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Abstract: Grand unified theories (GUTs) may result in the E6-inspired composite Higgs model
(E6CHM) at low energies, almost stabilizing the electroweak scale. We consider an orbifold GUT in
6 dimensions in which the E6-gauge group is broken to the gauge symmetry of the standard model
(SM) while different multiplets of the SM fermions come from different 27-plets. The strongly coupled
sector of the E6CHM is confined on the brane where E6 is broken down to its SU(6) subgroup. Near
the scale of f & 5 TeV, this approximate SU(6) symmetry is expected to be further broken down
to its SU(5) subgroup, which contains the SM-gauge group. Such a breakdown leads to a set of
pseudo-Nambu–Goldstone bosons (pNGBs) that includes an SM-like Higgs doublet. The approximate
gauge coupling unification in the E6CHM takes place at high energies when the right-handed top
quark is a composite fermion. To ensure anomaly cancellation, the weakly coupled sector of this
model contains extra exotic matter beyond the SM. We discuss the mechanism of the generation of
matter–antimatter asymmetry within the variant of the E6CHM in which the baryon number and CP
invariance are violated.

Keywords: unified field theories and models; field theories in dimensions other than four; models
beyond the standard model; models of the early universe; composite Higgs; baryon asymmetry generation

1. Introduction

It is well known that the standard model (SM) of elementary particles, which involves
all known fundamental bosons and fermions, describes rather precisely the major part of
all experimental data. At very high energies, the SM can be embedded into grand unified
theories (GUTs) [1]. In the simplest GUTs based on the SU(5)-gauge group, each SM family
of fermions is composed of one antifundamental and one antisymmetric second-rank tensor
representation of SU(5), i.e., 5 + 10. In the case of the SO(10) GUTs, each family of quarks
and leptons fills in a complete single 16-dimensional spinor representation of SO(10). This
representation also contains the right-handed neutrino, which may be used for the see-saw
mechanism [2,3].

Supersymmetry (SUSY) implies that each supermultiplet includes the same number of
bosonic and fermionic degrees of freedom. In N = 1 SUSY GUTs with the E6-gauge group,
the fundamental 27 representation of E6 decomposes under the SO(10)×U(1)ψ subgroup
as

27→
(

16,
1√
24

)
⊕
(

10, − 2√
24

)
⊕
(

1,
4√
24

)
, (1)

where the first and second quantities in brackets are the SO(10) representation and its

U(1)ψ charge. As before, the supermultiplet
(

16,
1√
24

)
can include one family of quarks

and leptons. The doublet of the Higgs bosons may form components of the supermultiplet(
10, − 2√

24

)
. The SM-gauge bosons are assigned to the adjoint representation of E6, i.e., a

78-plet. In N = 2 SUSY GUTs based on the E8-gauge symmetry, all SM bosons and SM
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fermions may belong to a single 248 representation of E8 which decomposes under the E6
subgroup of E8, as follows:

248→ 78⊕ 3× 27 ⊕ 3× 27 ⊕ 8× 1 . (2)

In Equation (2), 3 generations of the SM fermions can be associated with 3 27-plets which
may also contain the doublet of the Higgs bosons, while some components of the 78-plet
may form the multiplets of the SM-gauge bosons.

The breakdown of gauge symmetry within the SUSY GUTs near some high energy
scale MX & 1016–1017GeV can result in the gauge group and field content of the SM. In this
case, below the scale of MX , the Higgs scalar potential takes the form

V(H) = m2
H H† H + λ (H† H)2 + . . . . (3)

In order to ensure that, at low energies, the doublet of the Higgs fields acquires
vacuum expectation value (VEV) 〈H〉 = v/

√
2 ' 174 GeV breaking the electroweak (EW)

symmetry, |m2
H | is required to be of the order of (100 GeV)2. On the other hand, most

commonly, |m2
H | is about M2

X , and an enormous amount of fine tuning is needed to keep
|m2

H | ∼ (100 GeV)2.
Such enormous fine tuning can be avoided if the breakdown of gauge symmetry in

SUSY GUTs leads to the extension of the SM with softly broken supersymmetry. The cancel-
lation of quadratic divergences [4–7] within the minimal supersymmetric standard model
(MSSM) stabilises the EW scale, solving the hierarchy problem [8,9] (for a review see [10]).
N = 1 SUSY also facilitates the high-energy convergence of the SM-gauge couplings [11–14]
which allows the SM-gauge group, i.e., SU(3)C × SU(2)W ×U(1)Y, to be embedded into
SUSY GUTs. Theories with flat [15,16] and warped [17,18] extra spatial dimensions provide
new insight into gauge coupling unification [19,20] and also permit the hierarchy between
the EW and Planck scales to be explained.

Alternatively, the Higgs boson can be a composite state. Composite Higgs models
include two sectors (for a review, see ref. [21]). One of them involves weakly-coupled
elementary particles with the quantum numbers of all SM-gauge bosons and SM fermions.
The second strongly coupled sector gives rise to a set of bound states that, in particular,
contains Higgs doublet. The corresponding idea was proposed in the 1970s [22,23] and
1980s [24–31]. This implies that the EW scale is generated dynamically in a strongly
interacting sector, in analogy with the origin of the QCD scale. In general, these models
lead to a relatively large quartic coupling λ at the EW scale, and the composite Higgs
state tends to be quite heavy. The rather small values of the parameters λ ≈ 0.13 and
m2

H ≈ −(90 GeV)2 in Equation (3), which are associated with the measured Higgs mass
mh ' 125–126 GeV, indicate that the Higgs doublet may emerge as a set of pseudo-Nambu–
Goldstone bosons (pNGB). The appearance of such pNGB states can be caused by the
spontaneous breakdown of an approximate global symmetry of the strongly coupled sector.

In SUSY GUTs with the E8 × G0 (or E6 × G0)-gauge group, the breakdown of gauge
symmetry at high energies down to the SU(3)C × SU(2)W ×U(1)Y × G subgroup may
lead to the SU(6) global symmetry in the strongly interacting sector [32–37]. Hereafter, it
is assumed that fields, which compose the strongly coupled sector, can be charged under
both the E8 (E6)- and G0 (G)-gauge symmetries, whereas the elementary states belonging
to the weakly coupled sector participate in the E8 (E6) interactions only. The scenario
mentioned above is realised if, for instance, in the strongly interacting sector, E8 is broken
to E6, with sequential breakdown of E6 to its SU(6) subgroup near the GUT scale MX . The
spontaneous SU(6) symmetry, breaking at much lower energies to SU(5), which contains
the SM-gauge group, gives rise to the 11 pNGBs in this E6-inspired composite Higgs model
(E6CHM) [32–37]. The corresponding set of the pNGBs involves the Higgs doublet. It
is worth noting that the E6CHM can not appear as a low energy limit of the heterotic
superstring theory with E8 × E′8-gauge symmetry. Some phenomenological consequences
of the heterotic string model were discussed in [38,39].
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This review paper is organised as follows. In the next Section, we briefly review
the composite Higgs models and specify the E6CHM. To suppress the proton decay rate
and the Majorana masses of the left-handed neutrino within the E6CHM, the elementary
fermions with different baryon and lepton numbers should stem from different funda-
mental representations of E6, whereas all other components of the corresponding 27-plets
are expected to gain masses of the order of MX. In this context, in Section 3, we present
a six-dimensional (6D) orbifold GUT model based on the E6 × G0-gauge group in which
the appropriate splitting of the fundamental representations of E6 can be achieved. The
observed baryon asymmetry in the universe stimulates the exploration of different exten-
sions of the SM. This asymmetry can be created dynamically within the scenarios satisfying
Sakharov conditions [40]. A number of such new physics scenarios were proposed, in-
cluding GUT baryogenesis [41–47], baryogenesis via leptogenesis [48], the Affleck–Dine
mechanism [49,50], electroweak baryogenesis [51], etc. In Section 4 we consider the process
of the baryon asymmetry generation in the framework of the E6CHM with explicitly broken
U(1)B baryon symmetry. The sizeable baryon number asymmetry can be induced in this
model if CP is violated. Section 5 concludes the paper.

2. Composite Higgs Models and E6CHM
2.1. Composite Higgs Models—A Brief Review

The strongly interacting sector of the minimal composite Higgs model (MCHM) pos-
sesses a global SO(5)×U(1)X symmetry [52]. It is expected that, near the scale f ∼ 1–10 TeV,
this global symmetry is broken down to SO(4)×U(1)′X ∼= SU(2)W × SU(2)R ×U(1)′X,
which includes the SU(2)W ×U(1)Y-gauge group as a subgroup. Such a breakdown gives
rise to a set of pNGBs which form the Higgs doublet. Via the AdS/CFT correspondence,
such composite Higgs scenarios are dual to the Randall–Sundrum (RS) extra-dimensional
scenarios, with the SM fields in the bulk [52,53]. In the RS scenarios, Kaluza–Klein exci-
tations of the SM fields are associated with the bound states at the compositeness scale,
f [52–55].

