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The recent announcement of a discovery of a possible Higgs-like particle—its spin and parity are yet to be determined—at the LHC
with a mass of 126GeV necessitates a fresh look at the nature of the electroweak symmetry breaking, in particular if this newly-
discovered particle will turn out to have the quantum numbers of a StandardModel Higgs boson. Even if it were a 0+ scalar with the
properties expected for a SM Higgs boson, there is still the quintessential hierarchy problem that one has to deal with and which,
by itself, suggests a new physics energy scale around 1 TeV.This paper presents a minireview of one possible scenario: the formation
of a fermion-antifermion condensate coming from a very heavy fourth generation, carrying the quantum number of the SMHiggs
field, and thus breaking the electroweak symmetry.

1. Introduction

The nature of the electroweak symmetry breaking is one of
the most (if not the most) important problems in particle
physics for it is at the heart of the mass problem. The
recent discovery of a new boson with a mass ∼126GeV
strongly suggests that it might be the long-sought-after Higgs
boson of the Standard Model. Much remains to be done to
firmly establish first the spin and parity of this new particle
and second its detailed decay modes although there is now
evidence that the 126GeV object is a SM-like 0

+ scalar [1, 2].
Even if it is firmly established to be a 0

+ scalar, one would
like to know if there are other spin-0 particles lurking around
at higher mass scales. A positive answer would suggest that
the scalar sector is richer than the simplest scenario of a
minimal SM with one Higgs doublet and three generations
of fermions. A somewhat-related question is the nature of
the hierarchy problem itself if nothing else—in particular
supersymmetry—is found beside the SMHiggs boson [3]. In
fact, the discovery of the SM Higgs boson would cry out for
a new scale of physics in the TeV region along with perhaps
more yet-to-be-discovered particles.

The hierarchy problem would not be present if there was
a physical cutoff scale at around 1 TeV. Such a cutoff scale

could come from some kind of new strong interactions at
around that scale. The quintessential alternative scenario to
supersymmetry came under the generic name of technicolor
(TC) [4]. A whole new gauge group was postulated with the
assumption that the corresponding gauge coupling becomes
large at a scale of O(TeV) allowing for condensate formation
of technifermions which dynamically breaks the electroweak
symmetry. However, the generic TC scenario ran into several
serious problems with flavor-changing neutral currents and
had to be replaced by a more complicated scenario that goes
under the name of walking technicolor. The discovery of
a new “resonance” at 126GeV, if confirmed as a Higgs-like
boson, puts TC and its extension in difficulty since these
scenarios favor heavier spin-0 particles.

There is another possibility of a strong dynamics arising at
a TeV scale [5–7]: the formation of EW condensates coming
from a heavy fourth generation through the exchange of a
massless scalar [6, 8–13]. Here we describe the approach of
[6]. This model is scale invariant at the classical level. It was
argued in [6] that, starting from some value of the Yukawa
couplings at the electroweak scale which corresponds to a
heavy fourth generation, these couplings reach the critical
value for condensate formation at an energy around O(TeV).
Those condensates are bound states of a fourth generation
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fermion and antifermion, very much like the TC scenario
but, at the same time, very much unlike it because it does
not require a new strong interaction gauge group. Dynamical
electroweak symmetry breaking can be achieved with the
simplest extension of the SM: the postulated existence of
a heavy fourth generation. This review paper will describe
in steps the conditions for condensate formation, the scale
where this condensation occurs, the nature of the Higgs
scalars and the possible connection to the 126GeV “reso-
nance” along with some phenomenology, and, last but not
least, a summary of the extension of the SM with four
generations to a model which is conformally invariant above
O(TeV).

