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We investigate theories in which the technifermions in higher dimensional representations of the
technicolor gauge group dynamically break the electroweak symmetry of the standard model. Somewhat
surprisingly, for the two-index symmetric representation of the gauge group the lowest number of
techniflavors needed to render the underlying gauge theory quasiconformal is two. This is exactly one
doublet of technifermions with respect to the weak interactions promoting these theories to ideal
candidates of walking type technicolor models. From the point of view of the weak interactions the
two techniflavor theory has a Witten anomaly, which we cure by introducing a fourth family of leptons. An
elegant feature of this model is that the techniquarks resemble an extra family of quarks arranged in the
two-index symmetric representation of the SU(2) technicolor theory. We have also studied the theory with
three technicolors and two techniflavors in the two-index symmetric representation of the gauge group,
which does not require a fourth family of leptons. We confront the models with the recent electroweak
precision measurements and demonstrate that the two technicolor theory is a valid candidate for
electroweak symmetry breaking via new strong interactions. We investigate different hypercharge
assignments for the two color theory and associated fourth family type of leptons. We find that the
two technicolor theory is within the 90% confidence level contours defined by the oblique parameters. The
electroweak precision measurements provide useful constraints on the relative mass splitting of the new
leptons. In the case of a fourth family of leptons with ordinary lepton hypercharge the new heavy neutrino
can be a natural candidate of cold dark matter. The mass of this heavy neutrino, constrained by the
precision measurements, is slightly larger than the one of the neutral electroweak gauge boson while the
charged lepton has a mass roughly twice as large as the associated neutrino. Extensions with a larger value
of the hypercharge naturally featuring doubly charged leptons are also favored by precision measure-
ments. We also propose theories in which the critical number of flavors needed to enter the conformal
window is higher than the one with fermions in the two-index symmetric representation, but lower than in
the walking technicolor theories with fermions only in the fundamental representation of the gauge group.
The simplest theories are the ones in which we add a (techni)gluino to the theory, while the rest of the
matter fermions remain in the fundamental representation of the gauge group. Although these theories
share some features with split supersymmetric theories, they are introduced here to address the hierarchy
problem. Because of the near-conformal/chiral phase transition, we show that the composite Higgs is very
light compared to the intrinsic scale of the technicolor theory. For the two technicolor theory we predict
the composite Higgs mass not to exceed 150 GeV. We also provide estimates for the Higgs mass in
walking technicolor theories with fermions in the fundamental representation and show that in this case
the mass is around 400 GeV.
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I. INTRODUCTION

The precise nature of the Higgs boson is without any
doubt one of the most important problems of theoretical
physics. Is the Higgs boson, if it exists at all, elementary or
composite? The Large Hadron Collider experiment at
CERN will be soon shedding light on this sector of the
electroweak theory. The outcome will have a profound
impact on our knowledge of Nature.
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Already now much indirect information on the Higgs
boson can be extracted from precision measurements of the
weak interactions. The minimal standard model of particle
interactions, defined as the SU�3� � SU�2� � U�1� gauge
theory of quarks and leptons with a single elementary
Higgs field, fits reasonably well the bulk of precision
data [1]. The data indicate a preference for a small Higgs
mass. The central value of the global fit result, MH �
113�56

�40 GeV, is slightly below the direct lower bound
MH � 114:4 GeV. Including the results of the direct
searches drives the 95% upper limit to MH � 241 GeV.

However, as explained in the review paper by Peskin and
Wells [2], it is likely that in order to correctly explain the
-1 © 2005 The American Physical Society
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electroweak symmetry breaking in the standard model new
physics is required. New physics may strongly affect the
electroweak fit and weaken some of the constraints.
However, any new model devised to describe the electro-
weak symmetry breaking in the standard model is subject
to precision electroweak constraints linked to the vacuum
polarizations of the electroweak gauge bosons, and en-
coded in the oblique parameters [3–6], see also [7,8] for
different parametrizations and [9,10] for new develop-
ments. In practice, the overall corrections induced by the
new physics may be comparable to the ones induced by a
light elementary Higgs boson [11,12].

Of particular interest to us are models of electroweak
symmetry breaking via new strongly interacting theories of
technicolor type [13]. This is a mature subject (for recent
reviews see [14,15]) where considerable effort has been
made to construct viable models. One of the main difficul-
ties in constructing such extension of the standard model is
the very limited knowledge about generic strongly inter-
acting theories. This has led theorists to consider specific
models of technicolor which resemble ordinary quantum
chromodynamics and for which the large body of experi-
mental data at low energies can be directly exported to
make predictions at high energies. According to Peskin and
Wells [2] generic theories of composite Higgs contain
larger corrections with respect to the minimal standard
model, similar to those of a heavy elementary Higgs boson
[5]. In order to construct models of this kind (i.e. with a
heavy Higgs boson) compatible with precision data one
needs to introduce new ingredients compensating for these
corrections. However, a heavy composite Higgs is not al-
ways an outcome of strong dynamics [16,17]. Here we are
not referring to models in which the Higgs is a quasi-
Goldstone boson [18] which have been investigated re-
cently [19].

Some of the problems of the simplest technicolor mod-
els, such as providing ordinary fermions with a mass, are
alleviated when considering new gauge dynamics in which
the coupling does not run with the scale but rather walks,
i.e. evolves very slowly [20–23]. These strongly interact-
ing theories with enough matter content to quasi-stop the
running of the coupling constant as a function of the energy
scale have been named walking technicolor theories. Most
of the investigations in the literature used matter in the
fundamental representation of the gauge group. In this case
one needs a very large number of matter fields, roughly of
the order of 4N with N the number of technicolors to
achieve the walking. A large number of techniflavors has
many shortcomings, such as large contributions to the
oblique parameters and a very large number of unwanted
Goldstone bosons. However it was shown recently [16,17]
that it is possible to consider matter in higher dimensional
representations and achieve walking for a very small num-
ber of fields. Because of the nature of these theories one
was also able to make a connection, at a large number of
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colors, with a particular sector of super Yang-Mills theories
(SYM) [24]. We note that the idea of using higher dimen-
sional representations of the gauge group for technicolor-
like theories is not a new one. For walking technicolor it
was proposed by Eichten and Lane [25]. Corrigan and
Ramond in [26] constructed an explicit model of techni-
color with fermions in the two-index antisymmetric repre-
sentation [27]. We have shown in [16,17] that the Corrigan
and Ramond type of theories with sufficiently large num-
ber of flavors to be able to achieve walking are disfavored
by precision measurements [17].

In this paper we analyze in detail the phenomenological
consequences of the theories introduced in [16,17]. We will
show that the two color technicolor theory with two flavors
in the two-index symmetric representation of the gauge
group requires the existence of a new fourth family of
leptons to avoid the Witten anomaly while still being
consistent with all of the gauge anomalies. We study the
effects on the precision measurements and show that this
theory is still a simple and viable model. We will consider
different possibilities for the choice of the hypercharge
allowed by the gauge anomaly constraint as well as differ-
ent ways of giving masses to new neutral leptons.

We then consider the three color theory with still two
flavors in the two-index representation of the gauge group
for which no new lepton family is needed, and study the
oblique corrections in this case.

A simple way to understand why the present theories are
still viable is that the resulting composite Higgs is lighter
than the one typically expected for conventional composite
Higgs theories. This was already argued in [17] using a
relation with SYM for the one flavor sector of the theories
we considered. Here we go beyond this simple estimate
and show that when the flavor dependence is taken into
account the Higgs mass is even lighter than the one pre-
dicted in [17]. In order to determine the flavor dependence
of the Higgs mass in our theories we use the fact that there
is a chiral phase transition as function of the number of
flavors, as well as trace anomaly arguments. Remarkably,
the theories investigated here not only explain the hier-
archy problem but also lead to a light composite Higgs.

We also propose theories in which the critical number of
flavors needed to enter the conformal window is higher
than the one with fermions in the two-index symmetric
representation, but lower than the traditional walking tech-
nicolor theories with fermions in the fundamental repre-
sentation of the gauge group. A simple class of these
theories are split (super)technicolor theories in which we
add only a (techni)gluino to the theory with still NTf

fermions in the fundamental representation of the gauge
group. These theories are closer to their supersymmetric
parents [28] and are similar to the ones used in recent
extensions of the standard model [29–31]. However, they
are introduced to address the hierarchy problem. For the
phenomenology we focus on the technicolor theories with
fermions in the higher representation of the gauge group.
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TABLE I. Schematic representation of a generic nonsuper-
symmetric vector like SU�N� gauge theory with matter content
in the two-index representation. Here TL�R� are Weyl fermions.

SU�N� SUL�NTf� SUR�NTf� UV�1� UA�1�

TL o � 1 1 1
�TR o 1 � �1 1
G� Adj 0 0 0 0
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The paper is structured as follows: In Sec. II we briefly
summarize the general features of the theories with fermi-
ons in the two-index symmetric and antisymmetric repre-
sentation of a SU�N� gauge group. In Sec. III we explore
the two technicolor theory with two techniflavors. The
Witten anomaly makes the introduction of a new lepton
family necessary. We explore different hypercharge assign-
ments as well as different ways of providing a mass to the
neutral leptons. In Sec. IV we briefly introduce the three
technicolor theory and summarize the generic properties of
the technibaryon spectrum.

