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Abstract Given the tremendous phenomenological suc-
cess of the Standard Model (SM) framework, it becomes
increasingly important to understand to what extent its spe-
cific structure dynamically emerges from unification princi-
ples. In this study, we present a novel anomaly-free super-
symmetric (SUSY) Grand Unification model based upon
gauge trinification [SU(3)]® symmetry and a local SU(2)f x
U(1)p family symmetry, with particle spectra and gauge
symmetries inspired by a possible reduction pattern Eg —
Eg x SUQ2)g x U(1)F, with subsequent Eg — [SU(3) P sym-
metry breaking step. In this framework, higher-dimensional
operators of Eg induce the threshold corrections in the gauge
and Yukawa interactions leading, in particular, to only two
distinct Yukawa couplings in the fundamental sector of the
resulting [SUB) x SUQR)r x U(Dp Lagrangian. Among
the appealing features emergent in this framework are the
Higgs-matter unification and a unique minimal three Higgs
doublet scalar sector at the electroweak scale as well as tree-
level hierarchies in the light fermion spectra consistent with
those observed in nature. In addition, our framework reveals
a variety of prospects for New Physics searches at the LHC
and future colliders such as vector-like fermions, as well as
rich scalar, gauge and neutrino sectors.

1 Introduction

After the discovery of the Higgs boson at the LHC by the
ATLAS and CMS collaborations [1,2] our current under-
standing for the origin of the mass of the fundamental par-
ticles, as described by the Standard Model (SM), has finally
met an experimental confirmation. Despite the great success
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achieved, a consensual explanation for the observed features
of the particle spectra and interactions observed in nature
is still lacking. Along these lines, while over the past forty
years the strong and electroweak (EW) interactions have been
extensively probed and confirmed in various experiments,
their origin at a more fundamental level is still unknown.
Besides, the existing SM framework is not capable of explain-
ing some of the observed phenomena such as the specific
patterns and hierarchies in its fermion spectra nor contains
a suitable candidate for Dark Matter. At last, but not least, it
cannot explain the observed matter-antimatter asymmetry in
the Universe.

Typically, these problems are addressed separately in dif-
ferent contexts. In order to describe the origin of the SM
gauge interactions one typically refers to Grand Unified The-
ories (GUTs) where larger continuous symmetries contain
the SM gauge group, e.g. SU(5), SO(10), or E¢ [3-13]. A
common procedure to resolve the flavour problem in minimal
extensions of the SM or in GUT theories is by introducing
new discrete or continuous family symmetries at high-energy
scales. For a few most recent and representative implementa-
tions, see e.g. Refs. [14-20] and references therein. Most of
the studies focus on the neutrino sector combined with a vari-
ation of the seesaw mechanisms [21,22] (see also Refs. [23—
30D).

In this work, we propose a new look into such fundamental
questions as 1) the origin of the gauge interactions in the SM,
and 2) the origin of the quark, lepton and neutrino families’
replication experimentally observed in nature. These ques-
tions are addressed by tying together in acommon framework
both flavour physics and Grand Unification, which are typi-
cally treated on a different footing. Furthermore, we explore
which new physics scenarios are expected to emerge at phe-
nomenologically relevant energy scales as sub-products of
our framework and investigate theoretical possibilities for
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both the gauge couplings unification as well as Yukawa cou-
plings unification.

In previous work by some of the authors [31-33], a philos-
ophy of family-gauge unification has been introduced based
upon a trinification-GUT [SU (3)]® model, or T-GUT for
short, where the gauge sector is extended by a global SU(3)F
family symmetry. A supersymmetric (SUSY) version of this
theory is called as the SUSY Higgs-Unified Theory (SHUT)
due to an emergent SM Higgs-matter unification property
inspired by an embedding of [SUB)]? x SUQB)F symme-
try into Eg. The SHUT framework reveals several interesting
features such as, e.g. the radiative nature of the Yukawa sec-
tor of SM leptons and lightest quarks as well as the absence
of the p-problem. However, its first particular realisation in
Ref. [33] relies on a few simplifying assumptions such as
the presence of a Zj3 cyclic permutation symmetry acting
upon the [SU(3)]? subgroup of Eg, as has been proposed ini-
tially by Glashow [34], and an approximately global family
symmetry. These assumptions are not necessary and will be
consistently avoided in the framework presented in this work
leading to several relevant features to be discussed in what
follows.

The Eg-based GUTs, also accompanied with family sym-
metries, have received a lot of attention in the literature due to
anumber of attractive features (see e.g. Refs. [10,12,35-43]).
In variance to the previous implementation of the flavored T-
GUT realised by some of us in Ref. [33], in this work we
abandon the Z3 symmetry at the T-GUT scale and consider a
minimal anomaly-free realisation of the E¢ x SU(2)p x U(1)p
SUSY theory followed by Eg — [SUB)T? symmetry break-
ing [44].! We also consider the family SU2)p x U(1)F sym-
metry as a gauge group on the same footing of the Left, Right
and Colour symmetries. Under the key hypothesis of a full
Left-Right-Colour-Family unification, the gauge and matter
sectors of our model are inspired by the reduction pattern
Es — Eg x SUQ2)r x U(1)p that may be realised in extra-
dimensional scenarios via e.g. the Wilson-line breaking and
orbifolding techniques [45,46].2 Starting with vector-like Eg
representations, the extra-dimensional symmetry breaking
mechanisms enable one to remove mirror antichiral com-
ponents yielding a chiral anomaly-free theory in four dimen-
sions [51,52]. In the framework of orbifolding scenarios,
such an approach typically yields many light unobservable
states that are difficult to make consistent with phenomenol-
ogy in a conventional field-theoretical way, which is an open
problem. In this work, we do not rely on any particular extra-

! For alternative realisations of E¢ GUT with SU(2) or SU(3) family
symmetry, see Refs. [39,41-43].

2 For example, an orbifolding mechanism has also been used to unify
the gauge and family symmetries into SO (18) in Refs. [47,48] and,
combined with a Wilson-line breaking technique, into Eg in Refs. [49,

50].
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dimensional scenario of Eg breaking. Instead, we adopt a phe-
nomenologically motivated approach and postulate a mini-
mal anomaly-free superfield content in the effective four-
dimensional E¢ x SU2)r x U(1)r SUSY theory, where the
sector of light chiral superfields (containing the SM matter) is
inspired by its possible embedding into the lowest 248 repre-
sentation of Eg, and then explore its overall phenomenolog-
ical consistency by studying its symmetry breaking, particle
spectra and gauge coupling evolution down to the SM energy
scale. If the Eg and E¢ breaking scales are not too far apart,
one expects that high-dimensional operators of the Eg the-
ory are sizeable. Indeed, we show that such operators are
important for both gauge coupling unification as well as for
explaining the observed hierarchy of the fermion mass spec-
trum. We also show that taking the measured gauge couplings
as input one obtains an Eg scale of a few times 10'7 GeV as
expected for the string scale.

The first notable consequence of dimension-5 opera-
tors in the Eg gauge-kinetic function is the existence of
sizeable threshold corrections to the gauge couplings, see
e.g. [53]. Thus, the universality among Left-Right-Colour
SU(3) gauge interactions previously imposed by a Zj3 per-
mutation group [33] does not hold any longer. Therefore,
the mass scale for the soft SUSY breaking terms gets con-
siderably lowered compared to the previous attempt. This
is intrinsically connected to a second notable effect, where
dimension-4 operators in the superpotential of the Eg the-
ory, in combination with a SU(2)r x U(1)r flavour sym-
metry, only allow for two distinct Yukawa couplings in the
[SUB)T x SUQ)r x U(D)g theory. This, in turn, together
with a slight hierarchy in the vacuum expectation values of
the low-energy scale Higgs bosons allows for an explana-
tion of the top-charm and bottom-strange mass hierarchies at
tree-level. Besides second and third generation quark Yukawa
couplings, Majorana neutrino mass terms are also tree-level
generated. All other Yukawa couplings in the SHUT model
are loop induced as a consequence of soft-SUSY break-
ing, potentially offering a first-principles explanation for
the fermion mass hierarchies and mixing angles observed
in nature. As a by-product, the SHUT model also provides
specific new physics scenarios involving additional Higgs
doublets, new vector-like fermions and even flavour non-
universal gauge bosons, possibly, at the reach of the LHC or
future colliders. The size of the soft-SUSY breaking terms
and the freedom that they add to the model with a total of
35 mass-dimensional parameters provides enough freedom
to make the SM Higgs and Yukawa sectors consistent with
phenomenology and potentially realisable with not too strong
fine-tuning.

The article is organised as follow. In Sect. 2, we give a
detailed discussion of the high-scale SUSY model structure
focussing on specific conditions on the Eg reduction pattern
that need to be satisfied in order to obtain a minimal working
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model based upon E¢ x SU(2)r x U(1)r symmetry. Besides,
we show how the [SU(3)]? gauge group emerges along an
SU®2)r x U(1)f family symmetry and also how the corre-
sponding representations emerge from those of Eg. We also
demonstrate the crucial role of high-dimensional operators
in generating the T-GUT superpotential which only contains
two unified Yukawa couplings. In Sect. 3, we introduce the
most generic soft SUSY breaking sector in the left-right (LR)
symmetric phase of the model emerging from the considered
high-scale T-GUT. We also discuss the spontaneous gauge
symmetry breaking (SSB) scheme induced by these soft
interactions. We find that a new parity emerges, an analogue
to R-parity in MSSM, which forbids the Yukawa-driven pro-
ton decay channels. This model is a multi-Higgs model and in
Sect. 4 we give a first analysis of the fermion spectra and mix-
ings for both, the ‘light” SM-like chiral fermions as well as
the vector-like states. A particular focus will be on the inter-
play of tree-level and loop-induced contributions. In Sect. 5,
we demonstrate how the measured gauge couplings lead to
an Eg scale of 0(10'7) GeV taking into account the tree-level
threshold corrections due to Eg high-dimensional operators.
In Sect. 6, abrief summary and an outlook for future studies is
given. In a series of appendices we collect the most important
details on group-theoretical aspects and Eg representations,
the evolution of the gauge couplings at different stages of
symmetry breaking including the tree-level matching condi-
tions. Moreover, we present a generic structure of the effec-
tive Lagrangian below the trinification breaking scale.

2 Defining the model from unification principles

In order to consistently unify the SM gauge and non-SM fam-
ily interactions one needs a simple group with high enough
rank whose reduction down to the SM gauge symmetry
should occur in several symmetry breaking steps. An ambi-
tious goal here is to construct a GUT theory where both types
of couplings’ unification, in gauge and Yukawa sectors, are
a dynamically emergent phenomena.

A promising candidate to play such a role is the excep-
tional Eg symmetry that has long been motivated as the one
describing the dynamics of massless sectors in superstring
theories [10—-12,54] (see also Ref. [55]). However, it is known
that Eg is a vector-like symmetry due to the presence of chiral
and anti-chiral E¢ 27-plets in its fundamental representation.
Therefore, to obtain the chiral nature of known matter one
typically relies on the geometrical extra-dimensional sym-
metry breaking mechanisms such as the orbifold compactifi-
cation and Wilson-line breaking [45,46]. In this framework,
the breaking of a single Eg or superstring-inspired Eg x Eg
symmetries via Zy orbifold compactification can occur in
several distinct ways containing, for example, an E¢ symme-
try or other Eg subgroups and leading to different possibilities

for massless chiral matter in four-dimensions depending on
the orbifold order N [56]. In a class of scenarios with Eg rem-
nant of such a compactification, the usual gauge interactions
of the SM belong to the E¢ gauge group, while the remaining
group factors can be regarded as candidates for the family
symmetry i.e. candidates for a new “horizontal” gauge sym-
metry that acts in the space of SM fermion generations and
is present below the Eg energy scale.

In one of the possible realisations considered earlier in
Refs. [32,33],
Eg D E6 x SUB)F D [SUB) x SUB)F — .... (2.1
the family symmetry SU(3)r has been treated as a global
symmetry, for simplicity, while the gauge couplings unifi-
cation has been imposed already at the level of trinifica-
tion [SU(3)]>. The particle content has been inspired by
an embedding of the chiral superfields into a single vector-
like Eg representation, while no particular extra-dimensional
mechanism leading to such a content has been discussed.
The model offers a number of emergent distinct features such
as the absence of p-problem, accidental baryon symmetry,
tree-level Cabbibo mixing in the quark sector etc. On the
other hand, the universality of the Yukawa interactions in the
superpotential imposed by the [SU(3)]* x SU(3)r symmetry
and the gauge couplings unification at the [SU(3)]’ break-
ing scale, both require a significant fine-tuning in the scalar
sector in order to push the soft SUSY breaking scale to much
larger values than the electroweak scale and to enhance the
one-loop radiative correction to the third-generation quark
Yukawa couplings and, hence, to split the second- and third-
generation quark masses for consistency with experimental
data.