Thus, the strongly coupled sector in the composite Higgs models should result in a
set of massive fields with quantum numbers of all SM particles, which are the so-called
composite partners of the SM states. The elementary states from the weakly coupled sector
mix with their composite partners. Therefore, at low energies, those states identified with
SM fermions (bosons) are superpositions of the elementary fermionic (bosonic) states and
their fermionic (bosonic) composite partners. Such partial compositeness [55,56] implies
that the SM states couple to the composite Higgs with a strength which is determined
by the fraction of the compositeness of this state. As consequence, the effective up- and
down-quark Yukawa couplings (yu

ij and yd
ij) are given by

yu
ij = si

qYu
ij s

j
u , yd

ij = si
qYd

ijs
j
d , (4)

where si
q, sj

u and sj
d are the fractions of compositeness of the left-handed SM quarks

as well as the right-handed SM quarks of up- and down-types, whereas i, j = 1, 2, 3.
In Equation (4), Yu

ij and Yd
ij are the effective Yukawa couplings of the composite Higgs

field to the composite partners of the up- and down-quarks. The couplings of the ele-
mentary states to the operators of the strongly interacting sector explicitly break its global
symmetry. In these models, the Higgs potential arises from loops containing elementary
states. This results in the suppression of the effective quartic Higgs coupling. The con-
tributions of the composite partners of the SM states to the EW observables, including
the Ŝ and T̂ parameters, were examined in [57–84]. Within the MCHM, the custodial
symmetry SU(2)cust ⊂ SO(4) ∼= SU(2)W × SU(2)R [85] protects the Peskin–Takeuchi T̂
parameter [86] against the contributions of new composite states.

In the phenomenologically viable composite Higgs models, the fractions of compos-
iteness of the first and second generation fermions should be rather small. If this is the
case, the corresponding states have small couplings to the Higgs doublet and therefore



Universe 2022, 8, 33 4 of 27

tend to be light. In other words, the observed mass hierarchy in the quark and lepton
sectors can be reproduced if the couplings of the elementary fermions associated with
the first and second generations to the states from the strongly interacting sector are very
weak. Such weak couplings result in some suppression of flavour-changing processes and
modifications of the W and Z couplings [55,87], playing the role of the generalization of
the Glashow–Iliopoulos–Maiani (GIM) mechanism of the SM [88]. Although this general-
ization of the GIM mechanism reduces the contributions of new composite states to the
off-diagonal flavour transitions in the quark and lepton sectors, this suppression is not
sufficient. To avoid dangerous flavour-changing processes, the composite Higgs models
have to satisfy a set of constraints which were examined in [81–84,89–97]. If the matrices
of effective Yukawa couplings in the strongly interacting sector, such as Yu

ij and Yd
ij , are

structureless, then the adequate suppression of the non-diagonal flavour transitions can
be achieved only if f is larger than 10 TeV [81–83,89–91,94,95]. At the same time, in the
composite Higgs models with flavour symmetries [79–81,89,92,93,98–100], under which the
third-generation elementary fermions transform as singlets while the first two generations
of elementary fermions form different U(2) doublets, the corresponding constraints can be
fulfilled even if f & 1 TeV [92,93].

When f � 10 TeV, approximate U(1)B and U(1)L symmetries, which ensure the con-
servation of the baryon and lepton numbers, should be imposed in the strongly interacting
sector of the composite Higgs models. These symmetries are needed to suppress the opera-
tors that give rise to the Majorana masses of the left-handed neutrinos and the baryon num-
ber violation. The implications of the composite Higgs models were considered for Higgs
physics [73–78,101–124], gauge coupling unification [125,126], dark matter [57,107,127,128]
and collider phenomenology [70–73,79,80,89,93,123,124,129–153]. Non-minimal composite
Higgs models were explored in [57,101–107,127,128,154–163].

Since the top quark is rather heavy, the left-handed and right-handed top quarks (t
and tc) should have substantial fractions of compositeness. In the case when tc is in an
entirely composite state, the approximate unification of the SM-gauge couplings in the
composite Higgs models may take place if all multiplets in the strongly coupled sector form
complete representations of SU(5), while the weakly coupled sector includes the following
set of matter multiplets [32,164]:

(qi, dc
i , `i, ec

i ) + uc
α + q̄ + d̄c + ¯̀ + ēc , (5)

where i = 1, 2, 3 runs over all 3 generations and α = 1, 2 runs over the first 2 generations.
Here, we have denoted the right-handed charged leptons and the right-handed down-
and up-type quarks by ec

i , dc
i and uc

α, whereas `i and qi are associated with the left-handed
lepton and quark doublets. In Equation (5), ēc, d̄c, q̄ and ¯̀ correspond to the exotic fermions
which have opposite SU(3)C × SU(2)W ×U(1)Y quantum numbers compared to the right-
handed charged leptons, right-handed down-type quarks, as well as left-handed quark
and left-handed lepton doublets, respectively. The set of elementary states (5) contains all
SM fermions except tc. The particle content of the weakly coupled sector is chosen so that
anomaly cancellation takes place.

The phenomenological viability of such composite Higgs models implies that the
strongly coupled sector leads to a set of composite fermions that form 10 + 5 multiplets of
SU(5). All of them, except the components of the 10-plet associated with the composite
tc, get combined with q̄, d̄c, ¯̀ and ēc, composing vector-like states. The composite SU(3)C
triplet identified with tc survives to the EW scale.

The presence of exotic vector-like fermions facilitates the convergence of the SM-gauge
couplings at high energies. In the one-loop approximation, the renormalisation group (RG)
flow of the SM-gauge couplings is described by a system of RG equations (RGEs), which
can be written in the following form:

dαi
dt

=
βiα

2
i

(2π)
, (6)
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where bi are one-loop beta functions with the index i running from 1 to 3, corresponding to
U(1)Y, SU(2)W and SU(3)C interactions, t = ln(µ/MZ) and µ is a renormalisation scale.
Then, using the solutions of the RGEs (6), one can find α3(MZ), for which the exact gauge
coupling unification takes place

1
α3(MZ)

=
1

b1 − b2

[
b1 − b3

α2(MZ)
− b2 − b3

α1(MZ)

]
. (7)

If all bound states in the strongly interacting sector compose complete SU(5) multi-
plets, they contribute equally to bi. Because of this, the inclusion of the composite sector
fields does not change the differential running. In other words, in the one-loop approxima-
tion, (bi − bj) are determined by the particle content of the weakly coupled sector (5). Then,
from Equation (7), it follows that for sin2 θW = 0.231, α(MZ) = 1/127.9 and the values of
(bi − bj) corresponding to the elementary particle spectrum (5), the exact gauge coupling
unification may be obtained if α3(MZ) ' 0.109. Such unification of the SM-gauge couplings
takes place near the scale MX ∼ 1015–1016 GeV. Despite the fact that α3(MZ) ' 0.109 is
considerably lower than the central measured value of this coupling, this estimation indi-
cates that, in the composite Higgs model with a composite tc, an approximate unification
of the SM-gauge couplings can be attained.

2.2. E6CHM

Hereafter, we assume that the weakly coupled sector of the E6CHM involves all elemen-
tary states specified in Equation (5). Since the strongly coupled sector of the E6CHM pos-
sesses an approximate global SU(6) symmetry, which is expected to be broken down to its
SU(5) subgroup near some scale f � v ' 246 GeV so that the SU(3)C × SU(2)W ×U(1)Y-
gauge symmetry remains intact, all composite states must come in complete SU(5) multi-
plets. Therefore, an approximate gauge coupling unification may be achieved. Because the
Lagrangian of the strongly interacting sector of the E6CHM does not possess any custodial
symmetry that may protect the Peskin–Takeuchi T̂ parameter against contributions of extra
composite states, |T̂| should be of the order ξ ' v2/ f 2 [57]. In this case, the electroweak
precision measurements, which constrain |T̂| . 0.002, result in the lower bound

f & 5 TeV . (8)

In the model under consideration, more stringent restrictions on the scale f can be
avoided. Indeed, the non-diagonal flavour transitions can be suppressed by imposing
approximate flavour symmetry. Due to the mixing between the elementary states and their
composite partners, the interactions in the strongly coupled sector may also induce the
dimension-5 operators of the form `i`j HH/ f , which give rise to overly large Majorana
neutrino masses, as well as a set of baryon number-violating operators. All these operators
are suppressed by the small fractions of compositeness of the SM fermions and by the
relatively large scale f . Nevertheless such suppression is not sufficient if f � 10 TeV.
The baryon- and lepton number-violating operators can be forbidden by postulating the
conservation of baryon and lepton numbers in the E6CHM. In principle, the corresponding
U(1)B and U(1)L symmetries can be part of the symmetries of the composite sector. The G0-
gauge symmetry associated with the strongly coupled sector might be broken down to its
subgroup G so that the U(1)B and U(1)L symmetries are preserved to very good approx-
imations. As a consequence, at low energies, the Lagrangian of the strongly interacting
sector of the E6CHM respects the approximate SU(6)×U(1)B ×U(1)L global symmetry.