In Sec. V we confront our theories with electroweak
precision measurements and derive constraints on the
fourth generation of leptons. We show here that the two
color technicolor theories with fermions in the two-index
symmetric representation of the gauge group are viable
candidates for breaking the electroweak symmetry dy-
namically. We also explore the constraints for the three
technicolor theory. We analyze the properties of the fourth
family of leptons with respect to the precision measure-
ments in Sec. VI.

In Sec. VII we demonstrate that the composite Higgs is
naturally light. This is due to two relevant factors: (1) The
fermions are in the two-index symmetric representation of
the gauge group. This fact allows us to relate the one
(techni)flavor sector of the theory with SYM at large N
and to demonstrate that the fermion-antifermion scalar in
this theory is lighter than in QCD-like theories [17]; (2) us-
ing the trace anomaly and the fact that we are near a
quantum phase transition as a function of the number of
(techni)flavors, we determine the flavor dependence of the
mass of the scalar fermion-antifermion. Normalizing our
results for the mass of this scalar to the one flavor case we
extrapolate to the two flavor case. Because of the nearby
phase transition (as well as conformal fixed point), the
mass of this scalar is reduced further with respect to the
one flavor case. For the two techniflavor case we then
predict the mass of the Higgs (i.e. the scalar) to be lighter
than 150 GeV.

Since the theories presented here are nonsupersymmet-
ric our nonperturbative predictions can be tested via cur-
rent lattice simulations. It would be very interesting also to
compare the lattice results for the spectrum of these theo-
ries. The technihadronic spectrum is important since it can
be, in principle, observed at LHC.

We then conclude in Sec. VIII by summarizing the basic
results and predictions while outlining future directions.

II. FEATURES OF HIGHER REPRESENTATIONS

A. The phase diagram

The simplest technicolor model has NTf Dirac fermions
in the fundamental representation of SU�N�. These models,
when extended to accommodate the fermion masses
through the extended technicolor interactions, suffer from
large flavor-changing neutral currents. This problem is
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alleviated, at least to the extent of accounting for masses
up to that of the b quark, if the number of flavors is
sufficiently large such that the theory is almost conformal.
This is estimated to happen for NTf 	 4N [21], which
implies a large contribution to the oblique parameter S
(at least in perturbative estimates) [17]. Near the conformal
window [32,33] the S parameter is reduced due to non-
perturbative corrections, but might still be too large if the
model has a large particle content. In addition, such models
may have a large number of unwanted pseudo Nambu-
Goldstone bosons. By choosing a higher dimensional rep-
resentation for the fermions one can overcome these prob-
lems [16,17]. For the reader’s convenience we report below
the basic features of the theories with two-index represen-
tations explored in [16].

These theories have fermions in the two-index symmet-
ric (S-type) or antisymmetric (A-type) representation. In
Table I we present the generic S-type theory. At infinite N
and with one Dirac flavor, the S- and A-type theories
become nonpertubatively equivalent to SYM [24]. This
property was used to make predictions for QCD with one
flavor [24,34] or for the spectrum of SYM [35]. Using the
results in [34] one has been able in [17] to argue that the
composite Higgs in these theories is expected to be lighter
than in the typical theories used till now to break the
electroweak symmetry dynamically. However these pre-
dictions were valid technically only for the one flavor
technicolor theory of S type. In this paper we will include
the flavor corrections and show that when increasing the
number of flavors the Higgs become even lighter than the
one predicted in [17].

The relevant feature, found in [16], is that the S-type
theories can be near conformal already at NTf � 2 when
N � 2 or 3. This should be contrasted with theories in
which the fermions are in the fundamental representation
for which the minimum number of flavors required to reach
the conformal window is eight for N � 2.

The N � 3 model with A-type fermions is just
NTf-flavor QCD with the maximum allowed number of
flavors equal to 16. For N � 2 the antisymmetric repre-
sentation goes over to a pure Yang-Mills theory with a
singlet fermion. For S-type models, asymptotic freedom is
lost already for three flavors when N � 2 or 3, while the
upper bound of NTf � 5 is reached for N � 20 and does
not change when N is increased further.
-3
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FIG. 1 (color online). Left (right) panel: Phase diagram as function of number of NTf Dirac flavors and N colors for fermions in the
two-index symmetric (antisymmetric) representation, i.e. S(A) types, of the gauge group.
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The phase diagram, studied in [16] as a function of the
number of colors and flavors for the S- and A-type theories
is summarized in Fig. 1. From the picture it is clear that for
N � 2; 3; 4; 5 NTf � 2 is already the highest number of
flavors possible before entering the conformal window.
Hence, for these theories we expect a slowly evolving
coupling constant. The critical number of flavors must be
greater than three for N � 6, but remains smaller than or
equal to four for any N.

The critical value of flavors increases with the number of
colors for the gauge theory with S-type matter: the limiting
value is 4:15 at large N. These estimates are based on the
validity of the first few terms in the perturbative expansion
of the � function. However, we will shortly review argu-
ments provided in [16], which lead to the same prediction
of the conformal window.

The situation is different for the theory with A-type
matter. As is evident from the phase diagram, the critical
number of flavors increases when decreasing the number of
colors. The maximum value of NTf � 12 is obtained for
N � 3, i.e. standard QCD. In Ref. [17] it has been shown
that the nearly conformal A-type theories have, already at
the perturbative level, a very large S parameter with respect
to the experimental data. Hence we will not consider the A-
type theories any further.

A better understanding of the nonperturbative dynamics
of these theories can be obtained by exploiting their rela-
tion with supersymmetric Yang-Mills theory [16].

As already mentioned, the conformal window of the S
theory is more robust than the corresponding one for a
generic nonsupersymmetric theory. This is so for two
reasons: (1) The S theory loses asymptotic freedom quite
soon; already forNTf � 3 orNTf � 4 when 1<N � 5 and
for NTf � 5 at large N. (2) The NTf � 1 sector of the
theory (the orientifold field theory) at large N is mapped
into SYM which is known to confine. Hence we can
exclude the NTf � 1 theory from being nearly conformal
at large N.
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Clearly for N > 3 our prediction is even more reliable.
So we conclude that for N � 3 the theory is conformal or
quasiconformal already for NTf � 2. We expect this result
to hold also for the case N � 2. These arguments about the
conformal window are completely independent of the non-
perturbative methods used above while strengthening our
results.

Among other approaches the instanton-liquid model has
also been used to investigate the QCD chiral phase tran-
sition as function of the number of flavors [36]. Within that
framework the critical number of flavors for chiral sym-
metry restoration was found to be substantially lower than
4N [36]. In the future, it would be relevant to compare the
predictions for the phase diagram (as function of the num-
bers of flavors and colors) of theories utilizing the two-
index symmetric representation of the gauge group [16],
with the ones for the instanton-liquid model [36]. The
relevant work in [37–39] can also be extended to the
present theories. Lattice simulations similar to the ones
presented in [40] would be interesting to compare with.

The relation with SYM can also be employed to deduce
some information about the hadronic spectrum of non-
supersymmetric theories and vice versa [34,35]. This is
possible since the NTf � 1 bosonic sector of the A/S-type
theories, at largeN, is mapped into the bosonic spectrum of
SYM. In [34] and subsequently in [35] a number of rele-
vant relations at finite N have been uncovered [41].

To generate fermion mass in technicolor models one
needs additional interactions arising from extended techni-
color (ETC), which couple technifermions to ordinary
fermions [25]. However, the ETC interaction typically
leads to unacceptably large flavor-changing neutral cur-
rents. This problem is less severe if the technifermion
bilinear, whose condensate breaks electroweak symmetry,
has a large anomalous dimension as it happens in near-
conformal theories [20–23].

The enhancement of the condensate allows reasonable
masses for light quarks and leptons, even for large ETC
-4
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scales necessary to suppress flavor-changing neutral cur-
rents sufficiently well. However, to obtain the observed top
mass, we must rely on additional dynamics, as in so-called
noncommuting ETC models, where the ETC interaction
does not commute with the electroweak interaction [44].

If our goal is only to obtain an effective theory valid up
to the scale �ETC 	 103 TeV, we need not explain the
origin of ETC operators (this is in the spirit of so-called
‘‘little-Higgs’’ models [19], in which the Higgs is a quasi-
Goldstone boson [18]). We leave an explanation of quark
and lepton masses for future work.