In this work, we discuss another promising scenario that
generalised the one in Eq. 2.1

Es D Ee x SUQ)E x U(I) — [SUB)]® x SUQ2)p

xUE = ..., 2.2)

with the fully gauged family SU(2)r x U(1)f symmetry, and
the corresponding scale hierarchies
Mg 2 Mg > M3, 2.3)
where Mg, Mg and M3 are the Eg, Eg and [SU(3)]3 breaking
scales, respectively. Here, we do not impose the [SU(3)]3
gauge couplings unification readily at M3 scale as was
done in Refs. [32,33], instead considering their natural uni-
fication at Mg. While we do not consider any particular
extra-dimensional Eg reduction scenario, we fully rely on
the conventional effective field theory (EFT) approach to
E¢xSU(2)r x U(1)F theory in four dimensions and introduce
the minimal anomaly-free chiral superfield content inspired
by the Z4 orbifold compactification scheme [56] following

@ Springer
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Table 1 Fundamental representations of the E¢ x SU(2)r x U(1)f
SUSY EFT inspired by the Z4 orbifold compactification scenario [56].
For simplicity, antichiral states are not listed and notation of U(1)r
charges is suppressed. To comply with phenomenological motivation,

an extra Zp symmetry is imposed forbidding a mixing between Z,-even
(“visible”) and Z-odd (“hidden”) sectors. We assume that {...}
remain at low energies and contain the SM sectors, while all {...}™
acquire large masses and are integrated out below Eg energy scale

I

Sector I

Untwisted 27,2 +1,2)
(=)

Twisted 16 (27, D) +32(1,

+80(1, D)

2)(—)

@7, + 27, 1"

1027, D7) +6(27,1)
+32(1,2)7 +16(1, )

the setup proposed in Ref. [44], see Table 1. The gauge and
Witten anomalies are cancelled in the considered scheme.
Specifically, below the GUT scale Mg, the resulting four-
dimensional SUSY EFT would contain only two massless
fundamental (27, 2) (1) and (27, 1)) superfields (“visible”
sector, denoted as {...}™)), while all the other represen-
tations that play a critical role in anomalies’ cancellation
are assumed to acquire mass through yet unknown mech-
anism (“hidden” sector, denoted as {...} ™). The imposed
exact Z, parity forbids any mixing between the “visible”
(Z-even) and “hidden” (Z,-odd) sectors. We disregard the
latter at lower energy scales in this work (so that the parity
signs {. ..} can then be suppressed in the considered EFT).
The massless “visible” superfields from the untwisted sector
are then considered to emerge from a single vector-like Eg
representation,

248 =(1,9) P78, DM @27, )" @ (27,3,
2.4)

more specifically, from (27, 3)*) part of it, while the antichi-

ral representation (ﬁ, 3) ) is assumed to be projected away
by the orbifold compactification procedure. Such a unifi-
cation of fermion generations implies that the SUSY fla-
vor problem [57,58] can be resolved even in the case of
large neutrino mixings, while realistic Yukawa matrices can
be straightforwardly obtained by the spontaneous breaking
of the horizontal family symmetry [39,41,59]. Besides the
massless fundamental superfields (27, 2)(1) and (27, 1)(—2),
the same 248 representation contains also a massive Eg-
adjoint (78, 1) ) superfield that is kept in the spectrum until
the trinification symmetry gets broken by VEVs in its compo-
nents (for details of the symmetry breaking chain, see below).

Below the Mg scale, quadratic and cubic terms of
heavy superfields from large Eg representations such as bi-
fundamental (650, 1) ¢, etc are generated in the superpoten-
tial. The latter fields may develop VEVs effectively triggering
further breaking of the E¢ symmetry down to the trinification
group [44]. In the geometrical approach, VEVs in large Eg
representations may mimic the effect of Wilson line VEVs
in extra dimensions. Eventually, an analogical process also
induces a further breaking down to a SUSY LR-symmetric

@ Springer

theory. In particular, VEVs in heavy modes generate effective
u-terms for adjoint (78, 1)) (and hence for A g c) super-
field (called w7g in Ref. [33]), setting up M3 scale. The mech-
anism of generation of large massive representations such as
(650, 1) ) or (78, 1) g from Eg is beyond the scope of this
article and left for future work. However, we assume that
their size is given by the GUT scale. This way, the orbifolding
mechanism may, in principle, be responsible for dynamical
generation of all the scales in the high-scale SUSY theory
given in Eq. (2.3), with a mild hierarchy between those.

Following a close analogy with the previous work [33], in
this scenario every SU(3) gets broken by a rank- and SUSY-
preserving VEV in the corresponding adjoint superfield. All
SU(3)Lr,c-adjoint superfields A, g c that emerge from the
(78, 1) ()-rep upon Eg breaking will gain a mass of the order
of trinification [SU(3)]? (T-GUT) breaking scale M3, and
thus do not play any role below that scale.

We recall that the unification condition of the SU(3)c,
SU@3)L, and SU(3)r gauge couplings at M3 scale (gc, gL
and gr respectively), typically discussed in trinification-
based scenarios [34], emerges due to an imposed cyclic
Zs-permutation symmetry acting on the trinification gauge
fields. However, as was demonstrated in Ref. [33], such a
restriction comes with a price, namely, a too large soft-
SUSY breaking scale, approximately 10" GeV, is unavoid-
able. This makes it rather challenging to generate a consis-
tent Higgs sector at the EW scale without a significant fine-
tuning. Alternatively, noting that the trinification gauge group
SU@B)cxSU3)L xSU(3)R is amaximal symmetry of E¢, the
corresponding gauge couplings can instead become univer-
sal at (and beyond) the E¢ breaking scale, Me. In this work,
we thoroughly explore this new possibility without the sim-
plifying assumption of a Z3 symmetry but incorporating the
effect of high-dimensional operators that introduce a splitting
between the gc, g1 and gr gauge couplings at M.

2.1 Eg breaking effects
2.1.1 Gauge coupling unification

In this article, we consider that both the trinification and
flavour symmetries are remnants of a fundamental Eg uni-
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fying force emerging via the following symmetry breaking
chain

Es % Eg x SUQ)F x U(DE 25 [SUB)P x SUQ@)E x U(1)g.

(2.5)

If Mg and Mg scales are not too far off, then the effects
coming from Eg breaking via orbifold compactifications can
play a relevant role and should be taken into account. The
dominant dimension-5 corrections to the gauge-kinetic terms
—% Tr (F’“’ . F;w) are of the form [53]

Lsp = _5 |:L Tr(F - Pk - FIW)] (2.6)

Mg [ 4C

where F ,, is the Eg field strength tensor, C is a charge nor-
malization factor, & is a coupling constant and &)Es is a lin-
ear combination of Higgs multiplets transforming under the
symmetric product of two Eg adjoint representations

Dpg € (718 ® 78)gym = 1 ® 650 & 2430. Q.7

Here we refer to the relevant formalism developed in Ref. [53]
for more details on the dimension-5 corrections such as those
in Eq. (2.6).

For our purposes, we need two 650 multiplets as the min-
imal content required for generation of sufficient hierarchies
in the SM fermion spectra already at tree level. The emer-
gence of these two representations from Eg is described in
Appendix A. A generic breaking of E¢ down to trinification
can follow a linear combination of the following orthogonal
directions
o=1, X =650, X =650, W =2430. (2.8)
While a VEV in Eg-singlet o superfield would not break Eg
alone by itself, it mixes with [SU(3)]3—singlets contained in
the other representations, and hence affects the breaking in
a generic case, so it must be taken into consideration. The
corresponding generic VEV setting obeys the relation

vd, = v2 +0d +vk +od = 62 +hE kL R vE 29)

with
K2 4 k3 + k% + k% = 1. (2.10)

The modified gauge coupling unification conditions after the
breaking in Eq. (2.5) induced by the dimension-5 operators
(2.6) read as [53]

ac'(I+cs) =o' A+ 28 =g A+ ¢8R
(2.11)

(2.12)

and dc L r are the group theoretical factors for each VEV
given in table 4 of Ref. [53].

Note that for a large hierarchy Mg < Mg the gauge cou-
pling unification conditions, Eq. (2.11), reduce to the stan-
dard unification relations a¢ I~ o I~ ag ], thus, recover-
ing an approximate Zz-permutation symmetry in the gauge
sector of the T-GUT, previously imposed in Ref. [33]. How-
ever, if Mg ~ Mg then sizeable threshold corrections on
the gauge couplings emerge with a significant impact on the
subsequent RG evolution. Here we will further consider that
Eg breaking towards the trinification symmetry can proceed
through the generic vacuum direction obeying Eq. (2.9) such
that the éc 1 r factors are given by the following relations:

1 1

——ky — —ky,
V2 V26
3 1

]
SR = ——ky £ ——ky — ——kg.
22 E T oA T 26

Note that the singlet direction v, does not participate in
deviations from non-universality at one-loop level. As we
will see below in Sect. 5, the relations in Eq. (2.13) above
modify the boundary values of the g - couplings at the M
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.

5S¢ =

(2.13)

2.1.2 Origin of Yukawa interactions

Denoting the fundamental chiral representations in the Eg x
SU2)r x U(1)f phase as

Q71,2 =y*, Q7,1 =y", (2.14)
where u = 1, ..., 27is afundamental Eg index,i = 1,2isa
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.

War = 3 Vordunei ¥y =0 2.15)
where d,,,; is a completely symmetric E¢ tensor, the only
invariant tensor corresponding to 27 x 27 x 27 product, see
Refs. [60,61], and ¢;; 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

@ Springer
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structure in the considered E¢ x SU(2)p x U(1)f theory.
This means that renormalisable Eg interactions in this the-
ory are not capable of generating the Yukawa sector in a
form similar to L - Q1 - Qg in the SHUT theory emerging
after Eg breaking, i.e. in the trinification theory supplemented
with SU2)r x U(1)r, 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 con-
sidered in detail. In particular, the product of three 27-plets
forms invariant contractions with the bi-fundamental 650-
plets X4 and X'" generated below the Eg breaking scale Mg
as follows

11 Co
1% — RV A3
=5 eV Y
X [5\] Zﬁdavx + 5\22351&/0» + XSZ()fdoz;w‘f‘
A s+ AT o + iﬁz/‘;dw] (2.16)
where the ):1,2,47 5 terms are no longer completely symmetric

under Eg contractions, thus no longer vanishing. Once the
650-plets develop the VEVs (see Ref. [53] for more details),

(%) = FEVE6 jing <—2, =21, 1)
A/ 18 9 entries 9 entries 9 entries
ks vgg . < )
¥ = fdiag (0,...,0, 1,...,1, —1,...,—1
( > «/6 g 9entries 9 entries 9 entries

(2.17)

breaking Eg to its trinification subgroup, an effective super-
potential

Wi =¢;; VL - Qf - Q{z — WL - Q{‘ 03

+ L7 0 - Of) (2.18)
is generated® reproducing a new version of the SHUT model
with local family symmetry SU2)r x U(l)r and with
Yukawa couplings

kz/ ~ ~
=C—(Ag — A5),
Vi C\/g( 4 — As)

ks -~ - V3ks
Vo=t=Co—i)— 5 —
23T T
where ky, ky and ¢ are defined in Egs. (2.9) and (2.12),
respectively. Note that the superpotential in Eq. (2.18) con-

tains an accidental Abelian U(1)w x U(1)p symmetry whose
charges can be chosen as in Table 2.

Vi, (2.19)

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

@ Springer

Table 2 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

U()w Us
L +1 0
0, -1/2 +1/3
Or -1/2 —1/3

Table 3 Pg parity charges of the SHUT fields. Scalar fields are denoted
with tildes, V), corresponds to vector bosons while g are the gaugino
fermions

L L oL oL Or Or Vi 8

P& - + + -  + - 4+ -

It is instructive to notice that the SUSY theory exhibits a
new accidental Z, parity which can be equivalently associ-
ated with either U(1)w or U(1)p symmetries of the superpo-
tential

IP)B — (_1)2W+2S — (_1)3B+ZS , (220)

where § is the spin, while W and B are the U(1)w and U(1)p
charges, respectively, given in Table 2. The corresponding
Pg-parity of the underlying fields is provided in Table 3.

In analogy to conventional R-parity, we may denote Pg
as B-parity and its relevance will become evident below.
In particular, Higgs bosons, which are embedded in L, are
even while squarks are odd under B-parity. This is quite rel-
evant since triple-Higgs and Higgs-fermion Yukawa inter-
actions are allowed whereas triple-squark or quark-quark-
squark terms are forbidden. This means that the only fun-
damental interactions that could destabilise the proton in
the considered SHUT framework would come from B-parity
violating Eg gauge interactions at the Mg scale.

Note that the origins of (non-universal) gauge and Yukawa
interactions in the SHUT model are interconnected and
emerge due to the Eg-breaking effects by means of the high-
dimensional operators. We also see from Egs. (2.16) and
(2.18) that the Mg and Mg scales cannot be too far off. If
so, the SM quark and lepton masses would be strongly sup-
pressed by a small ratio vg, /Mg which, in turn, would make
it challenging to reproduce the observed fermion spectrum.
Interestingly, as we will notice in Sect. 5, the measured val-
ues of the gauge couplings at the EW-scale imply that the Mg
and Mg scales are indeed almost degenerate making both the
Yukawa and gauge sectors self-consistent without any artifi-
cial tuning.