2. Bound States and Condensates of Heavy
Fourth Generation Fermions

Bound states of a fourth generation fermion and antifermion
can be formed when the Yukawa couplings to the Higgs
field are sufficiently large. There are bound states that are
loose, and there are those that are so strongly bound that
they become condensates which can break the electroweak
symmetry. We first begin with a discussion of bound state
formation using a simple-minded nonrelativistic approach.
This discussion sets the stage for the second part which will
discuss condensate formation in the following sense: under
what conditions can a fermion-antifermion bound state get
formed in this simple-minded approach and what are the
fermions which can do so? It was shown in [5] that, among
the heavy quarks, only the 4th generation quarks which will
be assumed to be heavier than the top quark can form bound
states. It should be clarified at this point that this simple-
minded nonrelativistic approach is based on a scenario in
which the Higgs field is self-interacting with a nonvanishing
mass. It was indicated in [5] and shown below that these states
become more tightly bound as the mass and self-coupling
tend to zero. In this limit of vanishingmass and self-coupling,
the nonrelativistic approach breaks down.

We present next a fully relativistic approach using the
Schwinger-Dyson (SD) equation [6] to investigate the condi-
tions for condensate formation by writing down an integral
equation for the fermion self-energies under the rainbow
approximation. Based on the aforementioned observation,
we started out with a scale-invariant Higgs-Yukawa system
in which the scalar field is nonself interacting [6]. Beside
the wish to have dynamical electroweak symmetry breaking
coming from condensates formed by the exchange between
a fermion and antifermion of a massless, nonself-interacting
scalar, there is a possibility of embedding this scale-invariant
model in a larger framework which possesses conformal
symmetry [14].

At this point, a clarification is in order beforewe begin our
discussion of bound state formation. Aswewill discuss below,
the consequences of the bound state dynamics presented
here are the existence of three doublets of Higgs fields: two
composite doublets and the original doublet. Although, in
the construction of bound states and condensates, the fun-
damental Higgs scalar is used as a force carrier and couples

to all relevant fermions with the corresponding Yukawa
couplings, the 126GeV boson, one of the mass eigenstates
of the three Higgs doublets, might couple differently to
different fermions, and in particular its coupling to the fourth
generation quarks might be suppressed. This depends on the
detailed mixings among the three Higgs doublets.

2.1. Bound States through Higgs Exchange. The simplest ap-
proach which shows the essence of the formation of a bound
state of a heavy 4th generation fermionwith an antifermion is
through the use of the nonrelativistic Schrödinger equation,
neglecting spin and relativistic corrections. In what follows
we describe the analysis performed by [5]. A more complete
analysis taking into account the spin of the fermions as well as
relativistic corrections to the Yukawa potential can be found
in [15].

We concentrate on the case of the exchange scalar being
massive and study the behavior of the bound states as the
mass approaches zero. The nonrelativistic Higgs-exchange
Yukawa potential can be read as follows:

𝑉 (𝑟) = −𝛼

𝑌
(𝑟)

𝑒

−𝑚𝐻(𝑟)𝑟

𝑟

,
(1)
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𝐻
is the Higgs mass and 𝛼

𝑌
= 𝑚

1
𝑚

2
/4𝜋V2 with

V = 246GeV. The masses of the two “fermions” are 𝑚

1
and

𝑚

2
, and the reducedmasses of the system is𝑀 = 𝑚

1
𝑚

2
/(𝑚

1
+

𝑚

2
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formation and followed up with a more accurate numerical
solution to the Schrödinger equation. A trial wave function,
𝑢(𝑦, 𝑟) = 2𝑦

3/2
𝑒

−𝑦𝑟, was used, where 𝑦 is the variational
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where 𝑧 = 2𝑦/𝑚
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is a redefined variable. For simplicity, [5]
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where 𝑚

𝑓
= 𝑔

𝑓
(V/√2) and 𝑚

𝐻
=

√
2𝜆V have been used.

As one can see from (3), the condition for bound state
formation depends only on the relative strengths of the
Yukawa couplings and the Higgs quartic coupling. The lower
bound in (17) gets modified when the Schrödinger equation
is solved numerically

𝐾

𝑓
=

𝛼

𝑌
𝑚

𝑓
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𝐻

=

𝑔

3

𝑓

16𝜋
√
𝜆

> 𝐾

0
= 1.68.