Summarizing, the generic properties of the S-type theory
are:
(i) T
he conformal window starts at a low number of
(techni)flavors. This number will never exceed
four. For a small number of (techni)colors this
number is slightly above two.
(ii) N
ear the conformal window two scales are gener-
ated: the one associated to the chiral symmetry
breaking (�TC) and the one above which the cou-
pling constant starts running again (�ETC). In the
two and three (techni)color theory with two (tech-
ni)flavors:

�ETC > 300�TC: (1)

Identifying �ETC with the natural scale for intro-
ducing the new dynamics generating the masses of
the ordinary fermions one at the same time enhan-
ces the masses of the fermions and reduces the
contribution from flavor-changing neutral currents.
(iii) T
he one flavor sector of the theory at large number
of (techni)color is mapped into SYM.
B. Possible alternatives: Split technicolor

If we insist on keeping the technifermions in the funda-
mental representation while trying to reduce the number of
techniflavors needed to be near a conformal window one
possibility is to add matter uncharged under the weak
interactions. In this way one would, in general, increase
the number of pseudo-Goldstone bosons. However an in-
teresting and minimal possibility is to consider adding a
massless Weyl fermion in the adjoint representation of the
gauge group. This particle behaves as a technigluino. The
resulting theory has the same matter content as NTf-flavor
super-QCD but without the scalars. This split technicolor
theory has the critical number of flavors above which one
enters the conformal window lying within the range:

3

2
<
Nc

Tf

N
& 4: (2)

Here N is the number of colors. The lower bound is the
exact supersymmetric point for a nonperturbative confor-
mal fixed point [28] while the upper bound is the one
expected in the theory without a technigluino. The critical
value of techniflavors is expected in the range of values
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presented above since super-QCD has a larger matter con-
tent than split super-QCD while QCD has an even lower
matter content than split super-QCD. Interestingly, this
shows that with two colors the number of (techni)flavors
needed to be near the conformal window in the split case is
at least three, while for three colors more than five flavors
are required. These values are still larger than the ones
presented for theories with fermions in the two-index
symmetric representation, although still lower than the
ones used in walking technicolor theories with fermions
only in the fundamental representation of the gauge group.
It is useful to remind the reader that in supersymmetric
theories the critical number of flavors needed to enter the
conformal window does not coincide with the critical
number of flavors required to restore chiral symmetry.
The scalars in supersymmetric theories play an important
role from this point of view. We note that a split technico-
lorlike theory has been used recently in [45], to investigate
the strong CP problem.

Split technicolor is a theory sharing some features with
theories of split supersymmetry recently advocated and
studied in [29–31] as possible extensions of the standard
model. Clearly we have introduced split technicolor, differ-
ently from split supersymmetry, to address the hierarchy
problem. We then do not expect new scalars to appear at
energy scales higher than the one of the electroweak
theory.

In the present work we focus on theories with fermions
in higher representation of the gauge group.

III. TWO TECHNICOLORS AND TWO FLAVORS:
WITTEN’S ANOMALY AND A NEW

LEPTON FAMILY

Here, the gauge dynamics driving electroweak symme-
try breaking consist of two Dirac fermions in the two-index
symmetric representation of the SU�2� gauge theory. This
model is the one with the smallest perturbative S parameter
[17] which preserves the following relevant feature: It is
(quasi)conformal with just one doublet of technifermions
[16]. This naturally leads to a two scale theory [46]: The
lowest scale is the one at which the coupling constant
becomes strong (i.e. the electroweak scale). The other scale
is defined to be the one above which the SU�2� of techni-
color gauge coupling constant starts running. These two
scales are exponentially separated. The typical behavior of
the coupling in these theories is schematically represented
in Fig. 2. This fact allows us to concentrate on the physics
near the electroweak symmetry breaking scale. Using a
bottom-up type of approach we postpone questions asso-
ciated to the detailed dynamics of the generation of fer-
mion masses.

We represent the doublet of technifermions as:

TfC1;C2g
L �

�
UfC1;C2g

DfC1;C2g

�
L
; TfC1;C2g

R ��UfC1;C2g
R ;DfC1;C2g

R �: (3)
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FIG. 2. Left panel: A standard running behavior of a coupling constant in a generic asymptotically free theory. Right panel: The
walking behavior of the coupling constant when the number of flavors is near a conformal fixed point. The associated beta function is
plotted below the previous graph.
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Here Ci � 1; 2 is the technicolor index and TL�R� is a
doublet (singlet) with respect to the weak interactions.
The two-index symmetric representation of SU�2� is real,
and hence the global classical symmetry group is SU�4�
which breaks to O�4�. This leads to the appearance of nine
Goldstone bosons, of which three become the longitudinal
components of the weak gauge bosons. The low-energy
spectrum is expected to contain six quasi-Goldstone bo-
sons which receive mass through extended technicolor
interactions [14,15,47–52].

As pointed out in [16], the weak interactions are also
affected by the SU�2� Witten anomaly [53]. More specifi-
cally, since our techniquarks are in the two-index symmet-
ric representation of SU�2� we have exactly three extra left
doublets from the point of view of the weak interactions.
There can be different resolutions of this problem and all of
them lead to new and interesting physical consequences
observable at LHC. A simple way to cure such an anomaly
without introducing further unwanted gauge anomalies is
to introduce at least one new lepton family. According to
the choice of the hypercharge we discuss a number of
relevant cases:

A. New standard model like lepton family

Since we have three doublets of techniquarks which
resemble very much an ordinary triplet of colored quarks
one can assign to the techniquarks the standard quark
hypercharge which for the left-handed technifermions is
055001
then:

Y � �1=6: (4)

The hypercharge is linked to the ordinary charge following
the convention:

Q � T3 � Y: (5)

This yields:

T�Q�L �

�
U��2=3�

D��1=3�

�
L

(6)

where we have provided the electric charges of the techni-
quarks and suppressed the technicolor indices. For the
right-handed technifermions which are isospin singlets
we have:

T�Q�R � �U��2=3�
R ;D��1=3�

R � Y � �2=3;�1=3: (7)

In this case it is sufficient to add one new generation of left-
handed leptons with hypercharge Y � �1=2:

L �Q�
L �

�
��0��
� ��1�

�
L
: (8)

Clearly this new lepton family must be sufficiently heavy
and not at odds with the electroweak precision measure-
ments. We will consider three possible scenarios: The one
in which the neutral and charged lepton have a Dirac mass.
In the second we have a Majorana mass for the neutrino
-6
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FIG. 3 (color online). Schematic diagram summarizing the particle content and gauge interactions of the new minimal standard
model like technicolor theory. On the left we represent the standard model. The oriented lines linking the walls to the SU�2�L=R circles
are the leptons. The lines connecting the SU�2�L=R circles to SU�3�c are quarks. The dashed line is the ordinary Higgs field. On the right
we have the same schematic picture except that now the Higgs is replaced by new gauge dynamics. Note that the oriented arrows
terminate in the new SU�2� of technicolor with two legs representing the two-index symmetric representation of SU�2�. We have also
added another left and right leptonic line. The new leptons are needed to avoid the global SU�2�L Witten anomaly.
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and a Dirac for the lepton. In the last scenario we provide a
Dirac as well as a Majorana mass for the neutrino and of
course always a Dirac mass for the charged lepton [54]. We
will also bar any mixing between this fourth family of
leptons and the three light families, however, it will be
interesting in the future to investigate a more general
mixing matrix with the light generations. It is instructive
to summarize the theory diagrammatically in Fig. 3.

1. Dirac mass and a potential dark-matter candidate

In this case we add one generation of right-handed
leptons (isospin singlets)

L �Q�
R � ���0��R; �

��1�
R � Y � 0;�1: (9)

A standard Dirac mass term can be provided for the two
leptons. If the neutral lepton is lighter than the associated
charged lepton and since, by assumption, it does not mix
with the lighter lepton generations, it becomes absolutely
stable and a potential natural candidate for cold dark
matter. This is so since a fourth stable neutrino has only
weak interactions. Besides, we note that since the fourth
family of leptons in our scenario is needed to compensate
for the anomalies introduced by the techniquarks, its mass
scale is naturally linked to the electroweak symmetry
breaking scale. There are, however, a few caveats which
need to be resolved to make the present neutrino a reason-
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able candidate for cold dark matter. Indeed if it turns out to
be absolutely stable it will have to cluster [55,56] rather
than be distributed homogeneously in the Universe as is
assumed when deriving bounds on its mass [57,58]. In any
case this neutrino can be a relevant component of cold dark
matter. Precision electroweak measurements, as we shall
see, are already able to provide relevant information on the
neutral versus charged lepton mass.

2. Majorana mass

From a theoretical point of view one can also provide a
Majorana type mass for the new neutrino. In this case we
need not to introduce the right neutrino field and the fourth
family continuous lepton number is not conserved. The
residual possible Z2 symmetry under which only the neu-
trino transforms as
��L ! ���L; �L ! �L; (10)
although left unbroken by the mass term, is violated by the
weak interactions. For this type of heavy Majorana neu-
trino the bounds derived in [57] are much weaker even
when assuming this type of matter does not cluster. It might
then be a better candidate for cold dark matter.
-7
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3. Dirac and Majorana mass

This is the most democratic of all cases since we assign
both a Dirac and Majorana mass to the neutrino. Following
the work of Bertolini and Sirlin, we introduce a mass term
in the Lagrangian of the type [54]:

�mD��
��� � �� _�

�� _�� �
M
2
����� � �� _� �� _��; (11)

with Weyl spinors

� � ��L; �� � ��R; (12)

� � 1; 2 are the spin indices and the dotted indices mean
complex conjugated spinors [59]. One then diagonalizes
the mass matrix obtaining two independent Majorana ei-
genstates with masses M1 and M2 related to the original
Dirac and Majorana mass according to:

M1M2 � m2
D; M2 �M1 � M: (13)

The original state can be rewritten in terms of the two
Majorana eigenstates N1 and N2 as follows:

� � i cos�PLN1 � sin�PLN2

� � �i sin�PLN1 � cos�PLN2

(14)

with PL � �1� 	5�=2 and

tan2� �
2mD

M
: (15)

After Bertolini and Sirlin [54] had investigated the correc-
tions to the custodial symmetry due to the presence of such
a mass term for neutrinos Gates and Terning [61] computed
the corrections for other relevant oblique parameters and
showed that their contribution to the S parameter can be
negative. Unfortunately, with a single new lepton family,
the absolute value is very small [61].