The massless superfields resulting from the (27, 2) ;) and
(27, 1)) supermultiplets form bi-triplets of the trinifica-
tion group and transform according to the quantum numbers
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Table 4 Quantum numbers of the fundamental chiral superfields with
respect to various subgroups

Table 5 Quantum numbers of the components of the adjoint chiral
superfield (78, 1)) with respect to various subgroups

SUG)L SUB)r SUB)c SUQ2)r Uk SUQB)L SU@B3)r SU@B)c SUQ)r Uk
L 3 3 1 2 1 AL 8 1 1 1 0
L’ 3 3 1 1 -2 AR 1 8 1 1 0
0 3 1 3 2 1 Ac 1 1 8 1 0
i 3 1 3 1 -2 E 3 3 f 1 0
0k 1 3 3 2 1 E' 3 3 3 1 0
03 1 3 3 1 -2

specified in Table 4, where we cast the components of the
lepton and quark superfields as
Er NpLw| .

. 1
(LI,S) r=
eR VR @

(01") 1=t a D)™

3\ T3
(Qi{3> xz(qu drx DRx) l )

i3
NR SL eL, '

(221

with /, r and x denoting SU(3)r, SU3)r and SU(3)¢ 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 in an earlier work [33],
the breaking of the trinification symmetry takes place once
the scalar components of the heavy adjoint octet superfields
Ar and AR acquire VEVs, i.e. vy = vr = M3, respectively,

SUB)L x SUB)R = SU@)L x SUQ)R x UL x U(1R.
(2.22)

Such superfields are embedded in a heavy Eg adjoint 78-
plet which also contains two trinification tri-triplets that we
denote as E and E’. Since both the octets and the tri-triplets
have a common origin in E¢ 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)) components are shown in
Table 5 and the part of the superpotential containing massive
trinification representations reads

Wig= Z

AL R,C

+ Z W8 Tr (E E/AA) .

A=L,R,C

1 2 1 3 ——/
E,u,mTrAA—i-;)hgTrAA + w78 Tr (:. ) )

(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

W=Yiei (X' -ai - ah+tk - D} -ah+4-ai - D+¢' - DY - DY]
- Vasij [xi -q] - qi+8 D] -qi+4 -q] Dy +¢' D] D?z]
+Y2eij 1 -4l - af+k - DL -af+4 -al - Dh+4* - DL DY

(2.24)

where we recast the chiral superfields in Eq. (2.21) as

. i\
)= (55)
(Qi)xl = (‘If[ Df)i, (Qiz)rx = (qks DRx)T g
(2.25)

and where [ and 7 are the SU(2), and SU(2)gr doublet indices,
respectively.

3 Soft-SUSY breaking interactions

The choice of the Eg symmetry breaking pattern down to
a LR-symmetric SUSY theory, with three distinct but rela-
tively compressed breaking scales, Mg, Mg and M3, intro-
duced above, leaves the 27-plet components L, Q; and Qg
massless. The latter, hence, contain the light SM matter sec-
tors 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
the SM gauge symmetry unbroken at low energies reads
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where we adopt the following hierarchy
Mpw < s123 S0 = f < p < M3=Ms< Mg, (32)

with the lowest EW symmetry breaking (EWSB) scale, Mgw.
The corresponding full symmetry breaking chain down to the
SM gauge group is represented in Fig. 1. In the red blocks,
the role of the soft SUSY breaking parameters on the heavy
spectrum is negligible while in the green ones it becomes
relevant for the remaining light states. The blue blocks further
indicate the SM gauge symmetry and below with the lightest
states kept in the spectrum. We have considered the minimal
realistic realisation of the Higgs sector to trigger the breaking
of the EW symmetry in the last step. For further details see
Sect. 4.1.

The allowed soft-SUSY trilinear interactions preserving
U(1)w and U(1)p read small

soft __ B l
Lywg = —¢ij

(moﬁﬂﬁﬁrﬁl + allqiléﬁr)?f/
+alzéE,q{{xr’j + algbibéjﬁ)

— &ij <a14l~)£5}31<l~5j +a1sD} Dy ¢’ + aredi | DR
+a176?1iz[)i%25~£1)

— &) (mséﬁzbfzf{l +a1oDf a3 &R,
tanDi G + a21bﬁq~1{’ZiR,) teoc. (33

whereas the mass terms are of the form

myp*e (3.4)
where ¢ represents any of the scalars contained in the super-
fields (2.25) 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

Soft ’ il Gil'53 Silg3l Gl
Ly = —eije" e (alx' PR Y At

- ~ ) o~ iRy~ il il
+a3x31r€’Ll Zl/{r/+a4x,'lxr3/l ¢’ +a5x;1xrj/ ¢3) +c.c.

(3.5)

Note that soft trilinear U(1)g-violating interactions are not
allowed by the B-parity in the considered theory.
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Mg Orbifold Compactifications

{Eg X SU(?)F X U(l)F

<(I)E6> = M()'

SU(3)C X SU(?)F X U(l)p
<£§,R> = M3

SU@3)c x SU2)L x SU(2)r x
SU(Z)F X U(l)L X U(l)R X U(l)F

{ SU(3)r, x SU(3)r x

<53> =p~ Mg

SU(3)e % SU(2)1, x SU(2)r X SU(2)p x U(1)+R X U(l)s}

()=

{SU(?’)C X SU(2)L X SU(2)R X U(l)L+R X U(l)v

(k) =
x ULy x U(1)p
() () ==
SU@B)c x SU2)L x U(l)y
() = wa, (A7) =

SU(?))C X U(l)E,M}

SU(3)¢ x SU(2)y,

3

N

Fig. 1 The gauge symmetry breaking scheme considered in this work.
In the red blocks SUSY is approximately unbroken while in the green

ones it is softly broken. The blue blocks represent the SM gauge sym-
metry and below with only the lightest states included. The f)é’3 and ¢2

scalars are allowed to mix forming two physical scalars and a Goldstone
boson

With the superpotential (2.24) and the soft-SUSY break-
ing 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.

Indeed, in the considered LR symmetric SUSY theory the
main ballpark of free parameters comes from the soft-SUSY
breaking sector, in particular, 17 trilinear terms (5 with slep-
tons and 12 with squarks), 16 soft mass terms of LL-and
QQ—type as well as 2 high-scale gaugino mass parameters
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corresponding to those in the Eg and gauge-family sectors.
On top of that, there are also four gauge couplings in the
gauge sector of the SUSY theory while all the low-scale
Yukawa couplings are matched to only two universal high-
scale Yukawa terms in the superpotential that govern the
strongest hierarchies between the SM quarks already at tree
level (see also below). Note, as will be clear from the forth-
coming sections the radiative corrections to the Yukawa cou-
plings are determined by the soft-SUSY breaking parameters
and gauge couplings, whose number is sufficient to accom-
modate the measured SM fermion masses and mixing angles.

4 Implications for the fermion sector
4.1 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) Dy, r. With the p, f, w and 5123
VEV setting, one generates the gauge group of the SM at low
energy scales according to the breaking scheme schemati-
cally illustrated in Fig. 1. In this scheme, the subsequent EW
symmetry can only be broken by SU(2)1, 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

. 1 uy 0 O

<L>=E 8 dy 2 ,

) 1 (*2 0 0

Fl=a e e)

. 1 us 0 O

<L>=E 8 sz e; , 4.1

where u;, d; and e; 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 d; and ¢; 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 e; = 0 corresponding to a small mixing between Dgr
and dr quarks suppressed by a strong hierarchy between the
EW scale and the higher intermediate scales associated with
w, f, p VEVs.

The quark mass sector in the SHUT model reveals a num-
ber of interesting features. The up-quark mass matrix takes

the following form

1 0 uzdo  uzd»
My =— | —uzd> 0 —u1da |, 4.2)
V2 —u V1w 0

yielding the generic mass spectrum with one massless quark,
the would-be u-quark in the SM,

my =0 mi:%yg (u%—i—u%—i—u%)

m? =1 [yf (uf + ug) n ygug] . (4.3)
Here we notice that the proper charm-top mass hierarchy is
realised if and only if }» « Y. 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 (2.21)
there are six down-type quarks, three SU(2)r -doublet (chi-
ral) components dﬁ:ij and three SU(2)_-singlet (vector-like)
fields Di’}f which acquire large masses above the EW scale.

The generic down-type quark mass form thus takes the fol-
lowing structure

0 d3)r s 0 0 0
—d3)» 0 —d1)» 0 0 0
yox6 _ L[ = didn 0 0 0 0
d V2 0 3V s2dh 0 Py [
—s3)» 0 —w)y  —ph 0 -1
Y1 w 0 —fYr siM 0
“4.4)

writteninthebasis (! D) My (di, D)withi = 1,2, 3.

The VLQs acquire their masses as soon as the p, f and
o VEVs are generated corresponding to the fifth, sixth and
seventh boxes in Fig. 1. Before the EWSB (Higgs doublet)
and s; VEVs are developed the total down-type quark mass
matrix reads

0 0 0 0 0 0

0 0 0 0 0 0

M6X6NL 0 0 0 0 0 0
d T /210 0 0 0 pVr [N’

0 0 —wYr —pWs 0 0

0 wl 0 - 0 0

4.5)

yielding the following VLQ mass spectrum where we kept
the first-order terms in )> < ); as needed for a realistic
u-quark mass spectrum,

@ (f* 4+ p* + %)
2(f2 + o?)

V3,
(4.6)

1
sz/s ~ E(fz + Pz)yzz, m%/D x~
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I L 2\472 1 2 47
mB_E(f +a))yl+my2. “4.7)
Here, we adopt that the lightest VLQ is D-quark, such that
mp < mg, so which of the first two states is D-quark and
which is S-quark depends on relative magnitudes of f, p and
w (see below).

As can clearly be seen from Eq. (4.5), the massless (before
the EWSB) states will consist of d; and an admixture of
dg with Dpg 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

&3 f—dap
00 NTEEAT
—d3), 0 dlyzdﬁ ,
—dr )

4 /
0 lylm

Itis 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 u; and d;, the
resulting formulas are rather lengthy and not very enlighten-
ing. Instead, we have analysed three distinct scenarios with
five nonzero Higgs doublet VEVs by setting one of the down-
type VEVs d; 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 d; = 0) provides the physical CKM
matrix and spectrum compatible with those in the SM. Other
two scenarios corresponding to d» = 0 or d3 = 0 render
unphysical CKM mixing, and hence are no longer discussed
here.

Thus, setting d; = 0 in Eq. (4.8) one arrives at the follow-
ing physical down-type quark spectrum

1

¢ 2

o] —dsp)?
YA PP D)

1
E(d%y% +d3)3),

2
st

mq =0,

m (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 lead-
ing contributions as emerge from the full 6 x 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, s; produce only a minor

@ Springer

effect on the tree-level down-type masses and mixing, thus,
justifying the approximate procedure employed here.

Itis clear from Eq. (4.9) that in the realistic VEV hierarchy
p, f, w > d» 3, one recovers a strong hierarchy m; < my,
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

Ji_me L m oa00).

% = m - (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, )} and ). 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.

Let us now consider the realistic quark mixing starting
from the light-quark mass forms Egs. (4.2) and (4.8) by set-
ting di = 0. The corresponding left quark mixing matrices
Ly and Lg defined as mlzl’d = Lz’d(Mu,dMI‘d)Lu,d provide
the CKM mixing matrix in analytic form

Vekm = LuL)

dryur Vi +dsu3 Y3 Yt (douz—dzu)V1)»

v AB VA VAB

_ _ dhu ) _uy dzu1 )

- VBC NG VBC
Cds—durun)1Yy  wuz)y  CoVi+dsuruz Vs

ABC VAC ABC

4.11)

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

A=CY +u3)s,

B=ddV+d3)3, C=ul+u3. (4.12)

We have explicitly imposed the positivity of all the VEVs
and Yukawa couplings, u; > 0, dx3 > 0, V12 > 0, for
simplicity. Note, the CKM matrix in Eq. (4.11) is exact for
the 3 x 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, o, 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 [Vckm133 = Vip in the limit of small
Y K Vi reads

Vip =1 — <&>2 diC + dyus(dous — 2dyur)
T\ 2d2C

. (@413)
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whose deviation from unity is well under control due to a
very small ratio )»/Y; < 1. Apparently, the same ratio is
responsible for a strong suppression of Vig, Vis, Vou and Vi
CKM elements.