(4)

To appreciate the bound (4), [5] studied the evolution of the
couplings at two loops for the quartic Higgs self-coupling, the
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Figure 1: The evolution at 2 loops of 𝛼
𝑓

= 𝑔

2

𝑓
/4𝜋, where 𝑔

𝑓
is the

Yukawa coupling for the quarks and leptons of the 4th generation
and for the top quark. Two sets of values are shownwith the “lighter”
shown solely for comparison.

4th family and the top quark Yukawa couplings (all others
were too small to play any role). An example is shown in
Figure 1.

The values of 𝐾

𝑓
for the 4th family quarks and leptons

and for the top quark evaluated at a scale O(TeV) were found
to be 𝐾

𝑞
= 1.82, 𝐾

𝑙
= 1.92 (corresponding to masses 𝑚

𝑞
=

450GeV and 𝑚

𝑙
= 350GeV), and 𝐾

𝑡
= 0.82. Comparing

these numbers with (4) we can see that the 4th generation
quarks and leptons form rather loose bound states (in the
sense that the binding energy is small) while the top quark
is too light to form bound states through a Higgs exchange.
A more detailed investigation of this kind of bound states
was carried out by [15] which includes corrections taking
into account spin and relativistic effects among others. The
binding energies calculated in [15] are consistent with those
obtained using the aforementioned simple approach.

As the Higgs quartic coupling, 𝜆, decreases (𝑚
𝐻

decreases), one would expect from (4) that the bound states
will become more tightly bound until condensate formation
becomes possible. However, relativistic effects become more
and more important as the Higgs mass becomes smaller and
smaller. This is shown heuristically in Figure 2 [5].

In Figure 2, the rise in value for𝐾
𝑓
−𝐾

0
corresponds to the

decrease in the Higgs mass. Furthermore, if one looks back at
Figure 1, one notices that there is a “dip” in the Higgs quartic
coupling where it vanishes before rising again. The Yukawa
potential becomes more and more like a Coulomb potential.
At the dip, one has, with 𝛼

𝑌
∼ 1.6,

𝑉“dip” (𝑟) = −

𝛼

𝑌

𝑟

. (5)

Equation (5) represents a strong attractive Coulomb-like
potential. It was mentioned in [5] that such a potential has
been studied in condensedmatter physics where it was found
that it could potentially lead to the formation of condensates
[16, 17].

As it has been mentioned at the beginning of this
section, in this region where a condensate could potentially
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3
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/16𝜋

√
𝜆 and 𝐾

0
= 1.68. For illustration purpose, the initial

value of 𝜆 is increased slightly such that the peak value of𝐾
𝑓
would

not become too large to fit in the figure. The horizontal dotted line
indicates an estimate of 𝐾

𝑓
where the nonrelativistic method is still

applicable, and the vertical dotted lines enclose the region where a
fully relativistic approach is needed.

get formed, the nonrelativistic approximation breaks down,
and a fully relativistic approach is needed. This is also a
region of vanishing scalar mass and self-coupling. It is then
natural to ask, whether condensates were to get formed and
under what conditions would that be so and whether we
start out with a massless scalar at tree level. In particular,
we assume that the model is scale invariant and that the
fundamental Higgs doublet does not obtain a nonvanishing
vacuum expectation value (VEV) at tree level. If condensates
carrying the quantum numbers of the SM can get formed via
the exchange of the massless scalar, scale invariance will be
broken spontaneously. The breaking of scale invariance and
of the electroweak symmetry seems to be deeply related in
this scenario.

