrates the internal consistency with our orbifold assumptions.
The results for the �i are presented in Fig. 8 and we find that at least one of them has
to be sizable. While in some cases �C ⇡ �L leading to a closer universality of the SU(3)C

and SU(3)L interactions, the SU(3)R gauge coupling differs always from the other two. We
note here for completeness, that in principle one should also add the contributions from
integrating out the heavy states corresponding to the coset of the E6 breaking. However,
the masses of the corresponding particles are of the order of M6 making such contributions
significantly smaller than the required values for the �i and only impact in the regions where
at least one of them is close to zero. Last but not least we note that we have not found any
solution allowing for a standard unification of the trinification gauge interactions. This is
in agreement with ref. [33] where it has been shown that this requires MS � 10

11 GeV, well
above the values we consider here.

In Figs. 9 and 10 we show two representative examples of possible RG evolution of the
gauge couplings using the parameters of Tab. VII corresponding to the cases where (i) �i

are quite different (Fig. 9), and (ii) �i are of similar size albeit with different signs (Fig. 10).
These correspond clearly to different E6-breaking VEV configurations at M6 scale which
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For these considerations we use the analytic solutions of the one-loop renormalisation
group equations (RGEs) which are independent of the Yukawa couplings:
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implies that the M8 and M6 breaking scales are very close to each other but the values of
the E8 and E6 gauge couplings become rather different. In particular, we find ↵6(M6) < ↵8.
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where ⇣ = M6/M8. In addition, we take ↵T(MS) as a free parameter because the corre-
sponding Z

0 boson with mass MZ0 = gTMS/2 will be the lightest of the additional vector
bosons. We find
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Note that �L,R appear in this equation due to the presence of U(1)L,R generators in U(1)T,
see Tab. X, which themselves originate from SU(3)L,R. For the numerical results below we
use the following values for the SM gauge couplings:
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where ⇣ = M6/M8. In addition, we take ↵T(MS) as a free parameter because the corre-
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Note that �L,R appear in this equation due to the presence of U(1)L,R generators in U(1)T,
see Tab. X, which themselves originate from SU(3)L,R. For the numerical results below we
use the following values for the SM gauge couplings:
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C (MZ) = 8.4 , ↵

�1
L (MZ) = 29.6 , ↵

�1
Y (MZ) = 98.5 . (5.6)
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the universal ↵
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TABLE VII. Benchmark points used for the running of the gauge couplings in Figs. 9 and 10. The
top line corresponds to a parameter space point where �i differ considerably whereas in the bottom
line their absolute values are of the same order. Here, ti = log10
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can be seen from Tab. VII. A second difference between these scenarios is the ratio M6/M3

which in the first case is about 100 whereas in the second one it is close to unity. Typical
values for ↵

�1
8 (M8) are around 10 � 30 as represented by a black star. Consequently, the

first plot (Fig. 9) represents a scenario with a maximised ratio ↵
�1
6 (M6)/↵

�1
8 (M8) ' 2 as

found in our numerical scan, whereas in the second one (Fig. 10) this ratio is close to unity.
We note for completeness that in the considered scenarios one typically finds the strength
of the gauge-family interactions at the soft scale ↵

�1
T (MS) ⇠ O(100) as denoted by a red

diamond. This implies that the corresponding Z
0 boson can be as light as two TeV or so.

Due to its flavor dependent couplings and a sensitivity to the size of s1,2,3 VEVs, a detailed
investigation will be nessesary to obtain bounds from the existing LHC searches.
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We have performed a sophisticated numerical analysis of the one-loop RG flow of gauge
couplings between MGUT and MEW scales accounting for tree-level matching at intermediate scales
as well as the matching to their measured counterparts at MEW. We have demonstrated that the
presence of threshold corrections dA to the gauge couplings at M6 enables a perturbative universal
coupling with MGUT = 1016 � 1018 GeV as well as low-scale soft-SUSY breaking down to as low
as MS . 103 TeV, in overall consistency with the SM phenomenology. For all valid points, we
have found a compressed M6 � MGUT hierarchy with z ' 1 as well as kS ' �kS0 . One particular
example for such RG flow for a valid parameter space point is shown in Fig. 1. The E6 gauge coupling
evolves very fast as indicated by a steep line stretched between MGUT and M6 scales. The threshold
corrections are quite sizable in this example. We give the corresponding parameters in Table 3. Note,
in an unrealistic case of a strong M6 � MGUT hierarchy z ⌧ 1, one could recover an approximate
unification a�1

3C ' a�1
3L ' a�1

3R corresponding to Z3-permutation symmetry in the trinification gauge
sector, originally imposed in Ref. [48]. However, a small z ⌧ 1 implies unacceptably small Yukawa
couplings (see Eq. (9)).
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Figure 1. An illustration of RG evolution of the gauge couplings in the considered model for a
parameter space point with a low-scale soft-SUSY breaking consistent with the SM. Here, all the
soft-induced symmetry breaking scales (except MEW ⌧ MS) are assumed to be compressed for
simplicity and are fixed to a universal value MS where the SM gauge symmetry emerges. The purple
dot represents the universal a�1