The global U(1)L symmetry has to be broken down to

ZL
2 = (−1)L , (9)

where L is a lepton number. This breakdown allows the left-handed neutrinos to gain
non-zero Majorana masses. When ZL

2 remains in almost exact discrete symmetry, it forbids
all operators that lead to rapid proton decay.
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Near the scale f , the approximate global SU(6) symmetry of the strongly coupled
sector is broken down to SU(5) in the E6CHM. The SU(6) and SU(5) groups have 35
and 24 generators, ta, respectively, which are normalised so that Trtatb = 1

2 δab. Here, we
denote the 11 broken generators from the coset SU(6)/SU(5) by T â. The generators of
the unbroken SU(5) subgroup of SU(6) are denoted by Ta. The 11 pNGB states can be
parameterised in terms of a 6-component unit vector Ω [32]

ΩT = ΩT
0 ΣT = e

i φ0√
15 f

(
Cφ1 Cφ2 Cφ3 Cφ4 Cφ5 cos

φ̃√
2 f

+

√
3

10
Cφ0

)
,

C =
i
φ̃

sin
φ̃√
2 f

, φ̃ =

√
3

10
φ2

0 + |φ1|2 + |φ2|2 + |φ3|2 + |φ4|2 + |φ5|2 ,

(10)

where

ΩT
0 = (0 0 0 0 0 1) , Σ = eiΠ/ f , Π = ΠâT â .

In Equation (10), φ0 is a real field, whereas φ1 φ2 φ3 φ4 and φ5 are complex fields.
Taking into account that φ0 and φ̃ are invariant under the SU(5) symmetry transformations,
vector Ω can be decomposed into 5 + 1 under the unbroken SU(5) symmetry. Thus, it
is convenient to introduce a 5-component multiplet H̃ = (φ1, φ2, φ3, φ4, φ5) and A = φ0,
which is a SM singlet field. The first two components of H̃ compose an SU(2)W doublet.
Therefore these components can be associated with the SM-like Higgs doublet H. A total of
3 other components, T = (φ3, φ4, φ5), form an SU(3)C triplet. Since in the SM the Higgs
doublet does not carry any baryon and/or lepton numbers (B and L), all components of the
vector Ω have B = L = 0. The Lagrangian that describes the interactions of these pNGBs is
given by

LpNGB =
f 2

2

∣∣∣∣DµΩ
∣∣∣∣2 . (11)

Integrating out composite partners of the SM states and exotic fermions, one can obtain
the pNGB effective potential Ve f f (H̃, T, φ0). This potential is induced by the interactions of
the SM states with their composite partners that break SU(6) symmetry. In the exact SU(6)
symmetry limit, it vanishes. The investigation of the pNGB potentials within similar models
revealed that there exists a large part of the parameter space where the EW symmetry is
broken, while SU(3)C is preserved [57,127]. Nevertheless, a significant tuning, ∼0.01%,
is required in order to get a 125 GeV Higgs state in E6CHM because f & 5 TeV. It was
shown that the appropriate quadratic term m2

H |H|2 in the pNGB effective potential can be
induced [127]. The analysis performed in the models, which are similar to the E6CHM,
indicated that, in the corresponding part of the parameter space, the SU(3)C triplet scalar
T is considerably heavier than the SM-like Higgs boson.

As mentioned before, the weakly coupled sector of the E6CHM includes a set of
elementary states (5), whereas the right-handed top quark tc is a composite state. Such a
scenario implies that the dynamics of the strongly interacting sector results in the formation
of the composite 10 + 5 multiplets of SU(5). These SU(5) multiplets get combined with
¯̀, ēc, q̄ and d̄c, leading to a set of massive vector-like fermions as well as composite tc.
The composite 10 + 5 multiplets of SU(5) may originate from two 6-plets (61 and 62) and
one 15-plet of SU(6). The 15-plet and 6-plet have the following decomposition in terms of
SU(5) representations:

15→ 10⊕ 5 , 6→ 5⊕ 1 .

The components of 61, 62 and 15 decompose under SU(3)C × SU(2)W × U(1)Y ×
U(1)B ×U(1)L as follows:
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15 → Q =

(
3, 2,

1
6

, −1
3

, 0
)

,

tc =

(
3∗, 1, −2

3
, −1

3
, 0
)

,

Ec =

(
1, 1, 1, −1

3
, 0

)
,

D =

(
3, 1, −1

3
, −1

3
, 0
)

,

L =

(
1, 2,

1
2

, −1
3

, 0
)

;

62 → Dc
2 =

(
3̄, 1,

1
3

,
1
3

, 0
)

,

L2 =

(
1, 2, −1

2
,

1
3

, 0
)

,

N2 =

(
1, 1, 0,

1
3

, 0

)
,

61 → Dc
1 =

(
3̄, 1,

1
3

, B61
, L61

)
,

L1 =

(
1, 2,−1

2
, B61

, L61

)
,

N1 =

(
1, 1, 0, B61

, L61

)
.

(12)

In Equation (12), the first and second quantities in brackets are the SU(3)C and SU(2)W
representations, while the third, fourth and fifth quantities are the U(1)Y, U(1)B and
U(1)L charges, respectively. Since the right-handed top quark belongs to the 15-plet, all
components of this multiplet should carry the same baryon and lepton numbers as tc,
i.e., B15 = −1/3 and L15 = 0. After the SU(6) symmetry breaking, a 5-plet from the 62
and 5-plet from the 15-plet should compose vector-like states. This can be possible only if
B62

= 1/3 and L62
= 0. Although the baryon and lepton numbers of the components of the

61 multiplet are not fixed in the E6CHM, the SU(5) singlet components of 61 and 62 may
gain mass through the interaction (61Ω)(Ω62) if B61

= −1/3 and L61
= 0 .

As pointed out before, in the composite Higgs models, the elementary fermions acquire
masses through mixing with their composite partners. From the conservation of baryon and
lepton numbers, it follows that in the E6CHM, different multiplets of elementary fermions
should come from different representations of the GUT-gauge group. All other components
of the corresponding GUT multiplets have to be extremely heavy. Therefore, elementary
fermions appear at low energies as incomplete GUT multiplets. In the case of the simplest
SU(5) GUT, the elementary fermions constitute the following set of incomplete SU(5)
multiplets:

uc
α ∈ 10u

α =

(
10, −1

3
, 0
)

α

qi ∈ 10q
i =

(
10,

1
3

, 0
)

i
dc

i ∈ 5d
i =

(
5, −1

3
, 0
)

i

ec
i ∈ 10e

i =

(
10, 0, −1

)
i

`i ∈ 5`i =

(
5, 0, 1

)
i

,
(13)

where the first, second and third quantities in brackets are the SU(5) representation and
the U(1)B and U(1)L charges. In Equation (13), α = 1, 2 and i = 1, 2, 3. The Higgs doublet
h is normally embedded into the fundamental representation of SU(5), i.e., h ∈ 5h. In this
scenario, the Yukawa interactions of the SM, which induce the masses of the up-type quarks
at low energies, have the following SU(5) structure:

Lu
SU(5) ' hu

αi 10u
α 10q

i 5h. (14)

In the simplest SU(5) models, the masses of the charged leptons and down-type
quarks are generated through the Yukawa interactions

Ld
SU(5) ' he

ij 10e
i 5`j 5h

+ hd
ij 10q

i 5d
j 5h . (15)

The composite partners of the elementary quarks and leptons must be embedded
into the representations of the SU(6) group so that the Yukawa interactions (14) and (15)
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are allowed. In this case, the Higgs multiplet 5h has to be replaced by the unit vector Ω.
Moreover, instead of 10u

α and 10q
i of SU(5), one needs to include two SU(6) multiplets

which involve an SU(5) decuplet. The simplest SU(6) multiplet of this type is an antisym-
metric second-rank tensor field 15. The next-simplest SU(6) representation that contains
an SU(5) decuplet is a totally antisymmetric third-rank tensor 20 that has the following
decomposition in terms of SU(5) representations: 20 = 10⊕ 10. The generalisation of the
Yukawa interaction (14) to the case of SU(6) symmetry can be written as

Lu
SU(6) ∼ 20× 15× 6 . (16)

In Equation (16), the 6-plet has to be identified with the unit vector Ω. Thus, there
are two different scenarios. In scenario A, the composite partners of uc