In the limit u3 — 0 and d3 — 0, the top-bottom mixing
approaches unity from below, i.e. V;;, — 1. Furthermore, in
this case the CKM matrix takes a particularly simple Cabibbo
form

cosOc sinfc O
[Vckm| = | sinf¢c  cosbc O], (4.14)
0 0 1

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

uy
0c = arctan (—) .
us

Thus, while the small ratio )»/); « 1 imposes a strong
suppression on mixing between the third generation with the
other two already at the classical level of SHDM, one acquires
an additional suppression also in the effective 3HDM limit
corresponding to very small (or zero) third-generation Higgs
VEVs, usz 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 > and
dp without destroying the realistic quark mixing. This fact
renders an interesting possibility for a unique minimal effec-
tive 3HDM scenario of the SHUT theory with dominant u »
and d» VEVs only. This also gives rise to a nearly Cabibbo
quark 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 u;, d> 3), four (withu 2,d> 3) or
the minimum of three (with u1 », 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.

(4.15)

4.2 Numerical analysis
4.2.1 VLQ hierarchies

The three distinct realistic examples of possible hierarchies
among the w, f and p scales with their effects on the VLQ
masses are shown in Table 6. We have chosen for these exam-
ples that the w, f and p VEVs are such that the lightest VLQ
mass scale is at or above 1 TeV. In fact, the soft scales w, 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 Table 6 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.

4.2.2 Tree-level deviations from unitarity

The Cabibbo-like CKM mixing discussed above in Sect. 4.1
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 partic-
ular parameter space point in the realistic 3 HDM (u1, u2, da)
scenario,

V1 =098, ), =0.0068,

up = 59.65GeV, uy =238.6GeV, dp =6GeV, (4.16)

chosen such that u% + u% + d22 = (246GeV)2 and uy/uy ~
0.25, one obtains the following quark mass spectrum and
mixing at tree level,

my = 170.4GeV, m. = 1.18GeV,
mp = 4.15GeV, ms=0.017GeV,

097 024 0
\Vekm| = [0.24 097 0], 4.17)
0o 0 1

which appear in a reasonably close vicinity of the experi-
mentally measured values.

It is instructive to study the impact of VLQs on the light
quark masses and mixing in the case of exact 6 x 6 down-
type quark mass matrix Eq. (4.4). The generalized 3 x 6 CKM
mixing matrix is defined as

Vosan = £ P Ly = (V&R | V)

with P = (1343 0343). (4.18)
It generally depends on the Yukawa couplings Vi » and on
the symmetry breaking scales p, f, w and s;. In the full
down-quark mass form in Eq. (4.4) we will now fix s = s; =
10 TeV, i = 1,2, 3, and consider the benchmark points in
the 3HDM EFT (u1, ua, d>) for each of the three soft-scale
VEV hierarchies summarised in Table 6.
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Table 6 An example for an -
order of magnitude estimation Scenarios w (TeV) f (TeV) p (TeV) mp (TeV) ms (TeV) mp (TeV)
of VLQ mass scales relevant for ' » _ . 100_1000  100-1000  100—1000  1—10 1-10 100—1000
numerical considerations in this
work o~ fKLp 10—100 10—100 100—1000 1-10 1-10 10—100
oL f~p 100 1000 1000 1 10 1000

Fully compressed w ~ f ~ p scenario w—f compressed w ~ f K p scenario
In this first example, let us consider that the p, f and w scales ~ For the second example, we fix
are not too far off and are set to, e.g.

p=600TeV, f=110TeV, w=100TeV, (4.22)

p=220TeV, f=210TeV, w=200TeV, (4.19)

from where the down-type quark mass spectrum becomes

097 024
024 097
0 7.91x107° 1

[Vekm| =~

1.92 x 1075]8.33 x 1077 8.34 x 1078
7.65 x 1073(3.33 x 107° 3.34 x 10~
1.0 x 107% 2.03 x 1070 2.69 x 10~°

which results in the following quark mass spectrum

mg = 0.028GeV, mp = 4.14GeV,

mp = 1.99TeV, mg=2.94TeV, mp = 103.4TeV.
(4.23)

and the corresponding total quark mixing matrix reads

~0

~0 (4.24)

mg = 0.017GeV, mp =4.15GeV,

mp = 1.3TeV, ms=15TeV, mp=211.0TeV.
(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

In consistency with the estimations of Table 6, such a sce-
nario with compressed w and f scales yields two light VLQs
and a heavy one. A larger p-scale also induces a further sup-
pression in the CKM mixing elements in comparison with the
fully compressed scenario discussed above. However, the Vip
element is still the largest one and is of the order 10™4.

f—p compressed w K f ~ p scenario

0.97 0.24 231 x 1073 436 x107% 7.29 x 1077 ~0
[Verm| =~ | 0.24 0.97 923 x 1073 1.74 x 1075 2.92 x 107° ~0 421
0 9.51x107? 1 555 % 107° 1.15x 107> 6.47 x 1077

With this example we observe that the SM-like 3 x 3 CKM
quark mixing is no longer unitary with small deviations
induced via a small tree-level mixing with VLQs. It also gen-
erates small elements in ché‘l\%s, with the largest entry being
Vip = 5.55 x 107>, 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.

@ Springer

For the final benchmark scenario, let us keep the p value
fixed and shift f towards the p-scale, e.g.

p=600TeV, f=590TeV, w=180TeV. (4.25)

The quark mass spectrum becomes

mg = 0.020GeV, mp =4.15GeV,

mp = 1.2TeV, mg =4.05TeV, mp =427.6TeV,
(4.26)
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and the mixing matrix reads Note the w—s degeneracy enhances the chéﬁs elements as

shown in Fig. 3.

097 024 334x107%4.16 x 10792.91 x 1078 ~0
[Vekm| =~ | 024 097  1.34 x 107|1.66 x 1075 1.16 x 10~/ ~0 4.27)
0 1.38x107° 1 9.54 x 1079 2.70 x 1077 1.58 x 10~

This case shows a larger relative suppression in Vé%l\%s ele-
ments due to larger p and f scales. However, contrary to the
previous two scenarios, here we have |V.p| > |Vip| which
follows from non-trivial details of the mixing.

In order to visualise the behaviour of Vé%ﬁs elements
between different regimes we show in Fig. 2 the absolute
values of Vip, Vip, Vup and Vs elements.

We have fixed the w scale to 100 TeV and considered
two possibilities for the p-VEV, 600 TeV (left panel) and
1000 TeV (right panel). In both cases we keep s = 10 TeV
as mentioned above. By inspecting Fig. 2 we observe the
following:

e Inthe w—f compressed regime, in absolute value, the Vip
element is the largest VCVIL“I\%S element of order O (10~*)
followed by Vep 2 Vis > Vip;

e Approximately half way between the limiting w—f and
the f—p compressed scenarios Vip reaches a maximum
of approximately 10°8;

e While approaching the p—f compressed regime, the Vip
element crosses zero leading to a spiky structure in the
log-plot, while V.p and V,p continuously grow and V;g
continuously decreases;

e In the p—f compressed regime V,.p becomes the largest

Vord element of order O (107*3) followed by

Vio & Vip ~ O(1073), all these are well above
Viss
e A growing p-scale generically imposes a stronger sup-
. VLQs
pression on the V™ elements as expected.

§ — Vo
E R
gc cD
= VuD
‘ Vis
—7.?
00 200 300 400 500 600
f[Tev]

In the case of p = 600 TeV, the w—f compressed regime
yields Vip ~ O (10_2'8) and Vis ~ O (10_3'8) while the
remaining elements become very small. Furthermore, the
down-type quark mass spectrum in this limit reads

mg = 0.028GeV, mp =2.9 GeV,
mp = 1.7TeV, mg=3.08TeV,

mp = 138.6 TeV, (4.28)

with mg and my being tantalisingly close to their running
values at the Z-boson mass scale according to Ref. [62].
Alternatively, the p—f compressed scenario predicts Vip >
Vep > Vis > Vup, with all of them being between 10~* and
107>, The same behaviour is seen for p = 1000 TeV with
a slight suppression in the mixing between the VLQs and
SM-like quarks.

4.3 Radiative effects
4.3.1 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

Kk =2i G* CaArgzmy, f (my,, m, . m3). (4.29)

020 Moy
where C4 = (N? — 1)/(2N) in case of an SU(N) gaug-
ino, G denotes a Yukawa coupling with D-term origin and
my;, is the gaugino mass. mg, and m, are the scalar masses.

— Vo
- VcD
VuD
Vis
200 400 600 800 1000
f[Tev]

Fig. 2 The four largest quark mixing matrix elements between the VLQs and up-type SM-like quarks. In these plots s = 10 TeV and w = 100 TeV
while on the left p = 600 TeV and on the right p = 1000 TeV. The f-scale varies between the limiting w—f and the p—f compressed scenarios
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Fig. 3 The four largest quark mixing elements between VLQs and up-type SM-like quarks. In these plots s = w = 100 TeV. On the left panel
p = 600 TeV and on the right panel p = 1000 TeV. The f-scale varies between the limiting w—f and the p—f compressed scenarios
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Fig. 4 One-loop topology contributing to the radiatively generated
Yukawa interactions. G denotes a Yukawa coupling with D-term ori-
gin

The effective trilinear coupling A3 gets contribution from
two sources: (i) After the breaking of a gauge symmetry as
an effective coupling A123¢6 (pe). Here A1236 is a quartic cou-
pling originating either from an F'- or D-term as discussed in
detail in Appendix C. (ii) A trilinear coupling a23 from the
soft SUSY breaking sector. Hence, the SUSY breaking and
the fermion sectors are interconnected via radiative correc-
tions 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, w or s VEVs introduced above.
The loop integral in Eq. (4.29) is given by

1 ylog(f) x log (%)
1672 x —y y—z

fx,y,2) =

X =2z

(4.30)

To get a better understanding for the dependence on the
involved masses, it is useful to consider certain limit, in par-
ticular 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 read as

@ Springer

f(x,x,x) = m (4.31)
1 —x+y+xlogx/y)
6.9 =163 x — )2 (4.32)
f&,y, )
o[y (e ()] poras

~ 16]7 [% (1 +log(§)) ~(1 +210g(%))] for y < x
(4.33)

Independent of the precise hierarchy, we see that k scales
roughly like

Azmy,

max(m%l,3, m3,)

(4.34)

This implies, that in scenarios where the scalars are heavier
than the gauginos, we can get an additional suppression of the
corresponding Yukawa coupling beside the loop suppression.

In the following we estimate the size of A>3 due to the
A1236 (pe) contributions for the scenario discussed in the
previous section. There, we have focussed on a particular
EWSB-VEV setting (41, u2, d2), which means that ¢; in
Fig. 4 should be identified with the corresponding first and
second generation Higgs doublets. The corresponding quar-
tic couplings are given in Appendix C. These Higgs doublets
originate from SU(2)1. x SU(2)r x SU(2)F tri-doublets. For
the generation of the quark Yukawa couplings the internal
scalars have to be squarks. By inspection of the scalar poten-
tial in Appendix C we notice that the only possibilities for
the A1236 vertex are the couplings Aey—70, 2170 and A177. The
scalar ¢ which obtains the VEV is one of the ZYR“% implying
that this VEV is either w or s.

We emphasise at this stage, that in case of second- and
third-generation quarks we have contributions to the Yukawa
couplings at tree-level and at the one-loop from the strong and
electroweak gauginos. Furthermore, we see from Table 16 in
Appendix C that only F-terms yield relevant couplings upon
tree-level matching, where typical orders of magnitude are
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for example

reo = [Wa> ~ 1074, 70 = 1> ~ 1,

77 =0V5 ~ 1072 (4.35)

Setting at this stage for simplicity w = s we see, that the var-
ious possibilities for A>3 can easily vary over four orders
of magnitude, e.g. A123 = 0[(10_4 to 1) - w]. Using again
w = 100 TeV we obtain Ajp3 ~ O (0.01 — 100 TeV). Note
that, if the ratio m\p3/mé2 ~ O (107* Tev™"), then the
radiative corrections to SM-like quark Yukawa couplings
coming from the diagram in Fig. 4 can be as small as
1078 (or even smaller). Conversely, if my, ; ~ my, then
my,/mg, . ~ O (TeV™'), thus, for A3 ~ 100 TeV, such
radiative corrections can be as large as O(1). This result is
rather relevant as it offers the possibility for large hierarchies
in the fermion sectors, potentially reproducing the observed
fermion masses and mixing angles without the need for a
significant fine tuning.

In variance to quarks, in the charged lepton and Dirac
neutrino sectors, all the Yukawa couplings are purely radia-
tive. They receive several distinct contributions at one-loop.
One type of contributions is generated by the same one-loop
topologies as for the quark Yukawa couplings illustrated in
Fig. 4 but with the electroweak gauginos in the fermionic
propagators only. Besides, there are also additional one-loop
contributions, via new topologies with quark and squark
propagators shown in Fig. 5, and two more obtained from
the latter by simultaneous replacements of the fields in prop-
agators and legs:

Dy — iir, dr, uRr, dr — Dp,
Dr — 4L, qL — Dg,

Er, EL — [(iR), (§)],

(4.36)
[(iR), ()] — ERr, Er, (4.37)

where the quark fields are the gauge eigenstates defined
before the quark mixing. Note, here we do not specify the

Fig. 5 Examples of one-loop [@R) , <¢>]
diagrams contributing to the |
radiatively generated lepton

Yukawa couplings, in addition I
to the topologies in Fig. 4. The |
indices L, R refer to the original |
tri-triplets given in Eq. (2.25). |
denotes a Yukawa couplings ~u
with F-term origin ~ -

generation indices and hence the type of the trilinear cou-
pling a which should be extracted from the soft SUSY-
breaking Lagrangian. Similarly, the Yukawa couplings com-
monly denoted as ) due to its F-term origin are, in general,
different in each vertex. Finally, replacing the vr fermion leg
by ¢ and, simultaneously, dg — Dg in the propagator of the
right diagram in Fig. 5 we obtain two additional one-loop
induced bilinear operators, E1.¢ and Iy ¢.