B. Fractionally charged leptons

A solution of the anomalies is also obtained with the
choice of the hypercharge Y � 0 for the left-handed tech-
nifermions:

T�Q�L �

�
U��1=2�

D��1=2�

�
L
: (16)

Consistency requires for the right-handed technifermions
(isospin singlets):

T�Q�R � �U��1=2�
R ;D��1=2�

R � Y � �1=2;�1=2: (17)

To avoid the Witten anomaly simultaneously while assum-
ing only one new lepton family we must have for the left-
handed leptons Y � 0 as well

L �Q�
L �

�
� ��1=2�


��1=2�

�
L
; (18)

and for the right-handed leptons (isospin singlets):
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L �Q�
R � �� ��1=2�

R ; 
��1=2�
R � Y � �1=2;�1=2: (19)

While this case is a logical possibility from the point of
view of the hypercharge assignment, we will see that it is
disfavored by the precision measurements.

C. A more general hypercharge assignment

In general, all of the anomalies are avoided using the
following generic hypercharge assignment:

Y�TL� �
y
2
; Y�UR;DR� �

�
y� 1

2
;
y� 1

2

�
; (20)

Y�LL� � �3
y
2
; Y���R; �R� �

�
�3y� 1

2
;
�3y� 1

2

�
:

(21)

One recovers the previous choices of the hypercharge for
y � 1=3 (standard model like family) and y � 0 (fraction-
ally charged leptons). Another choice of the hypercharge
which does not lead to either fractionally charged techni-
quarks or leptons is, for example, y � 1. In this case:

Q�U� � 1; Q�D� � 0;

Q��� � � �1; and Q��� � �2; with y � 1:
(22)

We will also analyze this possibility from the point of view
of the electroweak precision measurements. In this case the
dark-matter candidate could be a neutral ditechniquark
with the quantum numbers, for example, of two D techni-
quarks. A more complete analysis is however needed along
the lines suggested first in [62] for ordinary technicolor
theories.

D. The technihadron spectrum

Besides the enlarged leptonic sector the technihadron
spectrum is also very interesting. Since the representations
of two colors are pseudoreal the global symmetry group is
SU�4� 
 SU�2�L � SU�2�R, which is spontaneously bro-
ken to O�4�. This leads to nine Goldstone bosons of which
three are eaten by the massive standard model gauge
bosons. The U�1� of technibaryon number is contained in
SU�4� and can be identified with one of the diagonal
generators of SU�4� [63]. Hence some of these Goldstone
bosons are charged under the technibaryon number and are
ditechniquarks. Typically, these extra global symmetries
are broken by ETC interactions.

We expect that the nature of the technibaryons, if ob-
served, will help to understand the underlying gauge struc-
ture of the technicolor theory. Recall how the baryonic
sector of ordinary QCD gave the first information on the
nature and representation of the quarks.

Here the low-lying technibaryons are made of two tech-
niquarks. This can be understood by constructing the sim-
plest examples of technibaryons in the theory explicitly:
-8
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Bff1;f2g
� TfC1;C2g

L;�;f1
TfC3;C4g
L;�;f2

����C1C3
�C2C4

(23)

where fi � 1; 2 corresponds to U and D flavors and where
we are symmetrizing in flavor. � and � assume the values
of one or two and represent the ordinary spin. These states
correspond to a SU�2�L triplet of scalar technibaryons.
Similarly we can construct the technibaryons using only
right fields. A technibaryon SU�2�L singlet can be con-
structed but must have ordinary spin one. This is due to the
fact that we also have to antisymmetrize with respect to the
flavor indices. Note that we are not using the full SU�4�
flavor symmetry to classify the states.

According to the underlying hypercharge assignment the
technibaryon spectrum will lead to specific signatures at
LHC and the detailed phenomenological consequences
will be explored elsewhere.

The scalar sector is also very interesting since the neutral
Higgs can be very light with respect to ordinary technicolor
theories as we shall see.
IV. THREE TECHNICOLORS: MINIMAL
MODIFICATION OF THE STANDARD MODEL

The theory with three technicolors contains an even
number of electroweak doublets, and hence it is not subject
to a Witten anomaly. The doublet of technifermions, is then
represented again as:

TfC1;C2g
L �

�
UfC1;C2g

DfC1;C2g

�
L
; TfC1;C2g

R � �UfC1;C2g
R ;DfC1;C2g

R �:

(24)

Here Ci � 1; 2; 3 is the technicolor index and TL�R� is a
doublet (singlet) with respect to the weak interactions.
Since the two-index symmetric representation of SU�3� is
complex the flavor symmetry is SU�2�L � SU�2�R. Only
three Goldstones emerge and are absorbed in the longitu-
dinal components of the weak vector bosons.

Gauge anomalies are absent with the choice Y � 0 for
the hypercharge of the left-handed technifermions:

T�Q�L �

�
U��1=2�

D��1=2�

�
L
: (25)

Consistency requires for the right-handed technifermions
(isospin singlets):

T�Q�R � �U��1=2�
R ;D��1=2�

R � Y � �1=2;�1=2: (26)

All of these states will be bound into hadrons. There is no
need for an associated fourth family of leptons, and hence
it is not expected to be observed in the experiments.

Here the low-lying technibaryons are fermions con-
structed with three techniquarks in the following way:

Bf1;f2;f3;� � TfC1;C2g
L;�;f1

TfC3;C4g
L;�;f2

TfC5;C6g
L;	;f3

��	�C1C3C5
�C2C4C6

(27)
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where fi � 1; 2 corresponds toU andD flavors, and we are
not specifying the flavor symmetrization which in any
event will have to be such that the full technibaryon
wave function is fully antisymmetrized in technicolor,
flavor and spin. �, �, and 	 assume the values of one or
two and represent the ordinary spin. Similarly we can
construct different technibaryons using only right fields
or a mixture of left and right.

V. GENERAL CONSTRAINTS FROM
ELECTROWEAK PRECISION DATA

In this section we confront our models with the electro-
weak precision measurements. The relevant corrections to
the minimal standard model appear in the vacuum polar-
izations of the electroweak gauge bosons. These can be
parametrized in terms of the three quantities S, T, and U
(the oblique parameters) [4–7], and confronted with the
electroweak precision data. The relevant formulas we use
from [61,64] to estimate these parameters are reported in
the appendix.

The models considered here produce smaller values of S
than traditional technicolor models, because of their
smaller particle content and because of their near-
conformal dynamics [17].

A. Two technicolors and two techniflavors

Different contributions must be taken into account when
confronting this theory with the electroweak measure-
ments. The first is the one arising due to the technicolor
sector per se and the second is the one due to the new
lepton family needed to guarantee that no anomalies are
present in the theory. We will show that the theories
proposed in [16] have the smallest S parameter when
compared with other theories of walking technicolor
[17], and the new precision measurements strongly favor
nondegenerate leptons.

We consider different ways of giving masses to the new
lepton family, as described in the previous sections, and
their effects on the electroweak precision measurements.

The oblique corrections due to the presence of the new
lepton family can be readily computed both for a Dirac
mass [64] as well as a combined Dirac and Majorana mass
[54,61] for the leptons. For the estimates of the oblique
corrections due to the strongly interacting sector nonper-
turbative corrections can play a role. Fortunately, for a
walking technicolor theory we can use the perturbative
results also for the techniquarks. This is so since for a
theory of walking technicolor the perturbative corrections
can be seen as conservative estimates. Indeed, it has been
shown in [32,33] that the nonperturbative corrections re-
duce the perturbative contribution to the S parameter. The
reduction, roughly speaking, is due to the fact that near the
conformal fixed point chiral symmetry is expected to be
almost restored. Since the S parameter must vanish in a
chirally symmetric theory we expect a further reduction to
-9
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the perturbative value of the parameter S. This is a univer-
sal feature which does not depend on the techniquark’s
representation. The reduction is of the order of 20% [33].
Although, in general, a reduction is expected for the S
parameter, it is hard to see how a negative S parameter
can emerge in a walking technicolor theory only due to
nonperturbative effects and without considering large weak
isospin violations. Effects on the oblique parameters due to
the energy dependent behavior of the masses of fermions in
the standard model generated by the dynamics of the
walking type theory have also been investigated recently
in [65].

The simple perturbative estimate leads to the following
value of the S parameter:

Spert: �
1

2�
: (28)

This is the walking technicolor theory with the smallest
perturbative S parameter [17]. However one cannot com-
pare this result immediately with the electroweak precision
data since this theory has a Witten anomaly and hence the
new lepton family must be included in the analysis when
comparing with the precision measurements.