α and qi (Uα and Qi)
are components of 15(Uα) and 20(Qi) representations of SU(6), while in scenario B, the
composite partners of uc

α and qi belong to 20(Uα) and 15(Qi), respectively. Below scale f ,
the mixing between incomplete SU(5) representations (10u

α and 10q
i ) and their composite

partners is induced, and the Yukawa interactions (14) are reproduced.
In scenario A, the SU(6) generalisation of the Yukawa interactions (15) is given by

Ld
SU(6) ∼ 20× 15× 6′ , (17)

where 6′ ≡ Ω†. In Equation (17), the 20-plet is associated with the SU(6) representations
involving the composite partners of qi, i.e., 20(Qi), while the 15-plet involves the 5 multiplet
of the SU(5) group that should include the composite partners of dc

i , i.e., 15 ≡ 15(Di).
In scenario B, the SU(6) generalisation of the SU(5) structure of the Yukawa interac-

tions (15) takes the form:
Ld

SU(6) ∼ 15× 6× 6′ . (18)

In this case, again, the 6′ in Equation (18) must be identified with Ω†. The 15-plet
corresponds to 15(Qi), which contains the composite partners of qi, whereas the 6-plet
has to involve the composite partners of dc

i (Di), i.e., 6 ≡ 6(Di). After the breakdown
of the SU(6) global symmetry near the scale f , Equation (18) should lead to the Yukawa
interactions (15).

The interactions (18) can also be used to generate the masses of charged leptons in both
scenarios A and B. In this case, 15(Ei) and 6(Li) should contain the composite partners of
ec

i and `i, respectively. In the simplest SU(5) GUT, the masses of the left-handed neutrinos
can be induced through the interactions

Lν
SU(5) ' kij

(
5`i 5h

)(
5`j 5h

)
. (19)

The SU(6) generalisation of the interactions (19) takes the form:

Lν
SU(6) ' κij

(
6× 6′

)(
6× 6′

)
, (20)

where 6 should be associated with 6(Li), and 6′ ≡ Ω. The inclusion of interactions (20)
implies that global U(1)L symmetry is broken down to ZL

2 = (−1)L. Since, in the E6CHM,
the lepton number is preserved to a very good approximation, κij are expected to be very
small, giving rise to tiny masses of the left-handed neutrinos.

3. From E6 Orbifold GUT to the E6CHM

As previously noted, the nearly exact conservation of the baryon and lepton numbers
at low energies requires different multiplets of elementary quarks and leptons to stem
from different representations of the GUT group. In this sense, the U(1)B and U(1)L
charges of the corresponding GUT multiplets are determined by the baryon and lepton
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numbers of the fermion components of these representations that survive to low energies.
All other components of these GUT multiplets must gain huge masses. In this section, we
focus on the SUSY GUTs with the E6-gauge group and assume that elementary fermions
originate from different 27-plets and 27-plets of E6. The complete set of the SU(6) and E6
representations associated with the multiplets of elementary fermions is given by

q ∈ 15q
=

(
15,

1
3

, 0
)
∈ 27q

=

(
27,

1
3

, 0
)

,

ec ∈ 15e
=

(
15,

1
3

, 0
)
∈ 27e

=

(
27,

1
3

, 0
)

,

dc ∈ 6d =
(

6, −B62
, −L62

)
∈ 27d

=
(

27, −B62
, −L62

)
,

` ∈ 6` =
(

6, −B62
, −L62

)
∈ 27` =

(
27, −B62

, −L62

)
,

uc
α ∈ 15u

α =

(
15, −1

3
, 0
)

α

∈ 27u
α =

(
27, −1

3
, 0
)

α

,

qi ∈ 15q
i =

(
15,

1
3

, 0
)

i
∈ 27q

i =

(
27,

1
3

, 0
)

i
,

ec
i ∈ 15e

i =

(
15, 0, −1

)
i

∈ 27e
i =

(
27, 0, −1

)
i

,

dc
i ∈ 6d

i =

(
6, −1

3
, 0
)

i
∈ 27d

i =

(
27, −1

3
, 0

)
i

,

`i ∈ 6`i =

(
6, 0, 1

)
i

∈ 27`i =

(
27, 0, 1

)
i

.

(21)

In Equation (21), the first quantity in brackets is either the SU(6) or E6 representation,
whereas the second and third quantities are the U(1)B and U(1)L charges. It is rather prob-
lematic to get the desirable splitting of the 27-plets and 27-plets within four-dimensional
E6 GUTs. Nevertheless, the appropriate splitting of these E6 representations can occur in
the orbifold GUTs with extra dimensions.

Orbifolding in higher-dimensional theories offers new possibilities for gauge symmetry
breaking which have been explored within the SUSY GUT models in five dimensions [165–193]
and six dimensions [188–208]. Initially, in the string-motivated work [209–215], it was pointed
out that the breakdown of the gauge symmetry can be caused by identifications imposed on
the gauge fields under the spacetime symmetries of an orbifold. More recently, it was argued
that the orbifold compactifications of the heterotic string may lead to five-dimensional or
six-dimensional GUT structures which are similar to orbifold GUT models [216–222]. The unifi-
cation of gauge couplings in the 5D and 6D orbifold GUTs was examined in [179–187,206,207].
The models of composite fermions were studied in the context of Sherk–Schwarz compactifica-
tion in [223].

In this section, an N = 1 SUSY GUT in 6D, which results in a set of elementary
fermions given by Equation (5), is considered. This SUSY GUT is based on the E6 × G0-
gauge group. Near some high energy scale MX, the E6 and G0 groups are broken down
to SU(3)C × SU(2)W ×U(1)Y and G, respectively. The elementary bosons and fermions
participate in the E6 interactions only. Fields from the composite sector are charged under
both the G0 (G) and E6-gauge symmetries. The phenomenological viability of such a model
requires the adequate suppression of operators which give rise to proton decay. In the
context of orbifold GUTs, the proton stability was discussed in [176–178,180–185,208]. It
was shown that the experimental lower limit on the proton lifetime can be satisfied if
MX & 1016 GeV [208].

All elementary fermions in the model under consideration are components of the
bulk 27-plets. In the four-dimensional N = 1 SUSY GUT, the fundamental 27-dimensional
representation of E6 contains components Φn (n = 1, 2, . . . , 27) associated with the super-
multiplets of one generation of ordinary matter, including the right-handed neutrino (νc),
i.e., q, `, uc, dc, ec and νc. In addition, it also involves the supermultiplets that correspond to
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the charged ±1/3 exotic quarks (h and hc), 2 SU(2)W doublets (hd and hu) as well as a SM
singlet s. Each 6D fermion state is formed by 2 4D Weyl fermions, ψ and ψc. The minimal
N = 1 SUSY in 6D implies that each 6D superfield involves one 6D fermion field and two
complex scalars, φ and φc. These fields compose a 4D N = 2 hypermultiplet that contains
2 4D N = 1 chiral superfields, Φ = (φ, ψ) and Φ = (φc, ψc), with opposite quantum
numbers. Therefore, each 6D 27-plet Φ̂n includes two 4D N = 1 supermultiplets, Φn
(27-plet) and Φn (27-plet). In other words, the N = 1 SUSY in 6D corresponds to N = 2
supersymmetry in 4D.

The E6-gauge supermultiplet which should exist in the bulk must include vector
bosons AM (M = 0, 1, 2, 3, 5, 6) as well as 6D Weyl fermions (gauginos). Each 6D gaugino is
formed by 2 4D Weyl fermions, λ and λ′. The components of vector bosons and gauginos
can be grouped into chiral and vector supermultiplets of the N = 1 SUSY in 4D, i.e.,

V = (Aµ, λ) , Σ =

(
(A5 + iA6)/

√
2, λ′

)
. (22)

In Equation (22), µ = 0, 1, 2, 3, whereas λ, λ′, AM, V and Σ are matrices in the adjoint
E6 representation. The N = 1 supermultiplets (22) compose an N = 2 vector supermultiplet
in 4D.

We assume that 2 extra dimensions z(= x6) and y(= x5) are compact with z ∈
(−πR6, πR6] and y ∈ (−πR5, πR5] that corresponds to the compactification of extra di-
mensions on a torus T2 with fixed radii R5 and R6, where R5 and R6 are defined by the
scale MX . Using Z2 symmetry, the orbifold T2/Z2 can be obtained. The Z2 transformation
acts on T2 according to z→ −z and y→ −y. The components of the bulk supermultiplets
also transform under Z2 symmetry, while the Lagrangian of the model under consideration
has to be invariant under this transformation. The Z2 symmetry allows the physical region
to be reduced to a pillow with the 4 fixed points as corners: (0, 0), (πR5, 0), (0, πR6) and
(πR5, πR6).