2.2. Condensates through Massless Higgs Exchange. In this
section, we present an analysis of condensate formation of
a heavy fermion-antifermion system by the exchange of
a massless Higgs scalar carried out by [6]. Basically, the
solution sought in [6] was based on the SD equation in
the ladder (or rainbow) approximation to the contribution
to the self-energy of the heavy fermion. The assumptions
made in [6] are basically as follows. (1) It is assumed that
the fundamental Higgs doublet has no mass term and cannot
develop a VEV at tree level. (2) Only the Yukawa couplings
of the 4th generation are important enough to participate
in this process. (3) All gauge interactions will be neglected.
The Yukawa interaction of Lagrangian for the 4th generation
quarks can be written as

L
𝑌

= −𝑔

𝑏
𝑞
𝐿
Φ𝑏



𝑅
− 𝑔

𝑡
𝑞
𝐿

̃

Φ𝑡



𝑅
+ h.c., (6)

where ̃

Φ = 𝑖𝜏

2
Φ

∗ and 𝑞

𝐿
= (𝑡


, 𝑏


)

𝐿
. A similar Lagrangian

can be written for the 4th generation leptons. The steps that
we used in [6] are as follows. (1) We first calculate the self-
energy Σ

4𝑄,4𝐿
(𝑝) of the 4th generation fermions and find the
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condition for condensate formation. (2) Next we calculate
the corresponding condensates ⟨𝑡

𝐿
𝑡



𝑅
⟩, ⟨𝑏


𝐿
𝑏



𝑅
⟩ as well as those

for the 4th generation leptons. The integral equation for the
fermion self-energy has been calculated in two different ways
resulting in the same result. Here we present a diagrammatic
version of the calculation for clarity. We wish to stress that
this section is different in nature from the preceding one in
that we do not make use of nonrelativistic concepts used in that
section but simply compute the self-energy of the fermion.

The diagrams which contribute to the SD equation
in the ladder approximation coming from the exchanges
of the massless complex 𝜙

0 and 𝜙

+ fields are illustrated
below. (For pedagogical purpose, it should be noted that
the propagator of a complex scalar field is ⟨𝜙

∗
(𝑥)𝜙(𝑦)⟩

= (1/2)(⟨Re𝜙(𝑥)Re𝜙(𝑦)⟩ + ⟨Im𝜙(𝑥) Im𝜙(𝑦)⟩), where
⟨Re𝜙(𝑥)Re𝜙(𝑦)⟩ = ⟨Im𝜙(𝑥) Im𝜙(𝑦)⟩ = propagator of
a real scalar field. This little note is for the purpose of
avoiding misconceptions concerning (7) where, after using
nonrelativistic concepts, some people mistakenly thought
that the contribution from 𝜙

0 vanishes!)
The SD equation can then be written as (for the 4th

generation quarks)
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Notice that custodial symmetry is imposed by making 𝑔

𝑡
 =

𝑔

𝑏
 resulting in the factor of 2 on the right-hand side of (7)

coming from the equality of the last two diagrams in Figure 3.
This equation can be transformed into a differential

equation
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2
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In (8), 𝛼
𝑐
is the critical coupling given by

𝛼

𝑐
=

𝜋

2

. (10)

This critical coupling determines the condition in which
condensates can get formed as we will see below. A change
of variables

𝑝 = 𝑒

𝑡
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transforms (8) into
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with the boundary conditions
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(𝑢
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A few remarks are in order.

(i) As with earlier studies of strong QED dynamics [18–
20], it was found that, for 𝛼

4𝑄
< 𝛼

𝑐
= 𝜋/2, there is no

solution except for the trivial one; namely, Σ
4𝑄

(𝑝) =

0. There is no dynamical symmetry breaking in that
case.

(ii) For 𝛼

4𝑄
> 𝛼

𝑐
= 𝜋/2, a nontrivial solution for Σ

4𝑄
(𝑝)

is found [6] and can be written as
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The dynamical mass of the 4th generation quarks
corresponding to the vacuum solutionwith the largest
fermion self-energy is given by

Σ

4𝑄
(0) = Λ𝑒

1−𝜋/√𝛼/𝛼𝑐−1+𝛿0
.