Thus, due to different origins of the Yukawa interac-
tions, 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.

4.3.2 Vector-like lepton sector

Another interesting feature of our model is the presence of
nine copies of fermion SU(2);, doublets as one notices in
Eq. (2.21). In the following, we denote them as

. Ni . gi
a= (i) w-(3)
R M
. ei
()
v
where i = 1, 2, 3 is the generation index, consistently with
the notation introduced in Eq. (2.21). As will be discussed
below, as soon as the p, f and @ VEVs are generated, three
doublets remain massless while the other six acquire a large
mass and hence become vector-like with respect to SU(2)r..
Recalling that all lepton masses are purely radiative, such
vector-like leptons (VLLs) are expected to be lighter than

VLQs. However, they cannot be arbitrarily light in order to
comply with the direct searches at collider experiments [63].

(4.38)

[(7m), ()]

|
I
|
|
I
a

DL DR / AN DL

y eRr B, ] Yy

I e b
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The allowed Yukawa interactions involving lepton-doublets
can be separated in two main groups. While the first will be
responsible for mass terms proportional to the @, f and p
VEVs and read

1—loop 12 73 /32 7n~1
EVLL,I :ELER <K1¢ +K1¢ +K1UR)

+ EZEL <K2(l~53 + 157 + Ké’ué)
+ ELER (68 + 1467 + { i)

+ B} E} (K4q~52 + 14 + Kf(vll{)

00 0
/ 4
0 0 K983 + K195, + K708;
/ Vi
0 0 Kyysy +uyy83 + K78
0 0 Kys, +Kysy + Ky’

S
%
o oo o o o

00 Kkyp+uyf+rjo
00 Kk f+kp+rjo

kK p+rif+rfw
I "
K128yt Kip83 + K18
/ 1 / "
K481t K483 K148y Ky58) +Kj553 + K58

* The different diagrams contributing to the generation
of the Yukawa couplings ko, x|, and «,, are displayed in
Fig. 6. We stress that all of them involve U(1)w-breaking
soft SUSY terms, given in Eq. (3.5), which is essential as
otherwise all charged leptons would remain massless even
after electroweak symmetry breaking.

After the corresponding symmetry breaking the charged
lepton mass matrix written in the basis

Lco=(ef e & & & &)
x My (e} ¢33 & €2 €3)" +ce. 4.41)
takes the following form
K153 T K1gSy +K{6S| K175y + k{783 + k{78
K0 + k5 f + Kk p Ksw + K5 f + Kl p
K.+ Kk f 4K/ Kew + k% f 4 1l
6 of txsp 8 gf txgp (4.42)

K3 f +K5p +Kfw
I 1
K131 T K1353 + K135,

+ZfER (K5UR+K5¢ + ki )
+ O (K b+ Klp? +/<g¢)
+ 6 B} (k79k + 7 + 7 )

+EE} (ngR +hd? + K”¢3) (4.39)

the second group contains Yukawa interactions responsible
for generating VLL mass terms proportional to the s; VEVs,

P = B E} (KguR + 103 + kP! )
+ 01 Bk (107 + 10 + fod )
+ 6 E} (an)]zz + k1R + Kf/l‘isl*>
+ EXE} (mf)ﬁ + K12 TR + Kag
+ ELER (i3 + 53R+ k]
+ E{ E} <K14t/31 kTR A+ K]yD
+EE} (;qsf)ﬁ + K}s T3 4 k|5 B! *)
+ e{Eﬁ (mﬁﬁ + m% + Ki%él *

@ Springer

Similar to what has been done in the extended quark sector,
we investigate the case where the s; can be neglected with
respect to w, f and p that are assumed to be of similar size
in what follows. Note, in this first consideration we assume
a sufficiently heavy gaugino-mass scale enabling us to a first
approximation to neglect a small effect of the gaugino-lepton
mixing, and hence the lepton flavor violation induced by such
a mixing, in the decoupling limit. In a future study, such an
effect could be added and any modifications to the current
results should be analysed setting bounds on parameters of
the model from the LEP constraints and to explore further
potential for phenomenological explorations (for such a dis-
cussion in other SUSY models with the Higgs as a slepton,
see e.g. Refs. [64,65]).

It is possible to further simplify M, by noting that x; dom-
inates over «; and ;' in L{,_Llff)lp . To see this, let us consider
the first term in Eq. (4.39) where « is generated from the
top diagram in Fig. 6 while x| and «{" from the bottom-left
and bottom-right diagrams respectlvely. While the top dia-
gram is linear in as, defined in Eq. (3.5), the bottom ones
contain suppression factors of the order of the scalar quartic
couplings A5 and 2109, which are defined in Egs. (C7) and
(C8). From the tree-level matching conditions in Table 13
we see that both A5 and X109 are of D-term origin and can be
written as

n
hs=—¢ (Bap — 2ap + 20 + 2a3) .

- T / /
Aoy = rs (30[R + 3aF —ag — (XF) . (4.43)
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Fig. 6 One-loop diagrams contributing to the radiative generation of
K1 (top diagram), « (bottom-left diagram) and «{ (bottom-right dia-
gram) VLL Yukawa interactions. The Yukawa coupling G is equal to

We can now estimate the size of both quartic couplings using
Eq. (4.43) and typical values for the inverse structure con-
stants at the p-scale. Taking the second example point in
Table 8, shown in Fig. 10, that we will discuss in Sect. 5, we
have

1 , 1 1
=509 FT 763 RT 45
! : ! : (4.44)
ap = ——, o = —, .
R™696 L7 576
from where we get
s = —0.05 and Ajg9 = —0.04. (4.45)

Note, that there are no F-term contributions to the quartic
interactions as these would involve squarks. The additional
D-term suppression leads to the estimate:

"

K.
~ =L~ 0(0.01)

Ki
withi =1,...,8.

/
Ki

Ki

(4.46)

If the hierarchy between the w and p VEVs does not go
beyond an order of magnitude, in the limit of s; — 0 we can

y,5 — for the SL r F propagators, or to y3; 37,43 — for the 71 r  prop-
agators, respectively. For more details on the corresponding Yukawa
operators, see Appendix C2

approximate M, as follows

00 0 O 0 0

0 0 0 0 xw k5w

~ 0 0 O 0 Kew  Kgw
Mc~ L0 00 0 wp raf (4.47)

0 0 0 kop O 0

0 0 0 wxaf O 0

The VLL masses then become

2 22, 22
my = pTky + f7K,

1 2
1/2
— 40 (0? Ay — 2fpA3 + PP As+ f 2As)] / )
(4.48)

where
Ay

2
Ay = (k5K — K7K8)~

A3 = (Kk7K5 + Kek8) K1K3,
Ag = (K52 + K%)

As = (K72 + K62) K32.

=K72+/<52+K62+K§,

2
K],

(4.49)
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If once again we choose w to be the smallest of the intermedi-
ate scales, as e.g. compatible with the p—f compressed sce-
nario discussed in Sect. 4.2.2, we can Taylor-expand m%w E
for w < p, f and obtain

~ p2 (K22+K42_), m%,l ~ p2 (K12+K32),
2 2
2 . (kskyp — K7K3)” + (Kgk1 — K6k3)™ 5
mE ~ 5 7 w .
Ky + K3

3
NN

(4.50)

Even simpler expressions are obtained in the case of w—f
compressed scenario

mr ~ pKz, my = pKi,

mg ~ a),//csz—i—/cgz.

Note, for the analytical approximations in Egs. (4.50) and
(4.51) we have assumed that the radiative Yukawa couplings
k; 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 w VEV. For example, taking
the benchmark scenarios defined in Eqgs. (4.22) and (4.25),
where p = 600 TeV and w = 100 TeV and assuming «; ~
O (1072) we get for both scenarios:

4.51)

mry ~ O©6TeV), mg ~ O TeV). (4.52)

4.4 Neutrinos

Limiting our consideration to the neutral components of the
fermionic L’3 bi-triplets only (see Eq. (2.21)), we briefly dis-
cuss the structure of the neutrino sector. Similarly to quarks,
one has both tree-level and loop induced contributions to the
masses. In the basis

Yy = <vﬁ UI% vf Nﬁ ./\/I% /\/'E /\/’l% ./\/1% NI% o' 9% ¢° vlli vl% vﬁ) ,
(4.53)

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

Moy 0 )
My = ,
N ( 0 Mgy

(4.54)
with M the 6 x 6 mass matrix of SU(2)r singlet neutrinos
while M denotes the 9 x 9 block of SU(2)1. 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.
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Fig. 7 Tree-level diagrams generating the entries of M g6 block of the
neutrino mass matrix (see Eq. (4.54)). The flavour indices i, k denote
the last six entries in Wy in Eq. (4.53). The Yukawa coupling G is
equal to Y?3,24,27,28 and y’2\324’2728 (A = L, R, F). For more details,
see Appendix C2

The corresponding elements are given by

(@) (k)

1
My = =G>
k=79 Mg

with (¢;) = 5123, @, f, p,
(4.55)

where Mg is the gaugino mass scale, and the Yukawa cou-
pling 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>/Ms.
In this sector, hierarchies result from possible different sizes
among the VEVs 5123, w, 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 «;, f, w and p, it is given by

0o o0 0 0 0 0 0 0 0
0o o0 0 0 0 0 0 ko K50
0 0 0 0 0 0 0 Kew KW
0o o0 0 0 0 0 0 Kip Kk3f
M=|0 0 0 0 0 0 Kop 0 0 R
0o o0 0 0 0 0 Kaf 0 0
0 o0 0 0 rxop «kaf 0 0 0
0 ko kew K1p 0 0 0 0 0
0 ksw k3w k3f 0 0 0 0 0
(4.56)

which is a matrix of rank-6. Due to SU (2), invariance one
finds in this limit:

—2 _ —2 2

My 23 = 0 my,s =Mg

—2 2 —2 2

My, =My My, =my. (4.57)

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 ; (i = 1,...,12) one
obtains after electroweak symmetry breaking a seesaw type



Eur. Phys. J. C (2020) 80:1162

Page 19 0f 32 1162

I structure for the mass matrix:

VEW
03><3 % (yv)12><3 (4 58)
m, = VEW . .
7 (va)3x12 (’LN)12><12

2

where vgw represents schematically the electroweak sym-
metry breaking VEVs. y, is a 3 x 12 matrix denoting a com-
bination of various Yukawa couplings, which are radiatively
generated via diagrams as in Fig. 4. A more detailed discus-
sion including on how to fit neutrino data is beyond the scope
of this work and will be presented in a subsequent paper.

5 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 Eg gauge symme-
try. In this section we study the possible hierarchies among
soft SUSY, trinification, Eg and Eg breaking scales, denoted
by Ms, M3, Mg and Mg, respectively. It will also become
evident how important are the effects resulting from the five-
dimensional terms in Eq. (2.6) which induce threshold cor-
rections at the scale Mg. It was shown that without such
corrections Mg > 10! is required [33]. In what follows,
we assume for simplicity that p = f = v = 5; = Ms.
Inspired by the discussion in Sect. 4.1 we consider a low-
energy EW-scale theory with three light Higgs doublets. We
will also include three generations of VLLs and two genera-
tions of VLQs with a degenerate mass of order one TeV, in
agreement with our findings in Sect. 4.2.

For these considerations we use the analytic solutions of
the one-loop renormalisation group equations (RGEs) which
are independent of the Yukawa couplings:
b 2
e ()

5.1

a7 (W) =y + " 1lo

where o; = gl-2 /(4m) and b; are the one-loop beta-function
coefficients. The tree-level matching conditions in the gauge
sector at every symmetry breaking scale and the explicit val-
ues of the b; between the corresponding scales can be found in
Appendix B. Note that, between Mg and Mg scales the pres-
ence of large representations discussed in Sect. 2.1.1 results
in bg = —1095 and, thus, a very fast running of the E¢ gauge
coupling. Such a steep running, which is governed by

_ _ be Mg
1 1
Oy (Mﬁ) =g + E log <V8> s (52)

implies that the Mg and Mg breaking scales are very close to
each other but the values of the Eg and Eg gauge couplings
become rather different. In particular, we find ag(Mg) < og.