3.1. The E6 Symmetry Breaking to SU(4)′ × SU(2)W × SU(2)N ×U(1)′

In this section, we consider a 6D SUSY GUT compactified on the orbifold T2/(Z2 ×
ZI

2× ZI I
2 ), where Z2, ZI

2 and ZI I
2 are reflections. In particular, a Z2 transformation is defined

as before, i.e., z → −z and y → −y. The reflection ZI
2 acts as z → −z and y′ → −y′,

where y′ = y − πR5/2. The reflection ZI I
2 is defined by z′ → −z′ and y → −y, where

z′ = z− πR6/2. The reflection symmetries ZI
2 and ZI I

2 introduce additional fixed points,
resulting in the physical region in which z ∈ [0, πR6/2] and y ∈ [0, πR5/2]. The irreducible
space is a pillow limited by fixed points with 4 4D branes (walls) which are located at
its corners.

The Lagrangian of this 6D SUSY GUT must be invariant under the transformations
of Z2, ZI

2 and ZI I
2 symmetries. Each reflection has its own orbifold parity, i.e., P, PI and

PI I . The components Φn and Φn of 6D 27-plets transform under Z2, ZI
2 and ZI I

2 reflections
as follows:

Φn(x,−y,−z) = PnnΦn(x, y, z) , Φn(x,−y,−z) = −PnnΦn(x, y, z) ,
Φn(x,−y′,−z) = PI

nnΦ̂n(x, y′, z) , Φn(x,−y′,−z) = −PI
nnΦn(x, y′, z) ,

Φn(x,−y,−z′) = PI I
nnΦ̂n(x, y, z′) , Φn(x,−y,−z′) = −PI I

nnΦn(x, y, z′) .
(23)

In Equation (23), P, PI and PI I are diagonal matrices which have eigenvalues ±1. The
diagonal elements of these matrices can be written as

(P)ii = σ exp{2πi∆αi} , (PI)ii = σI exp{2πi∆Iαi} ,
(PI I)ii = σI I exp{2πi∆I Iαi} ,

(24)
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where σ, σI , σI I ∈ {+,−} are parities of the 6D 27-plets and αi are E6 weights which are
well-known [193]. The gauge shifts ∆, ∆I and ∆I I associated with Z2, ZI

2 and ZI I
2 reflections

are chosen so that

∆ =

(
0, 0, 0,

1
2

, 0, 0
)

, ∆I =

(
1
2

,
1
2

,
1
2

,
1
2

,
1
2

, 0
)

,

∆I I =

(
1
2

,
1
2

,
1
2

, 0,
1
2

, 0
)

.
(25)

The corresponding orbifold parity assignments are shown in Table 1.

Table 1. Orbifold parity assignments in the bulk 27 supermultiplet with σ = σI = σI I = σI I I = +1.

q dc uc ` ec νc hu hd h hc s

Z2 + − + − + − + − + − −
ZI

2 − + + − + + − − + + +

ZI I
2 − − + + + − − + + − −

ZI I I
2 + + + + + + + + + + +

The components of the E6-gauge supermultiplet (V and Σ) transform under reflections
Z2, ZI

2 and ZI I
2 as follows:

V(x,−y,−z) = PV(x, y, z)P−1,
V(x,−y′,−z) = PIV(x, y′, z)(PI)−1,
V(x,−y,−z′) = PI IV(x, y, z′)(PI I)−1,
Σ(x,−y,−z) = −PΣ(x, y, z)P−1,
Σ(x,−y′,−z) = −PIΣ(x, y′, z)(PI)−1,
Σ(x,−y,−z′) = −PI IΣ(x, y, z′)(PI I)−1,

(26)

where Σ(x, y, z) = ΣA(x, y, z)TA and V(x, y, z) = VA(x, y, z)TA, while TA are the E6
generators. In the orbifold GUT under consideration, the 4D N = 2 SUSY is broken down
to 4D N = 1 supersymmetry because components Φn and Φn as well as V and Σ transform
differently under the reflections. Since P, PI and PI I are not unit matrices, they do not
commute with all generators of E6. As a consequence, the E6-gauge symmetry is broken
as well.

From the P parity assignment, it follows that near the fixed point y = z = 0 (brane
O) associated with the Z2 reflection, the E6-gauge group is broken down to SU(6) ×
SU(2)N . Indeed, the fundamental representation of E6 decomposes under SU(6)× SU(2)N
as follows:

27→ (15, 1) + (6, 2) . (27)

In Equation (27), the first and second quantities in brackets are the SU(6) and SU(2)N
representations. From Table 1, one can see that (6, 2) is formed by two SU(2)W doublets
` and hd, two SM singlets νc and s as well as two SU(3)C triplets dc and hc. Indeed, these
components of the 27-plet transform differently under the Z2 reflection as compared with
the other components of the fundamental representation of E6 which compose the (15, 1)
supermultiplet of SU(6). The unbroken SU(6) group contains a SU(3)C× SU(2)W ×U(1)Y
subgroup. It is assumed that all fields of the strongly interacting sector are localised on the
O brane.

At the fixed point y = πR5/2, z = 0 (brane OI) of the ZI
2 reflection the E6 group

is broken to its SU(6)′ × SU(2)W subgroup. According to the PI parity assignment, all
SU(2)W doublets from the 27-plet transform differently as compared with the other compo-
nents of the fundamental representation of E6. These SU(2)W doublets compose the (6, 2)
representation of SU(6)′. All other components of the 27-plet form (15, 1) of SU(6)′. In
this case, the unbroken SU(6)′ includes a SU(3)C subgroup. It is assumed that 2 pairs of
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(15, 1) and (15, 1) of SU(6)′ are localised on the brane OI . They are needed to ensure the
appropriate breakdown of the E6-gauge group to its SU(3)C × SU(2)W ×U(1)Y subgroup.

Near the fixed point y = 0, z = πR6/2 (brane OI I) associated with the ZI I
2 reflection

the E6-gauge group is also broken to SO(10)′ ×U(1)′. Indeed, the PI I parity assignment
indicates that the 16 components of the fundamental representation of E6, i.e., q, dc, νc,
hu, hc and s, are odd, composing a 16-dimensional spinor representation of SO(10)′. All
other components of the 27-plet are even. Because, in the orbifold GUTs, the mechanism of
gauge symmetry breaking preserves the ranks of the group, the unbroken subgroup of the
E6 group has to be SO(10)′ ×U(1)′. The unbroken SO(10)′ contains a SU(3)C × SU(2)W
subgroup. The 10 components of the 27-plet, i.e., uc, `, hd and h, constitute a 10-dimensional
vector representation of SO(10)′ while the ec component of the 27-plet is an SO(10)′

singlet. It is worth noting that the spinor representation of the ordinary SO(10) and
SO(10)′ are composed by different components of the 27-plets. This means that SO(10) and
SO(10)′ are different subgroups of E6. We assume that, on the brane OI I , a 45-dimensional
representation of SO(10)′ as well as 3 pairs of ec

i and ec
i superfields are confined.

At the corner of the physical region, i.e., y = πR5/2, z = πR6/2, a fourth fixed
point (brane OI I I) is located. It is associated with the ZI I I

2 symmetry, which is obtained by
combining reflections Z2, ZI

2 and ZI I
2 . The corresponding parity assignment PI I I = P PI PI I

is just an identity matrix. Therefore, near this fixed point, the E6-gauge group remains
intact, whereas N = 2 SUSY is broken to N = 1 supersymmetry. We assume that two
27-plets reside on the brane OI I I .

The intersection of the E6 subgroups, which remain intact near the branes O, OI ,
OI I and OI I I , represents the unbroken gauge group of the effective 4D theory. The in-
tersection of the E6 subgroups SU(6)× SU(2)N , SU(6)′ × SU(2)W and SO(10)′ ×U(1)′

is SU(4)′ × SU(2)W × SU(2)N ×U(1)′, where the SU(4)′ group includes a SU(3)C sub-
group. The SU(4)′ group is also a subgroup of SU(6)′ and SO(10)′. In Table 2, the charges
associated with the U(1)′ symmetry are specified.