(15)

In (15)In (15), 𝛿
0
is the phasewhich corresponds to the

vacuum solution. Λ is the physical cutoff scale where
dynamical symmetry breaking takes place. Notice
that the total mass of a 4th generation quark, for
example, that of 𝑡

, is 𝑚

𝑡
 = Σ

4𝑄
(0) + Lagrangian

mass.
(iii) The quantities that are most relevant to dynamical

electroweak symmetry breaking are the condensates
of 4th generation fermions which carry the elec-
troweak quantum numbers of a Higgs doublet. They
can be computed once we know the self-energy
Σ
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(16)

where the Yukawa couplings for 𝑡

 and 𝑏

 are chosen
so as to guarantee an SU(2) custodial symmetry. We
require

⟨𝑡



𝐿
𝑡



𝑅
⟩ ∼ 𝑂 (−Λ

3

EW) . (17)
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(iv) From (16) and (17), we observe that the physical
cutoff scale Λ plays an important role in determining
whether or not one needs to fine tune the theory in
order to fit experiment. Since Σ

2

4𝑄
(0) ∼ 𝑂(Λ

2

EW), it is
straightforward to see that, for Λ ∼ 𝑂(TeV), 𝛼

4𝑄
does

not need to be close in value to 𝛼

𝑐
in order to satisfy

(16). Hence, there is no fine tuning! ForΛ ∼ 10

16 GeV,
one needs to fine tune 𝛼

4𝑄
down to 28 decimal points;

that is, 𝛼
4𝑄

/𝛼

𝑐
− 1 ∼ 10

−28!
(v) Condensates of the 4th generation leptons can be

obtained in a similar manner [6]. One has

⟨𝐿

𝐿
𝐿

𝑅
⟩ = ⟨𝑁

𝐿
𝑁

𝑅
⟩

≈ −

1

𝜋

2
(

𝛼

𝑐

𝛼

4𝐿

)ΛΣ

2

4𝐿
(0) sin[√

𝛼

4𝐿

𝛼

𝑐

− 1] .

(18)

The condition for condensate formation is the same
as that for the quarks; namely, 𝛼

4𝐿
> 𝛼

𝑐
= 𝜋/2.

(vi) To see at around what energy scale 𝛼

4𝑄
exceeds

the critical coupling for condensate formation, it is
instructive to evolve the couplings of the Higgs-
Yukawa system at one and two loops.This was carried
out by [5, 6].

(vii) It was argued in [6] that the fundamental massless
Higgs doublet obtains an induced negative mass
squared which would give rise to its own VEV which
was absent before condensation occurs

1

2

{

2𝑔

2

4𝑄

Σ

4𝑄
(0)

⟨𝑡



𝐿
𝑡



𝑅
⟩ +

2𝑔

2

4𝐿

Σ

4𝐿
(0)

⟨𝐿

𝐿
𝐿

𝑅
⟩ + H.c.} 









𝜙

0








2

. (19)

Reference [21] has also investigated this aspect of a heavy
four-generation model from a slightly different point of view.
For a more detailed exposure of the ideas used in [21], one
can consult a companion paper by George Hou in this special
issue.

3. Renormalization Group Analysis of the
Higgs-Yukawa System for the 4th Family

Since the couplings of the Higgs-Yukawa system evolve with
energy, it is worthwhile to analyze such a behavior for the
4th generation. In [5], a two-loop renormalization group
analysis was carried out for the 4th generation Yukawa
couplings and for the Higgs quartic coupling. It was found
that, above some energy scale, a quasifixed point for the
couplings was observed. This quasifixed point, if it is real
and is not just an artifact of a two-loop approximation, may
point to an interesting domain where conformal invariance
may be effective. In this section, we are mainly interested
in the energy scale where the Yukawa couplings exceed
the critical coupling 𝛼