We can express the SM gauge couplings at the Mz scale in
terms of the universal Eg gauge coupling and the intermediate
symmetry breaking scales:

acy (Mz) =ag' (Me) (14 ¢8c.L)

(3)
27 g Mg 2 & M3

4)
" b(C,L ) Mvg
2 g Mg
(©)
bey, My
——1 , 5.3
T o 8 <MVLF> 6

_ 1 _
ay! (Mz) = 3% " (M) (5 + £8L + 4¢8R)
5b3 M3
1 -
" or Og<M6>
(R B (Ms
6 27 | 8\,

by (M by M
+ilog< VLF>+Llog( z )
b S

where { = Mg/Mg. In addition, we take at(Ms) as a free
parameter because the corresponding Z’ boson with mass
Mz = grMs/2 will be the lightest of the additional vector
bosons. We find

ar! (Ms)

1
= > [16ag‘ +ag ' (Me) (29 + £51. + 28¢8R)

29b; M3\ 260 +6pl M;
=77 - FE CF g et
+ 2 °8 <M6) + b4 o8 Mg

. 2b§2>+bﬁ3)+b{§3> +2b§> +b§) oo (Ms
277 577 or 27 ) B\ )

(5.5)

Note that 81, r appear in this equation due to the presence of
U(1)L r generatorsin U(1)T, see Table 11, which themselves
originate from SU(3)r, r. For the numerical results below we
use the following values for the SM gauge couplings:

ac! (Mz) =84, o' (Mz) =29.6,

ay! (Mz) =98.5. (5.6)

Now, let us address the question on how large the coeffi-
cients §;, i = L, R, C have to be to get a consistent picture
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Table7 Ranges for parameter scans in the considered compressed scale 1007 ot L st
scenario, p = f =w=s1203=Ms | "‘ I oo L aeea

80 - —_ sum: e UDp

Ms (GeV) M3 (GeV) ar' (Mz) ag ! (Ms)
10*—10° 10*—10'8 10—200 5-200
K 0.0
i —0.1
—0.2
—-0.3
‘Qz —0.4 “g

—0.2 0.0
oL

Fig. 8 Possible values for the non-universality factors d;., §g and 8¢

while requiring the ranges for the free parameters as given
in Table 7. For this purpose we numerically invert Egs. (5.2)
to (5.5) in order to determine the §;, ¢ and Mg. We find that
0.9 < ¢ < 1 and My is a few times 10'7 GeV, which is close
to the string scale. This clearly demonstrates the internal con-
sistency with our orbifold assumptions.

The results for the §; are presented in Fig. 8 and we find
that at least one of them has to be sizable. While in some
cases 6c ~ 4L leading to a closer universality of the SU(3)c
and SU(3)y, 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 Eq breaking. However, the masses of the corresponding
particles are of the order of Mg making such contributions
significantly smaller than the required values for the §; 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 Mg > 10! 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 Table 8 corresponding to the cases where (i) §;
are quite different (Fig. 9), and (ii) §; are of similar size albeit
with different signs (Fig. 10). These correspond clearly to dif-
ferent E¢-breaking VEV configurations at Mg scale which
can be seen from Table 8. A second difference between these
scenarios is the ratio Mg/ M3 which in the first case is about
100 whereas in the second one it is close to unity. Typical
values for ag '(Mg) are around 10 — 30 as represented by
a black star. Consequently, the first plot (Fig. 9) represents
a scenario with a maximised ratio agl(Mﬁ)/agl (Mg) ~ 2
as found in our numerical scan, whereas in the second one
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Fig. 9 Running of the gauge couplings in the SHUT model for the first
point detailed in Table 8. This example represents scenarios with max-
imal separation between the Eg and trinification breaking scales. While
the red diamond indicates the value of the flavour structure constant
ar ! (Ms), the universal ag 1 (My) at the unification scale is represented
by a black star
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Fig. 10 Running of the gauge couplings in the SHUT model for the
second point detailed in Table 8. This example was chosen as a rep-
resentative solution of the scenarios with gauge couplings as close
to universality as possible after Eg is broken. In particular we have
ap(Mg) ~ ac(Mg) ~ ap(Mg) = ar(Mg). The red diamond and the
black star have the same meaning as in Fig. 9

(Fig. 10) this ratio is close to unity. We note for complete-
ness that in the considered scenarios one typically finds the
strength of the gauge-family interactions at the soft scale
ar 1(Ms) ~ O(100) as denoted by a red diamond. This
implies that the corresponding Z’ boson can be as light as
two TeV or so. Due to its flavor dependent couplings and a
sensitivity to the size of 51 2,3 VEVs, a detailed investigation
will be necessary to obtain bounds from the existing LHC
searches.

6 Conclusions

A consistent first-principle explanation of the measured but
seemingly arbitrary features of the Standard Model (SM)
such as fermion mass spectra and mixings, structure of the
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Table 8 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 §; differ considerably whereas in the bottom line their absolute values are of the same order. Here, #; = log, %

3 f3 ts ¢ o' (Mg) g (Ms) AL SR 8¢ ky ks kS, ko
17.16 15.53 5.446 0.928 17.63 84.58 —0.583 —0.0714 —0.740 0.790 0.389 0.418 0.224
17.31 17.22 5.780 0.973 19.23 82.97 —0.193 0.321 —0.296 0.0953 0.340 —0.420 0.836

gauge interactions, proton stability and the properties of the
Higgs sector in the framework of a single Grand Unified The-
ory (GUT) remains a challenging long-debated programme.

In this work, as an attempt to address this profound task
we have formulated and performed a first analysis of a novel
SUSY Eg-inspired E¢ x SU(2)p x U(1)r GUT framework.
The underlying guiding principle of our approach is the gauge
rank-8 Left-Right-Color-Family (LRCF) unification under
the Eg symmetry with a subsequent string-inspired orbifold-
ing mechanism triggering the first symmetry reduction step
Es — E¢xSU(2)g xU(1)g. The latter is responsible for gen-
erating a viable chiral UV complete SUSY theory containing
the light SM-like fermion and Higgs sectors. One of the emer-
gent properties of the LRCF unification is the common origin
of the Higgs and matter sectors, both chiral and vector-like,
fromtwo (27, 2);y and (27, 1) _») superfield representations
of the Eg x SU(2)r x U(1)F symmetry, offeringa SUSY GUT
theory with tightly constrained Yukawa interactions. Such a
unique feature of the proposed framework is in variance with
most of the existing GUT formulations in the literature where
the fundamental properties of the Higgs and matter sectors
are typically not or only partially connected with each other.
As a by-product of such formulation, proton decay does not
receive any Yukawa-mediated interactions due to an emer-
gent B-parity symmetry, while it can only be mediated by
suppressed Eg gauge interactions at the GUT scale.

One of the key distinct properties of the SHUT frame-
work is that neither mass terms nor Yukawa interactions for
the light chiral (27, 2)(;) and (27, 1)_,) superfields emerge
inthe E¢ x SU(2)r x U(1)F superpotential at a renormalisable
level. However, dimension-4 superpotential terms involving
large representations of E¢ generate two distinct Yukawa
operators in the SUSY [SUB) PP xSUQR)r x U(1)p theory. A
hierarchy between the ) and ), Yukawa couplings of order
my/me ~ mp/mg ~ O(100) provides the necessary means
for reproducing the desired hierarchies in the SM-like quark
sector readily at the tree-level. Besides, dimension-5 opera-
tors in the gauge sector of the Eg x SU(2)r x U(1)f theory
introduce threshold corrections to the SU(3)1 r ¢ gauge cou-
plings enabling a strong SUSY-protected hierarchy between
the soft-SUSY breaking, Ms, and GUT, Mg ~ 1017 GeV,
scales, with Ms allowed to be as low as Mg < 103 TeV.

We have found that if the intermediate scales induced by
the soft SUSY breaking sector lie within a range of approx-

imately 10°—10° TeV, the model contains three families of
vector-like leptons within the reach of LHC measurements
or future High-Energy/High-Luminosity LHC upgrades. Our
framework features the minimum of three (and maximum of
five) light Higgs doublets at the electroweak scale providing
a Cabibbo mixing consistent with the top-charm and bottom-
strange mass hierarchies as well as massless first-generation
quarks at tree-level. The inclusion of one-loop corrections
with mild hierarchies supply the necessary ingredients to
potentially generate realistic quark masses and mixing angles
consistent with measurements.

Furthermore, we have commented on the possibility for
at least one or two light generations of VLQs (below 10 TeV
or s0) being potentially accessible at the LHC or future col-
liders. The decoupling between light and heavy VLQ gener-
ations is dominated by the size of the SHUT superpotential
Yukawa coupling )J» < Y — the same effect that repro-
duces the top-charm and bottom-strange mass hierarchies.
This is different from the mass suppression mechanism of
the light VLLs relative to the Mg scale which essentially
follows from the quantum (loop) effects incorporating the
soft SUSY breaking interactions and mass terms. The size of
the soft-SUSY breaking terms and the freedom that they add
to the model with a total of 35 mass-dimensional parameters
provides enough freedom to make the SM Higgs and Yukawa
sectors consistent with phenomenology and potentially real-
isable with not too strong fine-tuning.

The SHUT model also offers a rich neutrino sector with
the possibility for three sub-eV states and twelve heavy
ones, with masses within the range of 10°—10° TeV. Addi-
tional gauge bosons, and in particular a Z" with flavour non-
universal couplings to different generations, may also emerge
in the particle spectrum. Such very particular features of the
light fermion and gauge boson spectrum potentially offer
new smoking gun signatures for phenomenological tests of
the SHUT model at current and future collider experiments.
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Appendix A: High-dimensional E¢ representations

As we have seen in Sect. 2, the high-dimensional E¢ represen-
tations are required for generation of threshold effects in the
breaking Eg — [SU(3)]3 as well as for a consistent descrip-
tion of the observed light fermion hierarchies already at tree
level. For this purpose, as we have seen above, we need at
least two different superchiral 650-reps of E¢. Starting from
the product of two Eg representations,

(248 ® 248) =1 ® 248 @ 3875 ¢ 27000 & 30380, (Al)
one finds in total three different 650-reps by decomposing the
corresponding high-dimensional Eg reps into representations
of E¢ symmetry such that

650, € 3875, 650, € 27000, 6503 < 30380, (A2)
where one of them is the same as in the Eg-product Eq. (2.7).
Note, there is only one 2430 in the considered Eg-product,
2430 € 27000, (A3)
which should be the same as in Eq. (2.7).

Decomposing for example, any two 650 multiplets from
Eq. (A2) into [SU(3)]? representations yields four indepen-
dent trinification singlets (two singlets per each 650 multi-
plet), and an additional one comes from 2430. In essence,

@ Springer

there is one 650-plet that gets a VEV along one of the two
trinification singlet directions and another 650 from another
Eg multiplet in Eq. (A2) that gets a VEV along the other
trinification singlet directions. Therefore, a generic breaking
of E¢ down to trinification can follow a linear combination
of the following orthogonal directions
o=1, X =650, X =650, W =2430. (A4)
Note, the considered heavy Eg states allow for superpo-
tential interactions of the form*

We, D MyTrE? + Mg/ TrE + My Tro?
+ M5/ TrEY
FASTrE? + A TrE" 4 Ay T’
+ AsuTr(Z2W) + 15, Tr(ZW?)
+ Apg Tr(E2W) + Mg, Tr(E'W?)

+ Ag/zTr()J’z):) + )JE,):Tr()J’):z) +..., (AS)
where we have for simplicity omitted the operators contain-
ing the o superfield as denoted by dots.

Appendix B: Determination of the b; coefficients, U(1)
generators and tree-level matching conditions.

The one-loop running of the gauge couplings can be gener-
ically described by Eq. (5.1). The coefficients b; depend on
the number of states present between two energy scales and
on group theoretical factors. For non-abelian groups they can
be determined by

11

4 1
bizgcz(G)—glcT(F)—gT(S), BD)

where k = % for Weyl fermions, C, (G) is a group Casimir in
the adjoint representation and 7 (F) and T (S) are Dynkin
indices for fermions and complex scalars respectively. For
U(1) groups

, 4 1
b =3k ;@f)z -3 ;@s)z (B2)

with Q r and Q; the charges of the fermion and scalars in the
theory as shown in appendix. Note that we label the abelian
coefficients with a prime, b.

Running between Mg and Mg scales: Region (1)

The particle content that we consider between the Mg and
Mg scales is summarized in Tables 9 and 10.
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Table 9 Gauge superfields present between Mg and Mg scales

E¢ SUQ)r Uk

78 1 0

Table 10 Chiral superfields present between Mg and Mg scales

Eg SUQ)r U(r
27 2 1
27 1 -2
1 2 -1
78 1 0
650, 650’ 1 0
2430 1 0

The Dynkin index of each of such representations, calcu-
lated using LieART [66], reads

TQ7) =3, T(18) =12, T (650)= 150,

T (2430) = 810, (B3)

whereas the adjoint Casimir is C> (G) = 12. The E¢ gauge
coupling will run with coefficient
beg = —1095. (B4)
The coefficients of the SU(2)r gauge coupling RG-equation
follow from the non-singlet representations of the non-

abelian part of the family symmetry whose Dynkin indices
are

1
TQ2) = 5 TB=C,(3 =2. (BS)
Replacing it in Eq. (B1) one obtains
by = -8. (B6)

Finally, the coefficient of the U(1)r RG-equation is calcu-
lated from the abelian charges in Table 10 which yields

/(1) — _ﬂ

b ! (B7)

where we have used the charge normalization factor
1/ (2J§).
Running between Mg and M3 scales: Region (2)

Once the E¢ symmetry is broken we are left with the
massless bi-triplets L&), Ql(j’?’) and Qgﬁ) as well as with
the adjoint 78 components, see Tables 4 and 5, respectively.