Table 2. The charges (Q′i , Q̃i, QN
i and QY

i ) of the components of the 27-plet associated with the U(1)′,
Ũ(1), U(1)N and U(1)Y symmetries.

q dc uc ` ec νc hu hd h hc s
√

24Q′i 1 1 −2 −2 4 1 1 −2 −2 1 1√
24Q̃i 1 −1 2 0 0 3 −3 0 −2 −1 3√
40QN

i 1 2 1 2 1 0 −2 −3 −2 −3 5√
5
3 QY

i
1
6

1
3 − 2

3 − 1
2 1 0 1

2 − 1
2 − 1

3
1
3 0

3.2. The Breakdown of SU(4)′ × SU(2)W × SU(2)N ×U(1)′ to SU(3)C × SU(2)W ×U(1)Y

According to Table 1, the bulk 27-plets contain components which have even and odd
parities with respect to the transformations of the Z2, ZI

2 and ZI I
2 symmetries. At the same

time, only components that have all even parities are allowed to have zero modes which
may survive below the scale MX . In particular, the elementary fermions, uc

α, ec
i and ēc, can

stem from the bulk 27-plets Φ̂u
i , Φ̂u

i , Φ̂e
i and Φ̂e

i . Hereafter, index i = 1, 2, 3 runs over three
generations. These bulk 27-plets decompose as follows:

Φ̂u
i = (27, +, +, +, +), Φ̂u

i = (27, −, −, −, −),
Φ̂e

i = (27, +, +, +, +), Φ̂e
i = (27, −, −, −, −), (28)

In Equation (28), the quantities in brackets are the parities of the bulk 27-plets σ, σI , σI I
and σI I I as well as the E6 representations of these 6D supermultiplets. The parities of Φ̂u

i
are such that only the components uc

i , ec
i and hi of Φu

i have zero modes. Since the parities of
the components of Φu

i and Φu
i are opposite, the N = 1 supermultiplet Φu

i does not lead to
zero modes. On the other hand, the Kaluza–Klein (KK) expansion of Φ̂u

i involves only the
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zero modes of components uc
i, ec

i and hi. The bulk 27-plets Φ̂e
i and Φ̂e

i result in a similar
set of zero modes.

The 45-dimensional representation of SO(10)′ that resides on the brane OI I involves
one component, ϕ, corresponding to the generator of the Ũ(1) subgroup of SO(10)′, the
charges of which are specified in Table 2. It is assumed that ϕ acquires a non-zero vacuum
expectation value (VEV), ϕ0, and couples to Φ̂e

i and Φ̂e
i . This VEV, which is smaller

than the scale MX, breaks the SU(4)′ × SU(2)W × SU(2)N ×U(1)′-gauge symmetry to
SU(3)C × SU(2)W × SU(2)N × Ũ(1)×U(1)′, generating masses of the the zero modes uc

i ,
uc

i, hi and hi of supermultiplets Φ̂e
i and Φ̂e

i . In this case, only zero modes associated with
the components ec

i and ec
i remain massless. The couplings of other 6D supermultiplets

to ϕ are expected to be forbidden. Because supermultiplet ϕ is confined on the brane OI I ,
the VEV ϕ0 does not directly break the SU(6)× SU(2)N global symmetry of the strongly
interacting sector which is localised on the brane O.

At the same time, the superfield ec
i , which resides on brane OI I , can be combined with

the corresponding zero modes of Φ̂u
i , giving rise to vector-like states with masses of order

of MX. In the same way, ec
i and the appropriate zero modes of Φ̂u

i can form vector-like
states that gain masses set by the scale MX . As a result, only zero modes of the components
of Φ̂u

i and Φ̂u
i with the quantum numbers of uc

i, hi, uc
i and hi remain massless.

The zero modes with the quantum numbers of qi, dc
i , q̄ and d̄c can originate from the

bulk supermultiplets

Φ̂q
i = (27, +, −, −, +), Φ̂q

i = (27, −, +, +, −),
Φ̂d

i = (27, −, +, −, +), Φ̂d
i = (27, +, −, +, −).

(29)

Using the parity assignments given in Table 1, it is easy to check that all parities of dc
i ,

hc
i , si and νc

i components of Φ̂d
i , dc

i , hc
i , si and νc

i components of Φ̂d
i , hu

i and qi components

of Φ̂q
i as well as hu

i and qi and components of Φ̂q
i are positive. Therefore, the corresponding

KK expansions include zero modes.
In order to obtain the zero modes associated with the `i and ¯̀ components of the

27-plets and 27-plet, the set of the 6D supermultiplets has to be supplemented by

Φ̂`
i = (27, −, −, +, +), Φ̂`

i = (27, +, +, −, −). (30)

Again, one can check that all parities of hd
i and `i components of Φ̂`

i as well as hd
i and

`i components of Φ̂`
i are positive, resulting in the corresponding set of zero modes. The full

set of the bulk supermultiplets, as well as their zero modes, which remain massless below
〈ϕ〉 = ϕ0, are given in Table 3. We assume here that the mass terms associated with the
zero modes with opposite quantum numbers are forbidden.

Table 3. The bulk supermultiplets and their zero modes that remain massless below the scales MX ,
ϕ0 and φ0.

Φ̂u
i Φ̂e

i Φ̂
q
i Φ̂d

i Φ̂`
i Φ̂u

i Φ̂e
i Φ̂

q
i Φ̂d

i Φ̂`
i

E . MX uc
i , ec

i , uc
i , ec

i , qi, dc
i , νc

i , `i, uc
i, ec

i, uc
i, ec

i, qi, dc
i , νc

i , `i,
hi hi hu

i hc
i , si hd

i hi hi hu
i hc

i , si hd
i

E . ϕ0 uc
i , ec

i qi, dc
i , νc

i , `i, uc
i, ec

i qi, dc
i , νc

i , `i,
hi hu

i hc
i , si hd

i hi hu
i hc

i , si hd
i

E . φ0 uc
i ec

i qi dc
i `i uc ec q dc `

Below the scale ϕ0, the 6D supermultiplets result in the set of zero modes which
involves 3 pairs of N = 1 chiral 27 and 27-plets. The model under consideration implies
that 2 27-plets associated with i = 1, 2 and 2 27 supermultiplets which are confined on
the OI I I brane compose vector-like states with masses M0 . ϕ0. It is also expected that
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2 pairs of 15 and 15 of SU(6)′ that reside on the brane OI acquire VEVs of the order
of φ0 . M0. The VEVs of the νc and νc components of one pair of 15 and 15 break the
SU(3)C× SU(2)W × SU(2)N × Ũ(1)×U(1)′-gauge group to SU(3)C× SU(2)W ×U(1)Y×
U(1)N . Different phenomenological aspects of the SUSY extensions of the SM based on
the SU(3)C × SU(2)W ×U(1)Y ×U(1)N-gauge symmetry were explored in [224–250]. The
VEVs of the s and s components of another pair of 15 and 15 break the SU(3)C × SU(2)W ×
U(1)Y ×U(1)N-gauge group to SU(3)C × SU(2)W ×U(1)Y. The VEVs of νc, νc, s and s
also induce the set of the mass terms in the superpotential as follows:

δWmass = Mη
ijhihc

j + Mζ
ijh

u
i hd

j + Mξ
ijsisj + Mν

ijν
c
i νc

j + Mη h hc

+ Mζ hu hd + Mξ s2 + Mν
νc2 ,

(31)

where i, j = 1, 2, 3 and Mη
ij ∼ Mζ

ij ∼ Mξ
ij ∼ Mν

ij ∼ Mη ∼ Mζ ∼ Mξ ∼ Mν ∼ φ0. The pairs

of 15 and 15 of SU(6)′ compose vector-like states with masses which are close to φ0. These
states reside on the brane OI and do not interact directly with the supermultiplets which are
localised on the brane O. Therefore, the SU(6) global symmetry of the strongly interacting
sector may remain unbroken.

In the six-dimensional orbifold GUTs, there are two types of anomalies: bulk anoma-
lies [251–255] and 4D anomalies at orbifold fixed points [256–258]. Bulk anomalies are
induced by box diagrams, the contributions of which are proportional to the trace of four
generators. This trace includes a part which may be reduced to the product involving
traces of two generators. It corresponds to the reducible anomaly that can be canceled
by the Green–Schwarz mechanism [259]. Another nonfactorizable part is associated with
the irreducible gauge anomaly. The E6 orbifold GUT model in six dimensions does not
have irreducible anomaly [254,255]. The 4D anomalies at the fixed points reduces to the
anomalies associated with the unbroken subgroup of the E6-gauge group in the vicinity of
such points. These anomalies are determined by the sum of the contributions that come
from the zero modes confined on the brane [251–253,260–262]. In the orbifold GUT under
consideration, the corresponding brane anomalies are cancelled automatically.

Finally, near the scale MS, which is somewhat lower than φ0, SUSY gets broken. As a
consequence, the scalar components of all superfields gain masses of the order of MS.
At the scale of MS, the SM singlet superfield S develops a non-zero VEV. This superfield
interacts only with the components of Φ̂u

3 and Φ̂u
3 . The interactions of the superfield S

with the components of other bulk supermultiplets can be forbidden by the discrete ZS
2

symmetry, under which only Φ̂u
3 and S are odd, whereas all other bulk 27-plets are even.

The VEV of S gives rise to the masses of zero modes u3 and u3. Thus, below scale MS, the
weakly coupled elementary sector includes a set of the fermion states given by Equation (5).
Since different fermion multiplets are the zero modes of different bulk supermultiplets,
they are allowed to have different baryon and lepton numbers in this case.