𝑐
= 𝜋/2 ≈ 1.57 for condensate

formation. In addition, a one-loop analysis was also done in
order to compare the energy where the Landau pole of the
one-loop approximation appears with that of the two-loop
quasifixed point. From Figure 4, we can see that, for a heavy

+ +=
t b

𝜙0 𝜙+

Figure 3: Graphs contributing to the right-hand side of the
Schwinger-Dyson equation for the fermion self-energy Σ(𝑝) for 𝑡

.
Similar graphs for the 𝑏

 self-energy are obtained by the substitution
𝑡



↔ 𝑏

. The self-energies of the 4th leptons are computed in the
same way.
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Figure 4: The Landau pole (dotted lines) and the quasifixed point
(solid lines) of the Yukawa couplings of the fourth generation
fermions and the top quark. For a heavy fourth generation (left side),
both the Landau singularity fromone-loop RGEs and the quasi fixed
point from two-loop RGEs appear at about 2∼3 TeV, while, for a
light fourth generation (right side), their locations at the energy scale
differ by two orders of magnitude.

4th generation, the one- and two-loop approximations more
or less coincide with each other until the Yukawa couplings
exceed the critical value of 1.57, and this happens at the
energy scale of 2 to 3 TeV. In terms of dynamical electroweak
symmetry breaking, this scale which represents a physical
cutoff scale Λ of O(TeV) appears genuine beyond the one-
and two-loop approximations used. Although it is not shown
in (4), one can easily see that a 600GeV (at least for the
quarks) 4th generation would induce dynamical electroweak
symmetry breaking at at scale of O(TeV).

As we have stated at the beginning of this review, a phys-
ical cutoff scale of O(TeV) would circumvent the hierarchy
problem [6, 7] although we have started with a Lagrangian
which contains a fundamental scalar. The difference with
the usual approach is the fact that the assumption of scale
invariance forbids a “mass term” for the fundamental Higgs
doublet and prevents it from acquiring a VEV at tree level. As
it is suggested in [6], its induced VEV is proportional to the
condensate value, and it would naturally be of O(Λ EW).

What would be the implication of a fixed point if it
exists above the scale of dynamical electroweak symmetry
breaking as shown below? Figure 5 shows two regions below
and above the symmetry breaking scale. Here region II
represents a scale-invariant (or even conformally-invariant)
energy region while region I is one in which dynamical
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Figure 5: A combination of RGE and Schwinger-Dyson analysis.

electroweak symmetry breaking occurs. Notice that, in region
II, the Yukawa couplings are constant, but the boundary
condition of the SD equation is satisfied only at Λ FP and that
is the symmetry breaking scale. Before speculating further on
this scenario, let us say a few words about the scalar sector.

4. The Scalar Sector of BSM4, FCNC,
4th Neutrino, and Leptoquarks

The strong dynamics of thismodel of BSM4 (BSM4 stands for
an extendedmodel of the SMwith four generations andmore
than one scalar doublet) gives rise to three Higgs doublets:
one fundamental and two composite doublets. Reference [6]
denotes them by

𝐻

1
= (𝜋

+

, 𝜋

−

, 𝜋

0

, 𝜎) ,

𝐻

2
= (𝑏



𝑡



, 𝑡



𝑏



, 𝑡



𝑡



− 𝑏



𝑏



, 𝑡



𝑡



+ 𝑏



𝑏



) ,

𝐻

3
= (𝐸𝑁,𝑁𝐸,𝑁𝑁 − 𝐸𝐸,𝑁𝑁 + 𝐸𝐸) .

(20)

As it is obvious from the notations,𝐻
2
and𝐻

3
are composite

doublets while 𝐻

1
is the original fundamental doublet. The

diagonalization of the scalar mass matrices will yield three
NG bosons which are absorbed byW’s and Z’s bosons leaving
6massive pseudo NG bosons and 3massive “Higgs” scalars. A
more precise and detailed statement on the mass spectrum
of these scalars is under investigation. Which one might
correspond to the observed 126GeV Higgs-like boson is a
question we would like to have an answer to in our model.