B. Testing our model including the contribution of the
fourth lepton family

Here we consider the combined effect on the electro-
weak precision measurements of this walking technicolor
theory together with the fourth family of leptons. If we
choose the hypercharge for the leptons to be the one of
ordinary leptons one can easily see that from the electro-
0 +0.5-0.5
-0.5

+0.5

0

T

S

(a) Perturbat ive Techniquarks

FIG. 4 (color online). Left panel: The black shaded parabolic are
neutrino and extra electron for masses from mZ to 10mZ. The perturb
1=2�. The ellipses are the 90% confidence level contours for the gl
values of U in our model lie typically between 0 and 0:05 whence the
top are for Higgs masses of mH � 117; 340; 1000 GeV, respective
parameter in the technicolor sector of the theory.
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weak point of view the theory features effectively a com-
plete fourth family of leptons and (techni)quarks. This is so
since the techniquark doublet, being in the two-index
symmetric representation of the SU�2� gauge group, comes
exactly in three copies with respect to the electroweak
interactions.

1. Dirac masses for the technifermions and the fourth
family of leptons

A new fourth family with mass degenerate fermions is
ruled out at more than 90% level of confidence since the
associated S parameter would be positive and too large.
Nondegenerate heavy Dirac fermion doublets can substan-
tially decrease the value of S at the expenses of a nonzero
and always positive value of the T parameter. We show that
for the present theory, a small splitting of the fermion
masses is sufficient to make the model an economical
and elegant candidate for a mechanism dynamically break-
ing the symmetry of the electroweak theory.

In Fig. 4 we show the results allowing for mass splitting
for the leptons but keeping degenerate techniquarks. In the
left panel we present the accessible range of the two
oblique parameters S and T when the extra neutrino and
electron masses range from mZ to 10mZ. In the left panel
we consider the perturbative value 1=2� for the contribu-
tion from the techniquarks. The ellipses are the 90% con-
fidence level contours for the global fit to the electroweak
precision data to be found in the latest review of the
Review of Particle Properties [1] with U kept at 0. The
values of U in our model lie typically between 0 and 0:05
whence they are consistent with these contours. The con-
0 +0.5-0.5
-0.5

+0.5

0

T

S

(b) Nonperturbat ive Techniquarks

a corresponds to the accessible range of S and T for the extra
ative estimate for the contribution to S from techniquarks equals
obal fit to the electroweak precision data with U kept at 0. The
y are consistent with these contours. The contours from bottom to
ly. Right panel: We added nonperturbative corrections to the S
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tours from bottom to top are for Higgs masses of mH �
117; 340; 1000 GeV, respectively.

There are also nonperturbative corrections which further
reduce the techniquark contribution to the S parameter,
whereby they bring the theory even closer to the precision
measurements as can be seen from the right panel of Fig. 4.
To be more precise, near-conformal dynamics leads to a
further reduction in the S parameter [32,33]. In the estimate
of [33], based on the operator product expansion, the factor
of 1

6� in the expression for the perturbative value of Spert �
1

6�N�N � 1�=2 for one doublet of technifermions in the
two-index symmetric representation of the SU�N� gauge
theory is reduced to about 0:04, which is roughly a 20%
reduction. This correction has been used to produce the
figure in the right panel of Fig. 4.

Note that current models of walking type with fermions
in the fundamental representation are disfavored by the
data. This is clear already when considering the perturba-
tive as well as nonperturbative computation of the associ-
ated S parameter [17].

2. Dirac and Majorana masses

We have also considered the possibility that the new
lepton family has a Majorana mass à la Bertolini and Sirlin
[54], which also seems to provide a negative contribution
to the S parameter [61]. However, when investigating the
range of attainable points in the S-T plane the combination
of the Majorana with the Dirac mass does not lead to a
larger overlap with the 90% level of confidence contours.
Nevertheless, this democratic choice is still a possible
extension beyond the simple Dirac case.
0 +0.5-0.5
-0.5

+0.5

0

T

S

(a) Perturbat ive Techniquarks

FIG. 5 (color online). Left panel: The black shaded parabolic area
and doubly charged leptons with masses from mZ to 10mZ. The pertu
1=2�. The ellipses are the 90% confidence level contours for the gl
values of U in our model lie typically between 0 and 0:05 and hence t
to top are for Higgs masses of mH � 117; 340; 1000 GeV, respectiv
parameter in the technicolor sector of the theory.
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3. Zero hypercharge: Fractionally charged lepton

The model with fractionally charged leptons can hardly
improve the S parameter problem. Indeed, its predictions
for the S and T parameter is basically on a vertical line
centered in the gap of the inner parabola presented in the
previous figures. This is so since the fractionally charged
leptons have an associated zero hypercharge.

4. Higher hypercharge with a doubly charged lepton

We have also considered the case in which all of the new
fermions have integer electric charges. In our example we
have chosen the lowest possible integer charge for the
fermions compatible with the absence of anomalies. The
new lepton family features a doubly as well as a singly
charged lepton. Interestingly, when comparing the predic-
tions for the oblique corrections due to the model with the
data we find a larger overlap with the confidence level
contours (see Fig. 5). Such an improvement is due to the
fact that the hypercharge for the new leptons is larger than
in the cases investigated above, while the technicolor
sector contribution is unaffected in the limit of degenerate
techniquarks.

In Ref. [2] Peskin and Wells already lined out different
ways, elaborated in the past decade, to save traditional
models of dynamical breaking of the electroweak sector
from being ruled out by the data from precision measure-
ments. Our results explicitly show that the method of
positive T [2] is sufficient to bring the composite Higgs
theory within the experimental acceptable range when the
technifermions are in higher representations of the techni-
color gauge group. A heavy fourth family of ordinary
0 +0.5-0.5
-0.5

+0.5

0

T

S

(b) Nonperturbat ive Techniquarks

corresponds to the accessible range of S and T for the new singly
rbative estimate for the contribution to S from the techniquarks is
obal fit to the electroweak precision data with U kept at 0. The
hey are consistent with these contours. The contours from bottom
ely. Right panel: We added nonperturbative corrections to the S
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FIG. 6. This plot summarizes the spectrum of the new fourth
family of leptons with m1 (m2) the new neutrino (lepton) mass in
units of mZ for a standard model like hypercharge assignment
allowed by electroweak precision measurements at the 90% level
of confidence. We kept the nonperturbative corrections for the
computation of the S parameter for the technicolor contribution.
The polygonal shape corresponds to the overlap of the parabolic
shape with the interior of the rectangular contour defined by S <
0:12 and T < 0:13 approximating the ellipse for mH �
117 GeV.
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quarks and/or leptons has been investigated theoretically
and experimentally in the past, see [1] for an up to date
review and also [66,67].

C. Contribution from technicolor with three colors
and two flavors

We have also investigated the case of three technicolors
and two techniflavors. This theory has no Witten or gauge
anomalies and hence no new lepton family is needed.
When computing the perturbative S parameter one discov-
ers that it is larger than the one for the two technicolor
theory, actually twice as large, and hence it is harder to
make it fit with the precision data especially without the
1
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5

6

1 2 3 4 5 6

m1

m2

(a)

1
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5

6

1 2 3
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(

FIG. 7. The shaded areas depict the accessible range of the new le
parameter in units of mZ of the singly (doubly) charged lepton. The
S-T plane but to rectangular areas defined by: (a) S < 0:12 and T <
mH � 340 GeV; and (c) S <�0:02 and 0:23< T < 0:38 for mH �
nonperturbative evaluation of the technicolor contribution to the S
corresponds to the purely perturbative evaluation.
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inclusion of additional lepton families which are not a must
as in the case of two colors.
VI. LEPTON SPECTRUM AT LHC AND A
DARK-MATTER CANDIDATE?

The general feature of the two technicolor theory with
technifermions in the two-index symmetric representation
of the gauge group is the necessity to include at least one
new lepton family. If the theory underlying the spontane-
ous breaking of the electroweak symmetry is of the type
presented above, the current precision measurements are
already sufficient to allow us to make specific predictions
on the new associated leptonic sector. This might also
guide, in the future, the construction of extended techni-
color models.

Assigning standard model like charges for the three
techniquarks requires also standard model type charges
for the fourth family of leptons.

From the plot it is clear that the neutral lepton is always
lighter than the charged one. Interestingly we predict that
at LHC one might discover a fourth family of ordinary
leptons while the associated quarks would be bound into
objects which do not interact strongly but are the techniha-
drons associated to the electroweak theory. The Higgs must
be light and this is consistent with our estimates provided
in the next section.

The new neutrino has a mass between mZ and 1:5mZ
(see Fig. 6), while the associated negatively charged lepton
has a mass of roughly twice the mass of the neutral weak
gauge boson. Interestingly the new neutrino, if made sta-
ble, could be a natural cold dark-matter candidate.