4. Generation of Matter–Antimatter Asymmetry in the E6CHM

In this section, we restrict our consideration to the scenarios with f & 10 TeV. The
U(1)B symmetry can be explicitly broken in the strongly coupled sector in this case, since
ZL

2 can be nearly exact, forbidding all operators which lead to the proton decay. When
scale f is so high, all other operators that violate baryon number are sufficiently strongly
suppressed. This suppression is caused by the small mixing between elementary fermions
and their composite partners as well as by the large value of f . For instance, the effective
operators in the SM, which give rise to the processes with ∆B = 2 and ∆L = 0, are given by

L∆B=2 =
1

Λ5

[
qiqjqkqm(dc

ndc
l )
∗ + uc

i dc
j d

c
kuc

mdc
ndc

l

]
, (32)



Universe 2022, 8, 33 15 of 27

where i, j, k, m, n, l = 1, 2, 3 are the generation indices. The n− n̄ mixing mass δm and n− n̄
oscillation time τn−n̄ can be estimated as

δm ' κ
Λ6

QCD

Λ5 , τn−n̄ '
1

δm
. (33)

In Equation (33), κ ∼ 1 and ΛQCD ' 200 MeV. The n− n̄ oscillation time becomes
close to the experimental limit 108 s. Refs. [263,264] for Λ ∼ few× 100 TeV. The operators
(32) also induce the process of the annihilation of the two nucleons NN → KK, resulting in
rare nuclear decays. The searches for such decays set a lower bound on Λ of around 200–
300 TeV. At the same time, in the E6CHM with f & 10 TeV, the value of Λ & few× 100 TeV.

Here we assume that the effective Lagrangian of the E6CHM possesses an approximate
ZB

2 symmetry. This discrete symmetry is a subgroup of U(1)B, i.e.,

ZB
2 = (−1)3B . (34)

In Equation (34), B is the baryon number of the multiplet. The ZB
2 discrete symmetry

forbids proton decay, but it does not suppress the baryon-number-violating operators (32)
Thus, in this case, the Lagrangian of the strongly interacting sector of the E6CHM respects
the approximate SU(6)×U(1)L × ZB

2 symmetry.
In the scenario under consideration, after the breakdown of the SU(6) global symmetry

to its SU(5) subgroup, all composite states and exotic fermions, including the components
of the SU(6) multiplets 61, 62, 15 as well as q̄, d̄c, ¯̀ and ēc, gain masses which are several
times larger than f . The only exceptions are the components of the 15-plet which are
identified with tc. These components survive to the EW scale. As follows from Equation (12),
all components of the 15-plet and 62 multiplet as well as q̄ and ēc are odd under the ZB

2
symmetry. The components of the 61 multiplet, q̄ and ¯̀ can be either odd or even under the
ZB

2 symmetry. Hereafter, it is assumed that these fermions are ZB
2 -even.

The N1 and N2 components of 61 and 62 multiplets acquire Majorana masses through
the interactions (61Ω)(Ω61) and (62Ω)(Ω62), respectively. These operators are allowed
by the approximate ZB

2 symmetry. Nevertheless, this symmetry suppresses the mixing
between N1 and N2. We further assume that N1 is substantially lighter than other composite
and exotic fermions and has a mass of order of f .

The pNGB states have masses which are considerably lower than f & 10 TeV. There-
fore these resonances are the lightest composite particles in the E6CHM spectrum. All
pNGB states are even under the ZB

2 symmetry because the Higgs boson manifests itself in
interactions with SM particles as a ZB

2 -even state. The ZB
2 and gauge symmetries permit

the decays of the SU(3)C triplet of scalar fields T into up and down antiquarks. On the
other hand, almost exact ZL

2 symmetry forbids the decays of T into either a neutrino and a
down quark or a charged lepton and an up quark. The decay mode T → t̄b̄ should be the
dominant one because the first and second generation quarks have quite small fractions of
compositeness. For E . f , all operators that violate baryon number are suppressed, and T
manifests itself in the interactions with other particles as a diquark with B = −2/3. At the
LHC, the SU(3)C triplet can be pair produced, resulting in four heavy quarks in the final
state, i.e., pp→ TT̄ → tt̄bb̄. A somewhat similar signature arises in the R-parity-violating
SUSY models. It is associated with the lightest squark in these models. Nowadays, sce-
narios with the mass of the SU(3)C triplet T below 700 GeV are disfavored by the LHC
constraints on the masses of such squarks [265].

Although at low energies E . f the baryon number violating processes are suppressed
within the E6CHM, a sizeable baryon number asymmetry may still be generated via the
out-of-equilibrium decays of N1 if N1 has a mass which is substantially lower than the
masses of all other composite and exotic fermions. This can happen if CP is violated and
the mass of the SU(3)C triplet T (mT) is in the multi TeV range, provided mT � mN1 ∼ f
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and the decays N1 → T∗ + di and N1 → T + d̄i are allowed. The Lagrangian that describes
the decays of N1 and N2 into down-type quarks and the pNGB state T is given by

LN =
3

∑
i=1

(
g∗i1Tdc

i N1 + g∗i2Tdc
i N2 + h.c.

)
. (35)

When ZB
2 symmetry is exact, the coupling gi1 vanishes. Therefore, one can expect

that, in the case of the approximate ZB
2 symmetry, |gi1| � |gi2|. Because the pNGB state T

decays mostly into t̄b̄, the decays of the Majorana fermion N1 lead to the final states with
B = ±1. The baryon asymmetry generation via the neutral fermion decays into scalar
diquark and quark was considered in [266–281].

The generation of the baryon asymmetry is determined by the flavour CP asymme-
tries ε1, k

ε1, k =
ΓN1dk

− ΓN1 d̄k

∑m

(
ΓN1dm + ΓN1 d̄m

) , (36)

where k, m = 1, 2, 3, whereas ΓN1 d̄k
and ΓN1dk

are partial decay widths of N1 → dk + T and
N1 → dk + T∗. There are three CP (decay) asymmetries that correspond to three quark
flavours, i.e., d, s and b. At the tree level,

ΓN1dk
= ΓN1 d̄k

=
3|gk1|2

32π
M1, (37)

and the decay asymmetries (36) vanish in this approximation. In Equation (37), M1 is
the mass of N1. The interference of the tree-level decay amplitudes of N1 with the one-
loop corrections to them yields the non-zero values of the CP asymmetries (36) if CP
invariance is violated. The corresponding tree-level and one-loop diagrams can be found
in [250]. Assuming that mT � mN1 , and using the results obtained in the case of thermal
leptogenesis [48,282–286], the direct calculation of all these diagrams gives

ε1, i =
1

(8π)

1
(∑3

m=1 |gm1|2)

[
∑3

n=1 Im(g∗i1gi2g∗n1gn2)
√

x

(
3

2(1− x)
+ 1

−(1 + x) ln
1 + x

x

)
+ ∑3

n=1 Im(g∗i1gi2gn1g∗n2)
3

2(1− x)

]
,

(38)

where M2 is the mass of N2 and x = (M2/M1)
2.

To compute the baryon asymmetries generated by the decays of N1, one needs to
solve the system of Boltzmann equations that determine the evolution of baryon number
densities. Since the corresponding solution has to be similar to the solutions in the case of
thermal leptogenesis, the induced baryon asymmetry relative to the entropy density Y∆B
can be approximately estimated as (see [286])

Y∆B ∼ 10−3
( 3

∑
k=1

ε1, kηk

)
, Y∆B =

nB − nB̄
s

∣∣∣∣
0
= (8.75± 0.23)× 10−11 . (39)

where ηk are efficiency factors that vary from 0 to 1, and s is the entropy density. In the limit,
when washout processes can be neglected, ηk = 1. Here we ignore sphaleron processes that
partially convert baryon asymmetry into lepton asymmetry.

It is expected that |g32| � |g22|, |g12| and |g31| � |g21|, |g11| because s- and d-quarks
are almost elementary fermions which couple very weakly to the operators of the strongly
interacting sector. Such hierarchical structure of the Yukawa couplings ensures that ε1, 2
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and ε1, 1 are negligibly small. To simplify our analysis, we set M2 = 10 ·M1. In the limit
x � 1 for ε1, 3, one finds

ε1, 3 ' −
1

(4π)

|g32|2√
x

sin 2∆ϕ , ∆ϕ = ϕ32 − ϕ31 , (40)

where the phases ϕ32 and ϕ31 are defined as g32 = |g32|eiϕ32 and g31 = |g31|eiϕ31 . When CP
invariance is preserved, i.e., all Yukawa couplings are real, the decay asymmetry (40) goes
to zero. The maximum absolute value of ε1, 3 is attained for ∆ϕ = ±π/4.