The production cross-section of that 126GeV object
appears to exclude 4th generation quarks with masses less
than ∼600GeV if they couple to the SM Higgs boson in
the same manner as the lighter ones. However, it is perhaps
premature to “rule out” the 4th generation below 600GeV.
In particular, one would like to know whether or not the
coupling of the 4th generation to the 126GeV object is
suppressed and by how much.

It is well known that a three-Higgs-doublet model is
notoriously difficult to analyze, and various assumptions have

to be made in order to reduce the number of parameters
in the Higgs potential. Whether the lightest scalar (assumed
to have a mass of, say, 126GeV) is a 0

+ or 0

− particle is
a model-dependent issue. However, recent analyses [1, 2]
excluded 0

−, 1

±, and 2

+ at confidence levels above 97.8%,
leaving 0

+ as a favored candidate.This puts a severe constraint
on any multi-Higgs model. In the present model, the three
0

+ scalars come from 𝐻

1
, 𝐻
2
, and 𝐻

3
. An exhaustive study

of a three-Higgs-doublet model is beyond the scope of this
review although a detailed study of the various assumptions
is obviously needed.

However, it is important to illustrate the type of hybrid
models in which one of the Higgs doublets is fundamental
while the other ones are composite. This is nicely exposed
in a companion article [22]. This is a model with two
Higgs doublets: one fundamental and one composite. The
fundamental doublet couples mostly to light fermions while
the composite one couples only to the 4th generation. In
this model, condensates of the 4th generation quarks come
from a Nambu-Jona-Lasinio term in the Lagrangian (the
couplings of the 4th generation leptons are assumed to be
subcritical such that no condensates are formed in this
sector). Although, on the surface, the model of [22] differs
from that of [6], the hybrid nature of both models makes the
two models similar in many ways. Below the compositeness
scale Λ, a two-Higgs-doublet potential can be written down
and minimized [22], taking into account the compositeness
conditions. The result of the analysis [22] shows that, for a
range of mixing angle tan𝛽 = V

ℎ
/V
𝑙
≤ 0.7, with V

ℎ
and V

𝑙

being the VEV of the composite scalar and the fundamental
scalar, respectively, one can find the lightest 0+ scalar to have
a mass ∼126GeV with the state 0

− being heavier and that this
0

+ state is mostly composed of the fundamental field. The
other 0+ ismuch heavier.What the hybrid two-Higgs-doublet
model of [22] shows is the fact that it is possible to find
parameters that can give rise to a “light” state (126GeV)which
can mimic the SM Higgs boson. For the hybrid model of [6]
with one fundamental and two composite Higgs doublets, it
goes without saying that, with an increase in the number of
parameters, it would not be difficult to find a set of parameters
that can satisfy the present constraints. However, much work
remains to be done to show explicitly the various possibilities.

The couplings of the lighter three generations to the
aforementioned nine massive states will come from the basic
couplings to the various components of 𝐻

1
, 𝐻

2
, and 𝐻

3
.

In particular, the lighter three generations can couple to
𝐻

2
(for the quarks) and 𝐻

3
(for the leptons) only through

a one-loop process, and the strengths of the couplings are
quite constrained by the mixings between the 4th generation
and the lighter three in the Yukawa sector. Flavor-changing
neutral current (FCNC) processes can be quite suppressed if
the 4th generation does not mix much with, for example, the
first and second generations. These points were discussed in
sufficient details in [6].

Last but not least is the question of the 4th neutrino. In
this scenario, it is easy to see that the 4th neutrino can be quite
heavy since it participates in the condensation process and its
(Dirac) mass contains the self-energy Σ

4𝑁
(0) which is large.