4 We have used LieART [66] to determine Eg invariant operators.

The theory also contains vector supermultiplets transform-
ing under the adjoint representation of [SU(3) ]3 x SUR)f x
U(1)p. The SU(3) adjoint Casimir and Dynkin indices are

1
TA=5; TO®=C®) =3, (B8)

which replaced in Eq. (B1) yield the following coefficients

41
by=—12, bP =—-8 bP=—— (B9)

3

Running between M3 and Mg scales: Region (3)

With the breaking of the trinification symmetry all compo-
nents of the adjoint superfields become heavy and are inte-
grated out. The only surviving states are those embedded
in the trinification bi-triplets as well as the massless gauge
supermultiplets according to Table 4. Using the SU(2) and
SU(3) Dynkin and Casimir indices the coefficients of the
RGEs are

3 3) 3)
b =0, by =-3, by =-8
41

/(3) /(3)
bl =9, by =——

3 (B10)

Running between Mg and My scales: Region (4)

Below the soft scale the surviving states are three generations
of SU(2)L, VLL doublets, two generations of SU(2). VLQ-
singlets and three Higgs doublets reproducing the following
coefficients

155

19 4 11
e = (B11)

) 4
I -
C 3 6 Y

Running between My r and M7 scales: Region (5)

Finally, the running of the gauge couplings after integrating
out the vector-like fermions is determined by a SM-like the-
ory with three Higgs doublets. The coefficients of the RGEs
are

17
=7 b=

by = — ?. (B12)

If contributions from high-dimensional operators are not
relevant, the one-loop running of non-abelian gauge cou-
plings with tree-level matching at each breaking scale is con-
tinuous. However, for the case of abelian symmetries, tree-
level matching typically introduces discontinuities. Such

jumps in the RG-flow are due to a non-trivial combination of

@ Springer
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ST;}::; :); tlg est?_illlsj,?fr;};z:}) clian VEVs U(1)-groups Generators Matching condition
(53) =p U4k x U(s  Ti4r =TI+ T8 aLiR =af +ozR
Tg:T]Eg T]§—2T]§ asl_aL +ozR +4ocF
(%) = U x Uy Ty =T = 55T og' =o'+ has™!
() =o Uy x UM 3y =T3+ LTiur  a7' = loily +og
§Tr =13 = 3Tv O‘Tl—9°‘v +og!
(/\71;’2> =1u12, <-/\7L2) = UMEewm. Tem =T — %TY aE.}V[. = otY +otL

generators coming from the original symmetry forming a new
setof U(1) generators of the unbroken symmetry. In what fol-
lows we provide a summary of the details of the abelian sector
of the SHUT model including the tree-level matching condi-
tions of the U(1) gauge couplings. These results, presented in
Table 11, were used to calculate the U(1)y and U(1)t renor-
malization group equations (5.4) and (5.5) respectively.
With the generators on the third column of Table 11 it is
possible to calculate the U(1) charges of the model eigen-
states after each breaking stage. We refer to the appendix of
our previous work [33] for tables containing that information.

Appendix C: Effective Lagrangian below the trinification-
breaking scale with tree-level matching

To complete the discussion of Sect. 3, we write in this
appendix all possible interactions of the gauge SU(3) x
[SU®2)T? x [U)]? theory, fourth box in Fig. 1, with the
corresponding matching conditions at tree-level accuracy.

1. The scalar potential

While bilinear and trilinear interactions are of soft-SUSY
breaking nature and were already discussed in Sect. 3, the
quartic terms emerge from SUSY F- and D-terms. Due to a
large number of possible contractions among gauge indices
we separate quartic scalar interactions into five categories.
First, we consider the case where all four fields posses one
common SU(N) index as e.g.

~wr o fl wrr=f'1
VSC] D )\,lefo/Diij X;‘;?Xr +)\'k2Dfo/DXf ?? rf

Bl gl

~xr~fl
+)‘k1 f’DI};xX;;?X”f +)‘k2 f/DRfol r

= htr—t Df o DL T1 7+ L - R). (1)
In this example, such an index, f, belongs to the SU(2)r
space. SU(3)c, SU(2)1, and SU(2)R contractions are denoted
by x, [ and r respectively and only occur once. For ease of
notation colour indices are suppressed in the condensed form
whereas terms that differ by an interchange of SU(2)r, and
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SU(2)R subscripts are implicitly defined by (L — R). Note
that in general A, # A,.

The second scenario describes interactions among four
scalars sharing fwo common gauge indices. In the following
example we show a case where the common interactions are
SU(2)L and SU(2)r where all possible contractions read

Vse2 O )‘VHZL v f’ELf gficf"jl)jlf + )‘VlZZL v f’ELfaIficfaIflf
oty b PG e BT
o B B B T+ T O B TR T
+X"3Zl§r;‘"zkral§); f‘7R£ + I O f’EquRr falgi
= hni 8t OG> R (€2)

The third case also considers two common indices but four
identical fields. Unlike V>, which has four independent con-
tractions, Vi3 only contains two. We illustrate this class of
scenarios with quartic self-interactions among 5L, R squarks:

Vies D A Dy oDy T D DY
+apDf DY DY DY
+ 7, Dy % DY Dy Dy
+ 7, D 5 DY D DY

=hj_jDf f,DLf Df ;D +@L —R). (C3)

It is also possible to have four identical fields but sharm%
three common gauge indices. This is the case of the
tri-doublets whose quartic terms can be cast as

U'msr~fl
Vica D)"ml)(f/[/ ]j X;;er
~f U~ ~fl

e
~fl ~xr~f"1
+ A X %D x}‘?xrf

~fl~xr~f1
o T X

U'msr~fl
—)‘-ml m4Xf/l’XJ/C Xf;er .

+ )\-mZXf/Z/

(C4)
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Note that in this example there is no SU(2)L, < SU(2)r
interchange.

Finally, we refer to the case where there are no common
indices among four fields or one reoccurring index with four
identical fields. Such scenarios can be illustrated by
Vies D W% 0 950 + 005,67 567 (C5)
respectively. Note that, for ease of notation, we assume that
symmetry factors are implicit in the definition of the various
Ai and A; ;. The total scalar quartic potential results from
the sum of all five scenarios (C1)—(C5) and reads
Va4 = Vie1 + Vie2 + Vied + Vied + Vies. (C6)

In what follows, we use the condensed notation intro-
duced above and write all possible quartic terms. The full
Vse1 potential interactions read

Vel = Ai—2q; qﬁﬁﬁ? @i+ ra-aDi*Di DD}

+as—e X5 x50+ haslE p B T T,

+ [)»9—10q~f3[q~ﬁﬁﬁf'ﬁ}{r + Mi-12 D} D} D fﬁljs
+h3-1440 213 BF DY + s-edr 3 D2 DY
+ hr-1835 2132 DA D} + ho—20di a0 Dy D

+ X21-224 quleR DR+)»23 2445 quf,r *3’)(,31

sxrfl

+ )»25—26qL QLIDR Diz + )\27—2851L ng/Xf 1 Xr

+r9-303 3 G X2+ ds1-0 Dy P DLf Xf[Xr
+h33-3d0 @ 0 fl’eljj + Aas-3641 fq]{lZL "

+ Az7- 3861*”41‘151‘ I/ZL + A39-4045 fqu rEL fle

+ )‘41*42DLf’DL o f/E{ + has-as Dy f’DR i flgljjl
+ has—46d; }q”{,%?%f + ha7-a8 D}t f/13{'$7~$f

+ )»49750)7;7”)731/(? flzfl + Asi—s2Dff fﬁfzf f[zfl
+ As3— 54Xfl/er GG+ hss—se X 0 GG

+ hs7-5s Dy *Di Dy fD + Aso— 60€L f/,ﬁ ¢f¢f

+ <)¥61762¢f5‘(r G 06+ reseadss” 7T 118!

! ququ + he7-680}, fl/ZL CIffglaLfl

+ A65-66 X))
+ )\69770DL f'qLIZR er' + )\71772DL f,quﬁ'L ¢}Kf

o~ menaf - i~ ~p
+)»73_74DE fDqusiql{ ;T k75_76ZE31/Zil Zi flf]j: + C.C.)

+(L - R)]. (C7)

For the second scenario we have

V2 = )»777805]*:5«/‘7{151? fﬁ]{r + Ag1ga Dy f0 b/ by fﬁg

~310 ~*r~fl

+ Ass—ss X X X751 X

+ [Agg_gz’q“ﬁlffq“fz Dy ;D + ros-o6d;' il Di: ;DY
k313 ekl
+ Ao7-10041."" 41 141, qufl
sl ! ey fl - o~ ~r
+ )»101—104QEIf/CI{l/X_7§er + Mos-msqlflfrqg[zi fz/ff

~ ~ '/l/~ ~. 'l
oo 112X % O 8+ L~ R)] ~ (C8)

For the case of four identical fields the potential reads

k39 310 3 3
Vaes = M- X 0 5

+ [M15—1165ﬂ< @A,
+)»117—1185f:fr5{ 5Ef5{

~ ~. '/l/~ ~. l
+anomolt 8T T LS R (©9)

while for the scenario with three reoccurring indices it looks
like

f Ussr~fl

Vsed = A121- 124Xf/1/ Xri1Xr

+ sl athal + . €10

Finally, quartic interactions with one single contraction of
group indices read

Vies = )»129)?1* ¢’f¢f + )»130Xf1Xr ¢*3$3
+)»131)71‘ X070 + Ml GG,
BB T + A T
+h350™ 797 67307 + (?»136)71*3r fl<$?¢~>3
st BT, + Mo F TR + e

+ [k13sD{3DLDL D} + r130Df DLX?f)Trfl

+?»140DL fo *3rX3l +M415i35]3~%*3r%31

+ 0GR, 4R 6 le’Lfl + M436~11§fr314§rzf312?,1

+ MaadRidn 638 + masDy (DL GE!

+ MaeDi3 D30

+ s DR DY 0! +)\1481)Rf1)fe !

+ a9 D3 DIG3B + his0q 61L1¢f¢f

—i—k]sququld’ 30 + g G 07397

+ s Di*DigEd! + saDif ;D] §39°

+)»155ij3DL¢*3¢ +)»156£L1/€L 5 Z?f

st €£,+k1585*3~31¢f¢f

+)»159sz127{1¢*3¢ + heoly 16 6736

+ M2 Df /513‘511 1{ + )»16361quL1qR3671{r

+ (116427{]«,2%1(;5* & + )\-IGSEifl(pf)?r zzl*{w
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Table 12 Scalar quartic couplings matching conditions with five or six
D-term interactions. The A; couplings refer to the (L — R) part of V4

Matching value Quartic coupling

—3 (33{ + 3¢k + 3¢5 — g£2 - g{zz - gfsz) A121
— (2gé +3gt +3gk ¢’ ¢ 2) A12s
—5 (Zgé +3g3 +382 —gi” — g}/:z> X125

— (3gf +3g3 — ] * —gp” + 28k 2) Ags

% (367 + 353 — 81" — gk — 4st”) Ais

+)»166)7rflz’” G3° +A167fozZ3L15fi35f
+11638* ¢! Dt (D} + e Df DG,
+ 70 DE3G; Rfirf +)~1710qu5151§er3[
+ D R +)»173Df3531€f1¢f
+ A7a D qLIEL ¢f + M7 DG 6 63

+ a6 DF DY G 8y + M Df 435 03 %
+ A178Df fq{lﬂR X +)»179DquL1@fl¢
+ sy a6 + msi %73 % D 4D}
+rsd e GGt + )‘183D19i3DL£LleI3f

thasli fBLGGT +ee) + L= B)]. (€I

Tree-level matching conditions for quartic couplings are
obtained by solving the condition
V4 = Vsusy (C12)
where Vsusy = VF + Vp. While Vg refers to the F-
term potential determined by the superpotential (2.24), Vp

describes the scalar D-term interactions. For example, if we
take

<\ ow
(ry) -
qa./ x aqL

= ylgll (Xrlql]Q; + Zilﬁl]?x> (C13)

the part of the scalar potential corresponding to these F-terms
read

2
Vsusy D ‘an
= V1% &6
Ik x i [ Fxx i
[sz X Q§§1qux +& 0 DR, DY,

+ (Z;lal]?;EL ki DRom + C'C~)]
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Table 13 Scalar quartic couplings matching conditions with four D-
term interactions. The X; couplings refer to the (L — R) part of V4