We now turn to the case of a higher hypercharge assign-
ment featuring a singly and a doubly (electrically) charged
4 5 6

m1

b)

1
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(c)

pton masses due to the oblique corrections. m1 (m2) is the mass
polygonal shapes do not correspond exactly to the ellipses in the
0:13 for mH � 117 GeV; (b) S < 0:04 and 0:13< T < 0:24 for
1 TeV. The shaded areas in all of the figures correspond to the
parameter. In the plot for mH � 117 GeV the light gray part
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lepton. In Fig. 7 we show the accessible range of the lepton
masses. Since we expect a very light Higgs, Fig. 7(a) is the
relevant one. We then predict the doubly charged lepton to
be heavier than the associated singly charged one. It is
unstable and decays into the associated singly charged
lepton. The experimental bounds on the existence and
properties of a doubly charged lepton are very weak [1].
VII. LIGHT HIGGS FROM HIGHER
REPRESENTATIONS

In extensions of the standard model featuring an ele-
mentary Higgs boson, a very strong constraint on its mass
can be set by requiring that the interactions, in Nature, are
weakly coupled up to a grand unification scale of the order
of 1016 GeV [68]. For example in generic supersymmetric
extensions of the standard model addressing the related
hierarchy one usually obtains an upper bound of 205 GeV
[69–71]. It is interesting to observe that there are also
principles which are suited for an elementary Higgs boson
and that have been used to make a number of phenomeno-
logical predictions [72].

It would then be very interesting to provide examples of
composite Higgs theories featuring a light Higgs boson
which is not a quasi-Goldstone boson.

In the analysis of QCD-like technicolor models infor-
mation on the nonperturbative dynamics at the electroweak
scale is obtained by simply scaling up QCD phenomenol-
ogy to the electroweak energy scale. The Higgs particle is
then mapped into the scalar chiral partner of the Goldstone
bosons in QCD. The scalars represent a very interesting
and complicated sector of QCD. Much work has been
devoted to providing a better understanding of this sector
which is relevant to understand the vacuum structure of
QCD. There is a growing consensus that the low-lying
scalar object, i.e. f0�600�, needed to provide a good de-
scription of low-energy pion-pion scattering [42] is not the
chiral partner of the pions but is of four quark nature à la
Jaffe [73,74].

Recent arguments, based on taking the limit of a large
number of colors N, also demonstrate that the low-energy
scalar is not of q �q nature [43,75,76]. The natural candidate
for the chiral partner of the ordinary pions is then very
heavy, i.e. it has a mass larger than 1 GeV, and this
experimental result agrees with naive scaling estimates.
When transposed to the electroweak theory by simply
taking F� as the electroweak scale, one concludes that in
technicolor theories with QCD-type dynamics the Higgs is
very heavy, mH 	 4�F�, of the order of the TeV scale.
This also means that large corrections are needed, due to
new physics, to compensate the effects of such a heavy
Higgs with respect to the electroweak precision measure-
ments data.

However, for strongly interacting theories with non-
QCD-like dynamics we are no longer guaranteed that the
dynamically generated Higgs particle is heavy [77]. In
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particular the QCD-like estimates cannot be trusted in
walking technicolor or other near-conformal models.
This is especially true for the theories with fermions in
higher representation of the gauge group. One cannot
simply scale up QCD to obtain useful nonpertubative
information.

One of the main problems when considering non-QCD-
like theories to construct possible extensions of the stan-
dard model is the lack of specific predictions on the non-
perturbative dynamics. Very recently we have shown
[16,17] that it is possible to provide new information on
the hadronic sector (and therefore the Higgs mass) of
theories with higher representation by studying the one
flavor sector of the S(A)-type theories. This was possible
due to the recent observation [24] that nonsupersymmetric
Yang-Mills theories with a Dirac fermion either in the two-
index symmetric or antisymmetric representation of the
gauge group are nonperturbatively equivalent to supersym-
metric Yang-Mills theory at largeN. This allowed to export
some exact results established in SYM to the nonsuper-
symmetric theories. These theories are also called ‘‘orien-
tifold’’ theories. At finite N they were studied in [34] and
many of the discovered properties, such as almost exact
parity doubling and small vacuum energy density, are
appealing properties for dynamical breaking of the elec-
troweak theory [32]. We emphasize again that supersym-
metry is only used as a technical tool here to extract
nonperturbative information about our models, which are
not themselves supersymmetric. It is also worth recalling
that technicolor theories with fermions in the two-index
symmetric representation of the gauge group were dubbed
by two of the present authors ‘‘techniorientifold’’ theories
in [16] and soon after were referred to as composite Higgs
theories from higher dimensional representations [17]. We
have kept in this paper the latter, more intuitive terminol-
ogy. In this section and for the reader’s convenience we
will first summarize how to determine qualitatively the
mass of the lowest lying fermion-antifermion scalar meson
with respect to the invariant scale of the theory in the one
flavor theory of S(A)-type. This shows that for the S-type
theory this object is substantially lighter than in ordinary
QCD [17].

Then we will propose a simple and new method which
will allow us to extrapolate the mass of the scalar meson,
associated to chiral symmetry breaking, to the case of two
(techni)flavors. This method uses the fact that we are near a
chiral phase transition as well as a conformal fixed point.
These two facts insure that the chiral partner of the
Goldstone excitations must become light at the phase
transition.

Using the saturation of the underlying trace anomaly via
the effective theory built out of the scalar meson we will
show that near the phase transition the mass squared of the
scalar field depends linearly on the difference between the
critical value of the number of (techni)flavors and the
-13
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generic number of (techni)flavors, i.e.:

M2

 / N

c
Tf � NTf : (29)

This is the standard mean field theory behavior of the
squared mass associated to the order parameter field with
respect to the scaling field. We will discuss the possible
problems associated with this picture and the current status
in the literature. Note that the present phase transition is an
example of a quantum phase transition [78–80].

If this near-conformal and chiral dynamics is used to
model electroweak symmetry breaking the previous
fermion-antifermion scalar (the 
) becomes automatically
the Higgs of the theory. Since we can provide an estimate
for the mass of this scalar for one flavor we can extrapolate
it for the physically interesting case of two flavors and
show that the Higgs particle is very light in theories with
underlying fermions in the two-index symmetric represen-
tation of the gauge group. Our method is general and we
can also estimate the Higgs mass within ordinary walking
technicolor theories in which the fermions are in the fun-
damental representation of the gauge group. Here the
Higgs is also lighter than in QCD-type theories but still
heavier than in near-conformal S-type theories.

A. The NTf � 1 sector via supersymmetry

We review here how to estimate the mass for the low-
lying scalar meson in the S-type theory for NTf � 1, first
derived in [17] in the large N limit. This scalar is first
identified with the associated fermion-antifermion state
whose pseudoscalar partner in ordinary QCD is the 
0.
At large N this theory is mapped into the bosonic sector of
super Yang-Mills [24]. The low-lying bosonic sector con-
tains precisely a scalar and a pseudoscalar meson. Because
of the holomorphicity property of supersymmetry the two
bosons become degenerate at infinite N. Besides, in the
supersymmetric limit we can relate the masses to the
fermion condensate h �TRTLi � h �Tfi;jgR TL;fi;jgi [34]:

M �
2�
3

�
3h �TRTLi

32�2N

�
1=3
�

2�̂
3

�; (30)

with h �TRTLi � 3N�3 and � the one loop, and large N
invariant scale of the theory:

�3 � �3

�
16�2

3Ng2���

�
exp

�
�8�2

Ng2��2�

�
: (31)

We have also defined:

�̂ � �
�

9

32�2

�
1=3
: (32)

The unknown numerical parameter �̂ is expected to be of
order one, and is the coefficient of the Kähler term in the
Veneziano-Yankielowicz effective Lagrangian describing
the lowest composite chiral superfield. Taking for example
�̂	 1–3 (see the discussion below) one would roughly
055001
deduce, at large N and for NTf � 1, a scalar mass in the
range:

M
 � M ’ 200–500 GeV: (33)

Here we have chosen � � �TC 	 250 GeV [81]. Clearly
this cannot be directly the Higgs mass since we are con-
sidering the one flavor sector of the theory, however we
will see that this mass is lighter when considering the NTf

dependence. Besides, we expect 1=N corrections to be
important, and fortunately these corrections were esti-
mated, for NTf � 1, in [34]. The corrections are different
for theories of type S and A. We have:

M
�S=A�
M

� 1�
4

9N
�

1

8N

hGa
��Ga��i

�̂�4 �O�N�2�; (34)

where hGa
��Ga��i is the technigluon condensate. The

upper (lower) sign, in the previous equation, corresponds
to the S- (A)-type theory. Since hGa

��Ga��i 	�4 and �̂ is
order one the second term dominates, and further reduces
(increases) the scalar mass with respect to the large N limit
in the S (A) theory. Since for N � 3 the fermions, for type
A theories, are in the fundamental representation, our
results are qualitatively in agreement with the standard
expectations that the Higgs for theories with technifer-
mions in the fundamental representation is expected to be
heavy.

To reassure ourselves that �̂ is indeed an order one
quantity we recall that the A-type theory with one flavor
is mapped into SYM at large N. But for N � 3 the A-type
theory is QCD with one flavor, since the fundamental and
two-index antisymmetric representations are the same in
SU�3�. This observation was made long ago by Corrigan
and Ramond [26]. The 
0 state is the pseudoscalar partner
of the scalar fermion-antifermion state and its mass for one
flavor can be simply estimated as follows:

M2

0 �NTf � 1� �

NTf

3
M2

0 ; (35)

where we used Witten and Veneziano’s standard large N
and finite NTf scaling, with N � 3. Comparing this mass
with the supersymmetric limit by identifying M with M
0

we estimate:

�̂	

���
3
p

2

M
0

�
	 3:2

���
3
p

2
	 2:8: (36)

Here M
0 � 958 MeV is the ordinary three flavor QCD
mass for the 
0 and �	 300 MeV is identified with the
characteristic QCD invariant scale. It is encouraging that
we obtained the suggested order one result used earlier.
Lattice simulations should be able to improve the estimate
for this mass.