U (MGUT), while the orange dot shows the a�1
T (MS) value. The purple

dot represents an example of a unified gauge couplings where non-perturbative effects can start
playing role.
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in terms of the massless trinification leptonic L
i,3 and quark Q

i,3
L,R superfields – components of the

original massless yµ i and yµ 3 superfields of E6 ⇥ SU(2)F ⇥ U(1)F described in Table 2. Next, it is
convenient to perform the following decomposition

�
L

i,3�l
r =

 
cl̄

r̄ `l̄
L

`Rr̄ f

!i,3

,

⇣
Q

i,3
L

⌘x
l =

⇣
q

x
Ll̄ D

x
L

⌘i,3
,

⇣
Q

i,3
R

⌘r
x =

⇣
q

r̄
Rx DRx

⌘> i,3
,

(7)

such that, upon further splitting into SU(2)L,R representations, one has

cl̄
r̄ =

⇣
H

l̄
u H

l̄
d

⌘i,3
`Rr̄ =

⇣
eR nR

⌘i,3
q

r̄
Rx =

⇣
uRx dRx

⌘> i,3
. (8)

Above, l, r and x represent SU(3)L, SU(3)R and SU(3)C triplet indices, l̄ and r̄ denote SU(2)L and
SU(2)R doublet indices, respectively, i is the SU(2)F index, while the labels L (R) should not be
identified with left (right) chiralities at this stage (all fermionic components are L-handed Weyl
spinors). In Eq. (8) one can see that the model offers three up specific H

i,3
u and three down specific H

i,3
d

Higgs doublet candidates. While by no means unique, and in fact not a preferred scenario according
to the discussion in [47], a MSSM-like Higgs sector is a possible low-scale limit of the model. However,
due to a non-trivial mixing structure, such doublets result from a linear combination of those in Eq. (8)
and cannot be promptly identified at the level of unbroken trinification. The Higgs-matter unification
here implies that the Higgs doublet superfields of the EW theory are unified together with the lepton
and quark SU(3)L,R-superfields in the yµ i and yµ 3. Such a unification is thus enforced by the gauge
symmetry of the high-scale theory and that cannot be consistently realised in the MSSM.

The effective trinification superpotential (6) contains two universal Yukawa couplings

Y1 = z
kS0p

6
l̃45 , Y2 = z

kS

2
p

2
(l̃21 � l̃45) , (9)

where l̃ij ⌘ l̃i � l̃j and z ' M6/MGUT. As we will demonstrate below, due to a very steep
Renormalisation Group (RG) evolution of the gauge couplings in the E6 ⇥ SU(2)F ⇥ U(1)F theory
at high scales and the required matching of the SM gauge couplings to their measured values at
the electroweak (EW) scale, one has z ⇠ 1 and kS ' �kS0 . On another hand, a possible common
origin of the dim-4 operators from yet unknown MGUT-scale dynamics in the superpotential (5)
and a compressed hierarchy MGUT & M6 imply that l̃21 ' l̃45 suggesting the following hierarchy
Y2 ⌧ Y1 ⇠ 1. It turns out that such an emergent hierarchy is consistent with the existence of an
order-one top-quark Yukawa coupling given by Y1. Besides, it leads to the observed top-charm and
bottom-strange quark mass hierarchies in the SM as well as to the down-type vector-like quark mass
hierarchy already at tree level, namely,

Y1
Y2

=
mt
mc

⇡ mb
ms

⇡ mB
mD,S

⇠ O(100) , (10)

implying also a possibility for two light vector-like D, S-quark species potentially within the reach of
the LHC or future collider measurements.

The superpotential (6) possesses an accidental Abelian U(1)W ⇥U(1)B symmetry whose charges,
W and B, are summarised in Table 2. Furthermore, the theory has an extra Z2 parity denoted as
PB-parity defined as

PB = (�1)2W+2S = (�1)3B+2S , (11)

where S is the spin. In the considered GUT theory, the PB-parity replaces the conventional R-parity
and forbids triple-squark or quark-quark-squark trilinear interactions in the soft-SUSY breaking
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implying also a possibility for two light vector-like D, S-quark species potentially within the reach of
the LHC or future collider measurements.

The superpotential (6) possesses an accidental Abelian U(1)W ⇥U(1)B symmetry whose charges,
W and B, are summarised in Table 2. Furthermore, the theory has an extra Z2 parity denoted as
PB-parity defined as

PB = (�1)2W+2S = (�1)3B+2S , (11)

where S is the spin. In the considered GUT theory, the PB-parity replaces the conventional R-parity
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We developed a novel Flavoured Trinification GUT framework giving

rise to a SM-like EFT, with a realistic flavour structure in charged

fermion and neutrino sectors 

The framework offers interesting implications for flavour and  
collider physics, primarily through vector-like fermions and  
scalar leptoquarks (LQs)

Concluding remarks