For this simple reason, it is natural why the 4th neutrino can
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be much heavier than the other three and cannot contribute
to the Z width. However, the subject of neutrino masses is
quite vast and is an interesting topic in its ownwhich deserves
a close scrutiny.

At this point, it is worth mentioning a further difference
between the two models of [6, 22]. As it can be seen in
the discussion of the previous two sections that both 4th
generation quarks and leptons can form condensates, this is
the reason why in the model of [6] there are two composite
Higgs doublets 𝐻

2
and 𝐻

3
formed from quarks and leptons

of the 4th generation respectively (20). Because of this, one
may expect bound states between a 4th generation quark and
a 4th generation lepton. These bound states of quarks and
leptons would form the so-called “leptoquarks.” These are
“meson-” like particles of varying spins (0,1,. . .) and can be
very heavy. With 𝑄

𝐿
and 𝐿

𝐿
being the 4th generation quark

and lepton doublets, respectively, one has, for example, the
following scalar leptoquarks:

𝑄

𝐿
𝐸

𝑅
= (

𝑡



𝐿
𝐸

𝑅

𝑏



𝐿
𝐸

𝑅
,

) , (21)

with charges −5/3 and −4/3;

𝑄

𝐿
𝑁

𝑅
= (

𝑡



𝐿
𝑁

𝑅

𝑏



𝐿
𝑁

𝑅
,

) , (22)

with charges −2/3 and 1/3;

𝐿

𝐿
𝑡



𝑅
= (

𝑁



𝐿
𝑡



𝑅

𝐸



𝐿
𝑡



𝑅
,

) , (23)

with charges 2/3 and 5/3;

𝐿

𝐿
𝑏



𝑅
= (

𝑁



𝐿
𝑏



𝑅

𝐸



𝐿
𝑏



𝑅
,

) , (24)

with charges −1/3 and 2/3. Higher spin leptoquarks can in
principle exist. These can leave spectacular signatures. It is
beyond the scope of this review to go into details on the
formation, production, and decay of these leptoquarks. This
discussion will be presented in [23].

5. Epilog

A heavy fourth generation is not only a viable scenario
[24] but also an attractive possibility for breaking the elec-
troweak symmetry dynamically through condensations of
4th generation fermions. It also provides a natural setting
for the existence of a physical cutoff scale of O(TeV) without
having to go outside the existing gauge structure of the SM:
the dynamics for condensate formation is provided by the
exchange of a massless fundamental Higgs scalar between
4th generation fermions. In a certain way, BSM4 contains its

own “solution” to the hierarchy problem.The discovery of the
126GeV “object,” if confirmed as a 0

+ particle, cries out for
more particles since its sole existence would still leave a big
question mark for the SM, that of the hierarchy problem.

BSM4 as discussed in this review has a rich scalar spec-
trum: two composite Higgs doublets and one fundamental.
An interesting phenomenology lies ahead in the search for
extra particles beyond the 126GeV object. Since the 4th
generation quarks can be quite heavy to be directly probed
in the near future, they might manifest themselves through
characteristics of extra spin-0 particles (if found).There could
also be composite leptoquarks formed from a bound state
of a quark and a lepton of the 4th generation [23]. Other
interesting aspects of BSM4 are discussed in companion
papers of this special issue.

We end with some speculation concerning what might
lie beyond the scale where dynamical electroweak symme-
try breaking occurs. What [5] has shown within a two-
loop approximation was the existence of a quasifixed point
meaning that 𝛽

2loop ≈ 0 beyond Λ cutoff of O(TeV). This
“ultraviolet” quasifixed point might point to a regime where
conformal invariance is unbroken. It is within this context
that [14] has constructed non-SUSY conformal four-family
models from orbifolded AdS

5
⊗ 𝑆

5. It was found, in this
construction, that three of the four families come from
the same representation while the fourth one comes from
a different initial representation. To quote from [14], this
appears to single out the fourth generation as somewhat
different from the other three. New gauge bosons, fermions,
and scalars are predicted in this model.
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