B. Near quantum phase transition flavor dependence

In the previous subsection we have studied the case of a
single flavor and have shown that in theories with the two-
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index symmetric representation the lowest scalar fermion-
antifermion state is lighter than in QCD-like theories [17].
Here we consider the effects of including the flavor depen-
dence. The method we adopt to determine such a depen-
dence is applicable only if we have a nearby chiral phase
transition as function of the number of flavors, for a fixed
number of colors.

Generally, near the critical point of a continuous phase
transition, the mass squared of the scalar order parameter
drops proportional to �t� tc��, with t the parameter driving
the phase transition, tc its value at the transition point, and
� the critical exponent. One well-known example is ordi-
nary massless QCD near the chiral symmetry restoration
point at finite temperature. In this case the scalar partner of
the pions must become light close to the phase transition.
So, despite its large mass in vacuum, the scalar meson
becomes very light near the phase transition. Continuous
phase transitions asymptotically close to the critical point
display a classical behavior. In other words, close to the
transition, the thermal fluctuations override the quantum
ones [78–80,82]. For zero-temperature field theory which
we are discussing here, the quantum effects remain impor-
tant. Such nonthermal phase transitions, dubbed quantum
phase transitions, have recently attracted much attention
within the condensed matter physics community, one well-
known example being the zero-temperature Bose-Einstein
condensation. New applications of the Bose-Einstein con-
densation mechanism for the electroweak theory were
presented in [83,84] and also investigated recently in [85]
following the seminal work in [86–89]. Interesting super-
symmetric and ADS/CFT applications have also recently
been proposed in [90,91].

In the context of nonsupersymmetric gauge theories the
zero-temperature chiral phase transitions as function of the
number of flavors have been studied using nonperturbative
methods, e.g. in [92]. Here the authors already stressed that
the phase transition as function of the number of flavors is
very different from the one driven by temperature. Other
interesting theories displaying quantum phase transitions
as function of the number of flavors, although without
gauge interactions, were investigated in [93]. Note that
supersymmetric gauge theories also display phase transi-
tions as function of the number of flavors for fixed number
of colors. These transitions have been investigated in re-
cent years [28] and can also be understood as examples of
quantum phase transitions. Actually one could reinterpret
some of Seiberg’s dual theories near the conformal phase
transition as the effective theory for the quantum phase
transition which can be used to compute the critical ex-
ponents and hence characterize their universal behavior. In
this case the critical exponents of the theory would be just
the ordinary four-dimensional anomalous dimensions
computed using the weakly coupled dual theory.

We approach the conformal window from the hadronic
side of the theory by adjusting the number of (techni)fla-
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vors with respect to the number of (techni)colors. So we
treat the number of flavors NTf as a tunable scaling field.
Nc

Tf is the critical number of flavors at which chiral sym-
metry is restored together with the onset of conformal
invariance signaled by the vanishing of the underlying
trace anomaly. We then construct an effective mean field
theory and assume the scalar fermion-antifermion field to
be the relevant one. The generic dependence of the squared
mass on the number of flavors is

M2

�NTf� � �2�Nc

Tf � NTf�
�; (37)

with � a positive exponent and � a flavor independent
scale in the theory. Such a flavor independent scale in the
theory can be eliminated by writing the previous expres-
sion as follows:

M2

�NTf� � M2


� �NTf�

�
Nc

Tf � NTf

Nc
Tf �

�NTf

�
�
; (38)

where �NTf is some fixed value of the number of flavors
sufficiently close to the critical value. Note that this flavor
dependence is not what one obtains by computing the
traces over the flavor space for the effective theory
[94,95]. Very near the critical point one can trade this
overall flavor dependence for the constant value of the
critical number of flavors.

Because of the four-dimensional nature of the present
quantum phase transition fermions can no longer be ne-
glected near the phase transition [79,92]. In a thermal
phase transition the antiperiodic boundary conditions re-
move the fermionic zero modes from the low-energy spec-
trum, while in a truly four-dimensional phase transition
such zero modes are present and are known to affect the
universal behavior of these theories. This means that if we
are interested in computing the critical exponents of the
theory one should include from the hadronic side the
possible composite fermions while from the nonhadronic
side one should use the underlying gauge theory.

In this paper we are interested in the behavior of the
lightest scalar fermion-antifermion field near the phase
transition and will not attempt to compute the critical
exponents of the theory. It is then possible to justify the
previously assumed dependence of the mass of the
fermion-antifermion scalar field on the number of flavors
using the trace anomaly as supplementary information.
The effective potential of the theory is

V

� �
1

2
M2

�NTf�


2 �
�
4

4; (39)

while the kinetic term is normalized canonically. Since we
are in the spontaneously broken phase of the theory M2


 <
0 while the physical squared mass is proportional to the
absolute value of M2


. The associated trace of the energy
momentum tensor is

��� � �M2

�NTf�


2: (40)
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TABLE II. Higgs mass for QCD-like theories, walking techni-
color with fermions in the fundamental representation
WTC�N;NTF�, and for the S-type theories S�N;NTf�.

QCD-like WTC�3; 11�WTC�2; 7� S�3; 2� S�2; 2�

mH�GeV� � 1000 400 300 170–300 90–150
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Now we recall that the expression for the trace anomaly of
the underlying SU�N� gauge theory is

��� � �
�
2g
G��;aGa

��; with a � 1; � � � ; N2 � 1: (41)

If the theory develops a conformal fixed point, the beta
function vanishes. In order to connect the previous equa-
tion to the phase transition we are interested in we consider
the two-loop beta function

� � ��0
g3

16�2 � �1
g5

�16�2�2
;

�0 �
11

3
N �

2

3
NTf�N � 2�;

�1 �
34

3
N2 � NTf�N � 2�

�
10

3
N �

2

N
�N � 1��N � 2�

�
:

Here we have provided the coefficients for a generic SU�N�
S-type theory with NTf flavors while the following result is
independent of the specific representation to which the
fermions belong. We rewrite the two-loop beta function
as follows:

�
�
2g
�

�1

32�2 ���� ���; with
��
4�
� �

�0

�1
: (42)

As we decreaseNTf relative toN we have that �� increases.
To extract further information we impose the extra condi-
tion that the anomalous dimension 	 of the quark operator
near the phase transition assumes the value one. This last
condition is consistent with the fact that one expects chiral
symmetry to be broken for 	 > 1 [14,46]. Define with �c
the special value of the coupling constant for which the
previous condition on the anomalous dimension is satis-
fied. We have then:

�
�
	 � 1�

2gc
�

�1

32�2 �c��c � ��� / N
c
Tf � NTf : (43)

For �� above �c chiral symmetry breaks. So, in order to
compare with the effective Lagrangian theory we are ap-
proaching �c from large values of ��. However the pre-
vious expression is valid on both sides of the transition. If
the two trace anomalies, i.e. the one in the effective theory
and the one in the underlying theory, are describing the
same physics then the flavor dependence is contained in the
mass of the scalar field which reads near the phase tran-
sition:

jM2

�Nf�j / �N

c
Tf � NTf�: (44)

Interestingly this is exactly the mean field theory type
relation, where NTf is the scaling parameter of the theory.
The previous way of computing the dependence of the
mass of the fermion-antifermion field on the number of
flavors near the fixed point is probably too crude of an
approximation, but it fits well with the mean field theory
approach to a phase transition. Besides, never in our pre-
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vious approach we needed perturbation theory since we
can always work in the ’t Hooft scheme in which the two-
loop beta function is exact. It is only when we try to
provide a value for the critical number of flavors that
approximations must be made in nonsupersymmetric theo-
ries. We expect corrections to the scaling behavior reported
above. Besides, nonperturbative computations in the
underlying theory [92] indicate that the chiral condensate
vanishes very fast near the transition as function of the
number of flavors. This behavior has been captured in [96].
Here to provide the exponentially fast decrease of the
chiral condensate one had to incorporate the axial anomaly
of the underlying theory at the effective Lagrangian level.
This then generated a nonanalytic potential for the effec-
tive low-energy theory. In any case the flavor dependence
of the Higgs mass provided in the present paper can be
considered as a conservative estimate since it might drop
even faster when approaching the fixed point.

Another possible criticism would be that near the con-
formal phase transition other states are expected to become
light. Although this may affect the argument supporting
universal behavior near the phase transition, as was already
stressed by Chivukula [97], it needs not to influence our
result. This is so since the trace anomaly can be saturated
by a single field and new fields can be added in the effective
theory in a way that they do not contribute to the trace
anomaly of the underlying theory. See, for example, the
extended Veneziano-Yankielowicz theory [98,99] which
now contains gluinoballs and glueballs but the anomaly
is saturated only by the gluinoball fields as in the original
theory.