The efficiency factor η3 can be of the order of unity in the E6CHM. Indeed, in the
strong washout scenario η3 may be estimated as follows (see, for example [286])

η3 ' H(T = M1)/Γ3 ,

Γ3 = ΓN1d3 + ΓN1 d̄3
=

3|g31|2
16π

M1 , H = 1.66g1/2
∗

T2

MPl
,

(41)

where g∗ = nb +
7
8

n f is the number of relativistic degrees of freedom in the thermal
bath and H is the Hubble expansion rate. In the SM, g∗ = 106.75, while in the E6CHM,
g∗ = 113.75 for T . f . From Equation (41), one can see that the efficiency factor η3 increases
with diminishing of |g31|, and for sufficiently small values of |g31|, it may become close
to unity. For instance, in the case when M1 ' 10 TeV and |g31| ' 10−6, this factor is
around 0.25.

When η3 ∼ 1, the generated baryon asymmetry is defined by the CP asymmetry
ε1, 3 which does not depend on |g31|. From Equation (40), it follows that for a given ratio
M2/M1 and negligibly small absolute values of the Yukawa couplings |g11|, |g21|, |g12|
and |g22|, the decay asymmetry ε1, 3 is set by the combination of phases ∆ϕ and |g32|.
Because g32 is not suppressed by the ZB

2 discrete symmetry, it is expected that |g32| & 0.1.
In Figure 1, the dependence of |ε1, 3| on ∆ϕ is shown for two different values of |g32|,
i.e., |g32| = 1 and |g32| = 0.1. Figure 1 illustrates that |ε1, 3| increases when |g32| grows
and attains its maximal possible value for ∆ϕ ' π/4. Near its maximum, the value of
|ε1, 3| is so large that a phenomenologically acceptable baryon density is induced only for
η3 . 10−3. If |g32| & 0.1 and η3 ∼ 1, then the appropriate matter–antimatter asymmetry,
corresponding to ε1, 3 . 10−7 − 10−6, can be obtained only in the limit when ∆ϕ . 0.01.
This demonstrates that, in the E6CHM, the observed baryon density can be induced even
if CP is approximately preserved. For ∆ϕ ∼ 1 and (M2/M1) = 10, phenomenologically
acceptable matter–antimatter asymmetry can be also generated when |g32| varies from 0.01
to 0.1.
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Figure 1. Logarithm (base 10) of the absolute value of the decay asymmetry ε1, 3 as a function of
logarithm (base 10) of ∆ϕ for |g32| = 1 (solid line) and |g32| = 0.1 (dashed line) in the case when
g11 = g21 = g12 = g22 = 0 and M2 = 10 ·M1.

5. Conclusions

The breakdown of gauge symmetry within GUTs can lead, at low energies, to the
E6-inspired composite Higgs model (E6CHM), which almost allows the mass hierarchy
to be stabilized. In particular, the E6CHM can originate from the SUSY GUT based on
the E6 × G0-gauge symmetry. In the vicinity of some high energy scale MX, the E6 × G0
group can be broken down to the SU(3)C × SU(2)W × U(1)Y × G subgroup, where G
and G0 are associated with the strongly interacting sector. We consider a six-dimensional
orbifold SUSY GUT in which all fields of the strongly coupled sector reside on the brane
where E6 is broken down to SU(6). It is expected that, in the E6CHM SU(6), there still
remains an approximate symmetry of the strongly interacting sector even at low energies,
and this gets spontaneously broken around the scale f & 5 TeV to SU(5), which contains
the SU(3)C × SU(2)W × U(1)Y-gauge group as a subgroup. The E6 orbifold GUTs in
six dimensions do not have irreducible bulk anomaly. In the orbifold SUSY GUT under
consideration, brane anomalies are cancelled. Within this E6 model, different multiplets of
the elementary quarks and leptons stem from different bulk 27-plets. All other components
of these 27-plets gain huge masses which are somewhat close to MX. As a consequence,
the low energy Lagrangian of the E6CHM can be invariant with respect to the global U(1)L
and U(1)B symmetries, which guarantee the conservation of the lepton and baryon charges
to a very good approximation. To ensure that the left-handed neutrinos acquire non-zero
Majorana masses, the U(1)L symmetry should be broken down to its ZL

2 discrete subgroup,
which forbids all operators giving rise to rapid proton decay.

The SU(6) symmetry breaking to SU(5) in the E6CHM results in eleven pNGB states.
Four of these states form the SM-like Higgs doublet H. One of these pNGBs is a SM singlet
boson A. Six others are associated with the SU(3)C triplet of scalar field T. The pNGB
states mentioned above do not carry any lepton and/or baryon numbers. A significant
fine-tuning, ∼0.01%, is required to obtain a Higgs boson with mass around 125 GeV in this
model because v� f .

The masses of the SM fermions in the E6CHM are induced through the mixing between
elementary states and their composite partners. There are two different scenarios of quark
mass generation. In scenario A, the composite partners of the right-handed down-type
quarks, left-handed quarks and right-handed up-type quarks are components of 15, 20



Universe 2022, 8, 33 19 of 27

and 15 representations of SU(6). Scenario B implies that the composite partners of the
right-handed down-type quarks, left-handed quarks and right-handed up-type quarks
belong to 6, 15 and 20 representations of the SU(6) group. In the case of the lepton sector,
the corresponding masses can be generated if the composite partners of the right-handed
charged leptons and left-handed leptons are components of the 15 and 6 representations
of SU(6).

The embedding of the E6CHM into an orbifold GUT with the E6-gauge group implies
that, at some high energy scale, the SM-gauge couplings are approximately equal. This
can be achieved when the dynamics of the strongly coupled sector lead to the composite
right-handed top quark tc. In addition to the SM fields (without tc), the weakly coupled
sector in this case must involve a set of exotic fermions that also permits anomalies to
be canceled. In particular, this set of exotic particles contains two SM singlet Majorana
fermions N2 and N1. In general, all exotic fermions and all composite resonances except the
pNGB states gain masses which are a few times larger than f . The pNGB states have masses
which tend to be considerably lower than f . Therefore, they are the lightest composite
resonances in the E6CHM spectrum. In our analysis, N1 is assumed to be the lightest exotic
fermion; it has a mass around 10 TeV. The discrete ZB

2 symmetry, which is a subgroup of
U(1)B, forbids all couplings that allow N1 to decay. When ZB

2 is an approximate symmetry,
N1 can be a long-lived composite state.

When the SU(6) symmetry-breaking scale f & 10 TeV and ZL
2 symmetry are almost

exact, all operators that violate baryon number are sufficiently strongly suppressed even
if U(1)B is explicitly broken. In this variant of the E6CHM, the out-of-equilibrium decays
N1 → T∗ + b and N1 → T + b̄ can induce the observed baryon asymmetry if CP is violated.
This scenario implies that the lifetime of N1 is less than 10−15 s. Phenomenologically
acceptable matter–antimatter asymmetry can be obtained, even in the limit when all
CP-violating phases are small (.0.01). The electric dipole moments (EDMs) of atoms,
neutrons and elementary states, which have not been observed in different experiments,
are suppressed if CP invariance is approximately preserved. These EDMs, as well as
baryon-number-violating processes, such as neutron-antineutron oscillations, are going to
be searched for in the near future [263,264].

The lightest exotic fermion N1 becomes absolutely stable if ZL
2 and ZB

2 are exact
symmetries. In this limit, N1 can account for all or some of the observed cold dark matter
density if it has a mass M1 which is much smaller than the scale f . In particular, when
M1 is close to half the mass of the SM singlet boson A, the annihilation cross section for
N1N1 → SM particles can be relatively large, resulting in the cold dark matter density
which is smaller than its measured value.

For a large SU(6) symmetry-breaking scale, i.e., f & 5–10 TeV, all exotic fermions and
almost all composite resonances are too heavy to be observed at the LHC. Because the
deviations of the couplings of the SM-like Higgs boson to the SM particles within the
E6CHM are determined by v2/ f 2, the modifications of the appropriate Higgs branching
fractions are negligibly small in this case. Therefore, it is going to be rather problematic to
probe such small deviations at the LHC and future e+e− collider. Too large a value of f
also implies that the interactions of the top quark with the SM particles are very similar
to the ones which are predicted by the SM. This makes the top quark with its significant
admixture of composite components basically indistinguishable from the corresponding
SM state. Nonetheless, the spectrum of the E6CHM must contain the SU(3)C triplet of
scalar fields T (T†) with an electric charge −1/3 (+1/3) and a mass which is significantly
lower than f . This state predominantly decays into T → t̄ + b̄. If this SU(3)C triplet T has
a mass in the few TeV range, then it can be pair produced at the LHC, resulting in some
enhancement of the cross section of pp → tt̄bb̄. The discovery of such a colour state will
provide a smoking gun signal of the composite Higgs model under consideration.
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