Matching value Quartic coupling

- <3g§ +ag P agR’ + g ) 2133
— (25% +3g2 — g + 28}, ) Ao
— 3 (2gc +3g2 — g’ - 48%2) s
~% (23% +3¢r — - 481/:2> Aiis
-5 (2gc +3gE —4g" — ¢ 2) A1z
ﬁ (25’%"‘36’5‘ —& 2) 17
% (2gc + ?’gR 2) 197
— % (2gc +3g2+2g"—g 2) 89
= (2gc +3g2 + 2817 — 2) Ag9
ﬁ<3 2 —3gk— g+ g ) 015 A105
» (3g§ —3g2 —gr” + gf ) X101+ A105
- (3gL +3g2— g’ — géz) 2109, A119
- (3gR +3gE gk’ - gl’;z) X109: 2119
-5 (3gL ® 4+ 2gk7 + 28 2) )49, A53
-5 (3gR — R+ 28] 7 + 28 2) )49, A53
—% (3gL 2+ 2g§2 —4gt’ Ass
— (3gR —gp + 28" —4gt 2) Xss
— % (362 — 261> + 24 +26%7) 25,07
—% (38F g’ +280 " —4gh ) 159
— (3gF g —4gl’ + 2ng) s
A (3gL (2 —dgi? + 2gF2) Azs
—1 (38% - ’ 42 ) 75
2171< gL+g£ +4gy” +4gf ) A156
% ( eh +er” +4gl’+ 48%2) X156

il~x x

2 Sl )
= |Vl I:X,*errl QE; qux X]lrxr qRr i qux

+'Z{i,z’L’D”.Df — 4 ;.0 'Dy D]

~ TG DR e
(C14)

~il~) g

+ (Xr quthlD

from where we see that M43, Ago and A 103 have a common
F-term contribution equal to | )} |> while for A44, 270 and X104
itis — |1 |2. On the other hand, D-term contributions can be
generically determined based on SU(N) generators proper-
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Table 14 Scalar quartic couplings matching conditions with three D-
term interactions. The X; couplings refer to the (L — R) part of Vu4

Matching value Quartic coupling

= (28é 3¢k + g > 277, A1, Ao3, Ao3

*ﬁ (8c + S’L + gF A3, Als, *%AISS

8¢+ &r +gp) X13,X15,_%X138
2

(st

T

—5 (6 —2¢" + &) A7

~1 (é’(z: - 2g” /Fz) 57

ﬁ(géJrgL - 2g; 2) A

117 (g(21+gR -2 /FZ) hi7
ot <3gf g’ 28{:2) X23, A27, A33, A3s
ot (381% — g+ 28{:2> 123, A27, 233, A35

A31, A30, A1, Ads, As

X315 239, Adl, Ads, As)

M = 5 <3g% — g+ 4g/L2) ha3, Ay
il - % <3g1% — g+ 4g1/12> X3, haz
= <3gf —g’+ 4g{:2) X29, A37
et (381% —gr+ 4g{:2> X29, A37

% (gL +8R + g ) A129, 2130, —%)»135,)»157,X157

7 (8L +8r° — 285 ) 231, M32
5 (23/L2 + 283 - 81,;2) A134
5 (2&/12 —8’ - 81,32) A158, A159
5 <2gL2 -8’ 8’F2) M58, 2159
5 (2&/{2 -8’ - 281,:2) A160
5 <2gL2 - g{zz - 281,:2) X160

ties as well as on the U(1) factors of each representation. For
example, a generic D-term expansion for two fundamental
SU(N)a scalar representations A’ and B’ reads

2
Vo > 22 (1), (1)) A7 AT BLB'
2
_ 8h (sigk — Lyisk) arai prp!
- 4 lj N jl i k
2
A

(C15)

The same results applies if A and B are both anti-fundamental.
However, for the case where either A is fundamental and B
anti-fundamental, or vice-versa, a global —1 factor steaming
from the anti-fundamental generators must multiply (C15).
Finally, for U(1)s D-terms, we recall that abelian charges
are determined from the branching of SU(3)4 triplets and
anti-triplets down to its SU(2)4 x U(1)a subgroup as

3>21®1_, and 3 §,1 @ 1. (C16)
With a charge-normalization factor of ﬁ the abelian D-
terms read

Vb O gzﬁ (A;"A") (B,ka) (C17)

if A and B are both either fundamental or anti-fundamental
doublets;

Vo > — &4 (ara’) (BB

o (C18)

if A is fundamental and B anti-fundamental or vice-versa;

g’ :
LCOICE

if A and B are singlets embedded both in either triplets or
anti-triplets of SU(3)a;

Wb D (C19)

Vb O _&h (AfAf) (B;Bk) (C20)

6

if A and B are both singlets but one belongs to a triplet
whereas the other to an anti-triplet;

Vo 5 84 ¢a (A;“A") (B,;*B") (€21)

12

if A is a doublet and B a singlet, or vice-versa, with one
belonging to a SU(3)4 triplet whereas the other to an anti-
triplet;

12
o2~y (aiw) (5:8")

(C22)
if A is a doublet and B a singlet, or vice-versa, with both
embedded in either a triplet or an anti-triplet.

Using the method described above we have determined
the tree-level matching conditions for V4 showing the results
in Tables 12, 13, 14, 15 and 16.

@ Springer
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Table 15 Scalar quartic

. . .. Matching value
couplings matching conditions

Quartic coupling

with  two D-term interactions. 1 ( ) o
The A; couplings refer to the
(L — R) partof V4

1 (81" + 261
12 (8k* +28°
(s - &)
(s - &)
1221* — ﬁ(2gR +gF>
922 = & (2617 + 81”)
- (261” + 51

Al14

All6

k16

Ais, Aig

A120

X120

X1y A3, A2s, A2s

X9, A9, Ai1, A11, A9, A9, A21, A2l

139, 2A 140

X139, 2140

X140, M 144, hids, 152

%140, M144, A146, A152

X142, M143, M145, — 34149, A150, A151, — 52155
M42, 143, A145, — 3 A149, A1505 A151, — 5 A155
X147, h14g, A153, Aiss

148, 154

A147, A153

2. The effective Yukawa Lagrangian

In addition to fundamental-chiral fermions, which were
broadly discussed in Sect. 4, the SHUT model also contains
fermionic states coming from the chiral-adjoint and gaug-
ino sectors. We refer to our previous work [33] for thorough
details. In this appendix we preserve the original notation
which we recall in what follows: Soft-scale weak-singlet
fermions embedded in SU(3)1, SU3)r and SUQR)r x U(1)g
are denoted as St r p respectively. All doublets acquire D-
term masses receiving T-GUT values thus not included below
the soft scale. Triplet fermions are denoted as 7p. r.r and
finally, SU(3)c octets, which are mostly gluino-like, are iden-
tified as g¢. The effective Lagrangian contains both quadratic
and Yukawa interactions which we cast as

Leermi = LM + Lyuk- (C23)
For the mass terms we have
Lu= Y [ImsSasa+imp T
A=L,R,F
+3meg st + Y maaSaSa +c.c., (C24)
A#£A

@ Springer

with A, A’ = L, R, F, while for the Yukawa ones we write
for convenience,

Lyuk = L3c + Loc + Lic + Ls + L7 + L3, (C25)
where the first three terms, which involve only the fields from
the fundamental representations of the trinification group,
denote three, two and one SU(2) contractions, respectively,
whereas the last ones describe the Yukawa interactions of
the singlet S, triplet 7 and octet g fermions. Similarly to the
scalar potential, whenever we have (L. — R) the Yukawa
couplings should be identified as y; — ;. The terms with
three SU(2) contractions are given by

L3C

=e&yy (qu{{’%?lq{,

+ [yzqR i al +ysay " e
I -/
+yagd 7 )+ L > R +ee), (C26)
those with two SU(2) contractions are written as
LZC
~ /l ~ ! l
= sy [Ys Biai e+ yoDgal 163! + v Dlai b
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Table 16 Scalar quartic
couplings matching conditions
with one or zero D-term
interactions. The A; couplings
refer to the (L — R) part of V4

Table 17 Yukawa couplings
matching conditions. The y;
couplings refer to the (L — R)
part of Ltermi

Matching value

Quartic coupling

V12
12212

LR

i1* = ig
R Y
ml* - g
RIS
R
In* -
RZIRES

1,2
78c

69, —A70, —A71, A72, —A104, —h108, A170, A173
—h66s —A68 M69, —A70, —A71, A72, —A80, —Ag4,
—196, —A96, —A104» —A108> —A168, A170, —A171, A173
—X174, —A176, —A177, A178, A178, —A179, X180, A180
A66s Aigs —A74s —Args —A162: —A163,

A1685 A171> A0 M760 1177, 2179

210, A2, A20, A22

10, A12, 420, 222, A79, Ag3, A9s, Aos

A24, A28, 34, A36, 1103, A107

103, A107

224, A8, X34, A36

—ha4, —hag

—has, —hag

—A2, —Ad, M4y A1d, M6, A16, —A18s —A18s

—)26, —h26, A58, A58, Aol A9l Aog, Aog, A126, A126
—230, —A38, 250, A54> 256, A76, X865 109,

A110s A1225 A127

—230, —A38, 250, A54> A56, A76> A87, A99,

110, A123, AM27

X6> A8, A32, A32, A40, Ado, Ad2, A2,

Lag, Mg, M52, 52, 60, A0, A8, Ag2,

190, %90, 294, Aoas A102, 2102 11065 A106> A1115 Al11s
X124, A28, A128

X615 A62, A63, A63, heds Aods A6s, A6,

A7, A67, A73, A73, Agg, Aoz, Ao,

21005 21005 1112, A112, A1365 1137, A161> A6ss Mieds
1165, A165, A 166, A166, 1167, A167, 1169, X169,

X172, A172, M175, X175, Aig1s Aigls Aig2, A1,

1183, 1183, A184, A184

Matching value

Yukawa coupling

Vi
R%)

V2g.
V28
V2gi;
—ﬁgL
—ﬁgR
—ﬁgF
—v2gc

Y2 Y55 Y75 Y85 Y105 Y115 Y135 Y16
Y1, =Y2, Y3, —¥4s —Y5, Y65 Yo —Y75 —Y8> Y95 Y95 —V 105
=Y11, Y12, Y12, Y13 Y14, —Y15, Y17, —Y18

L L _ 1L _1.L L 1<L L 1L L L 1L 1,L
Y19: Y200 —2Y21> —2Y22> TY23> 2¥23» ~Y24> 2Y24> — Y25 ~ Y26 2¥270 2Y28

R _-R IR
—Y19: =¥20> 2¥21>

I1=-R =R 1, R =R 1.,R R R 1R 1R
2Y22-¥23» T2Y23> Y24» T 2Y24> Y250 Y260 T 2Y27> 228

F 1F F I.F F IF F 1F F 1F
Y190 2Y200 ~Y21> 2Y22> ~Y23> 2Y24> Y250 2Y260 ~Y270 2Y28

Y29 0 y34,
¥35 t0 Y40,

Y41 1O Y48,

y49 t0 ys52 and Y9 t0 Y55
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~ ’
+ys D3 ¢l +Y9DRqu€L +y10DLa 4!
+Y11DR‘1{1H +yl2D£queL

tyisDLagd &+ L - R)] tec., (C27)

and for those with one SU(2) contraction we have
Lic=efp <Y14D£¢73D{
83 fnf 4 3 30/
+|y15DR9’ D +yi6Dg¢’ Di + y17Dg¢” Dy
+y1sD3g DI+ (L — R)]) fee. (C28)

The part of the Lagrangian involving the singlets Sp r r reads

A ~xl f
Z ([Y1961fffSAqu
A=L.RF

Ls =

+y50dr> ' Sagi  + Yo 5fifsA D/
+y5 Df PSaD} + 5501 fISAE{l
YA T3SA03 + (L — R)]
+y25Xf15AXr Ly Sk

+y5 85 SadT + v  3Sa0%) + cc. (C29)

where (L — R) is only acting on the components of the
fundamental tri-triplet superfields. For interactions involving
the triplets 7' we have

L1 = (GL) (YZ9CIL f,]LCILl + }’30‘]L3l o qu
v T T vk T
~ . -l/ ~ . ’
tyult T +yuliiTE")

AT o )
+ (“lli) (Y35qfifr/ wan” + %66]?{3/ RaR
Yy X Tax) + ysi K
+y30lR Tl + Y405§3’71€513u')

!

N o _ .
+ (‘71[:)],, (y41qﬁlfTFl‘11{1 + ya24g 7 Trai
/1 ~ . /[
+Y43X>;; l rf +Y44£]if17;£]{
+yasly'y Tith, + yas Df, ;T D]

+ys7D} fﬁ:i Df: + y48¢~5}71:i¢f/) +c.c., (C30)

with o{ r_p the generators of the SU(2)y_ g F interactions and
where summation over the adjoint index i is implicit. Finally,
the Yukawa interactions involving gluinos are given by

Ly = yaodi , T8%{,

@ Springer

+ys0q; ' T84 | + y1sDif fT”g"Df

+ y52DL T“g”DL + (L — R) +c.c.. (C31)

The tree-level matching conditions for the fermion sector are
summarized in Table 17.
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