We observe that the mass of the scalar is reduced from
its value at NTf � 1 as Nf increases. While a great deal is
known about the phase diagram of supersymmetric gauge
theories as function of the number of flavors and colors,
much less is known about the nonsupersymmetric gauge
theories. The perturbative estimate for Nc

f in the S-type
theories, in the case of the two-index symmetric represen-
tation as a function of the number of colors was computed
in [16] and it is Nc

Tf � 83N3 � 66N2 � 132N=�20N3 �
55N2 � 60�. For the two (three) technicolor theory it yields
Nc
f ’ 2:1 �2:5�. If we use as M
�NTf � 1� �

300–500 GeV, we obtain

mH � M
�NTf � 2� 	 90–150 GeV;

S-two technicolors
(45)
-16



LIGHT COMPOSITE HIGGS BOSON FROM HIGHER . . . PHYSICAL REVIEW D 72, 055001 (2005)
mH � M
�NTf � 2� 	 170–300 GeV;

S-three technicolors:
(46)

Note that even if we would have chosen 1 TeV as normal-
ization mass for one flavor the mass of the scalar near the
phase transition would still be highly suppressed. Here M

denotes the physical mass of the scalar meson.
Interestingly, not only are we able to resolve the ordinary
hierarchy problem but we can also account for a dynamical
light Higgs.

For comparison we evaluate the mass of the scalar field
(i.e. Higgs field) in the case of ordinary walking techni-
color with fermions in the fundamental representation of
the gauge group. Here we use as normalization point the
case of three flavors and colors which is the scaled-up
version of QCD. In these theories the critical number of
flavors isNc

Tf � 3:9N which leads to the value of the Higgs
near the transition of the order of mH � 290 GeV for three
colors and eleven flavors. In the case of the two color
theory with seven flavors while still assuming a mass of
the order of 1 TeV for the two flavor case one obtains
mH � 370 GeV. In the case of the fermions in the funda-
mental representation of the gauge group, due to the large
value of the flavors needed to approach the conformal fixed
point, our approximations are expected to be less reliable.
In Table II we summarize the expected masses for the
Higgs for different types of technicolor theories.

VIII. CONCLUSION

We investigated theories of composite Higgs with tech-
nifermions in higher dimensional representations of the
technicolor gauge group. More specifically, we studied
theories in which the technifermions are in the two-index
symmetric representation of the technicolor group. These
theories have the important property that they are already
quasiconformal with a very low number of technifermions.
Somewhat surprisingly the lowest number of techniflavors
needed to render the theory quasiconformal is just two, i.e.
exactly one doublet of technifermions with respect to the
weak interactions. This fact promotes these theories to
ideal candidates of technicolor models of ‘‘walking’’
type. From the point of view of the weak interactions, the
two technicolor theory with two techniflavors has a Witten
anomaly which we cured by introducing a fourth family of
heavy leptons. Among the interesting features of this
model is that from the electroweak theory point of view
the techniquarks resemble exactly one new family of
quarks only rearranged in a higher representation of the
SU�2� technicolor theory. We have also studied the theory
with three technicolors and two techniflavors in the two-
index symmetric representation of the gauge group which
does not require a fourth family of leptons.

We have introduced theories with a critical number of
flavors needed to enter the conformal window which is
higher than in the one with fermions in the two-index
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symmetric representation but lower than in the traditional
walking technicolor models. A simple class of these theo-
ries are split technicolor theories in which we add only a
(techni)gluino in the theory with still NTf fermions in the
fundamental representation of the gauge group. These
theories have a number of features in common with the
ones used in recent extensions of the standard model [29–
31]. However, they were introduced here to address the
hierarchy problem.

We have then confronted the theories with fermions in
the two-index symmetric representation with the recent
electroweak precision measurements and have demon-
strated that the theory with two technicolors is a natural
candidate of electroweak symmetry breaking via new
strong interactions. The theory with three technicolors
and degenerate technifermions is less favored by the elec-
troweak precision measurements. We have also briefly
investigated the technibaryon spectrum in both theories
which can lead to interesting distinctive signatures at LHC.

Amusingly, we also identified possible candidates for
cold dark matter such as a new heavy neutrino. This
particle is constrained to have a mass of the order of the
neutral weak gauge boson and has an associated charged
lepton with a mass roughly twice as large. It would be very
interesting to carry out calculations for the distribution of
dark matter for such a candidate along the lines of [100].
One could thus gain further information on our model from
cosmological observations [101,102]. We might also have
possible candidates due to neutral technibaryons but in this
case a more complete analysis is needed [62].

A number of possible future directions can be outlined.
It is relevant to construct the low-energy effective theories.
Because of the presence of a light Higgs the underlying
theory may naturally yield the higher-dimension operators
added in effective Lagrangian descriptions of the electro-
weak symmetry breaking built in the past on more phe-
nomenological grounds [103–106] in order to be able to fit
the electroweak precision measurements. Thanks to a par-
tial resemblance with supersymmetric Yang-Mills theory
as well as the near quantum phase transition properties
such as near parity doubling are expected in the techniha-
dronic spectrum. The underlying theories may then pro-
duce low-energy effective theories sharing some features
with the more phenomenological models presented in
[107].

It is tempting to speculate that the cosmological constant
problem [101,102] may be resolved by assuming a nearby
quantum phase transition for the Universe. In this scenario
the cosmological constant is expected to be the function of
a yet unknown scaling parameter, similar to the number of
flavors for the Higgs mass, which turns out to be very close
to its critical value.

Lattice simulations of QCD are becoming more reliable
in computing the coefficients of the low-energy effective
Lagrangian for QCD as stressed in Gupta’s review talk
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[108]. At least two lattice collaborations, HPQCD-MILC-
UKQCD [109] and CP-PACS/JLQCD [110] have reported
important results by simulating 2� 1 flavors with dy-
namical fermions. It should then already be possible to
determine the coefficients of the low-energy effective theo-
ries discussed above for the strongly interacting theories
presented here. The determination of the running of the
coupling constant via lattice [111] is also a test of our
predictions. These computations will not only help to
make further quantitative predictions for LHC but
will also help in understanding strong dynamics of
which QCD is a single but time-honored and physical
example.

While we have assumed a bottom-up approach and
constructed explicit technicolor theories which are not
ruled out by the current precision measurements, it is
also very important, at this point, to consider extensions
capable of addressing the mass generation problem in
some detail. A natural step would be to consider extending
recent work [47–52,112] concentrated on extended techni-
color theories and their phenomenological impact for
walking technicolor with technifermions in the fundamen-
tal representation of the gauge group to the theories pre-
sented here which are shown not to be at odds with
precision data. Strong and weak CP violation might also
be explained in technicolorlike extensions of the standard
model [45,113]. Also the work in [114–118] can be ex-
tended to the present type of technicolor theories. We also
expect our results to be useful when constructing techni-
color models [119].

The unification of gauge couplings has not been ad-
dressed here but will be investigated in the near future
[120]. For this purpose, it is then interesting to observe
that the two technicolor theory can be rewritten as an SO�3�
theory with fermions in the fundamental representation of
the gauge group.

The finite temperature electroweak phase transition with
the present theories is also an interesting avenue to explore.
The outcome is relevant for the baryogenesis problem
since the baryon asymmetry cannot be explained within
the standard model. Not only is there not enough CP
violation [124], but the phase transition is a smooth cross-
over for Higgs masses larger than 80 GeV [125]. However,
recently it has been argued that the presence of dimension
six operators in the Higgs Lagrangian can help in driving
the transition to being of first order [126]. We point out that
the presence of higher-order operators of the type sug-
gested in the literature are naturally expected to emerge
when breaking the electroweak theory using the techni-
color theories presented here. The cutoff in the Higgs
Lagrangian seen as a low-energy effective theory, is natu-
rally identified with the mass of the excited hadronic states
which have been integrated out at low energy. The result-
ing effective theory would emerge in a fashion very similar
to the toy model presented in [127].
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Electroweak baryogenesis will also be affected by the
presence of a new lepton family. Interestingly the new
family is predicted to be visible at LHC and the underlying
theories could be a natural starting point for models of
electroweak baryogenesis proposed recently [128,129].

In short we have provided technicolor theories which are
not ruled out by electroweak precision measurements,
naturally yield a very light Higgs while predicting the
existence of a new fourth lepton family with masses of
the order of the electroweak scale. Since they are near
conformal with just two techniflavors the dangerous
flavor-changing neutral currents are suppressed while hav-
ing only few or no unwanted pseudo-Goldstone bosons.
The Higgs is light due to a nearby quantum phase transi-
tion. We have developed a way to estimate its mass for
different technicolor theories and shown that some of the
theories presented here have a composite Higgs with a
mass less than or equal to 150 GeV. Possible cosmology
oriented applications have been suggested.
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APPENDIX: SUMMARY OF THE FORMULAS WE
USED TO COMPUTE THE OBLIQUE

PARAMETERS

The oblique parameters S, T, and U are defined as in
[64]:

S � �16�
�3Y�m

2
Z� ��3Y�0�

m2
Z

;

T � 4�
�11�0� ��33�0�

s2
Wc

2
Wm

2
Z

;

U � 16�

�11�m

2
Z� ��11�0�� � 
�33�m

2
Z� ��33�0��

m2
Z

(A1)

where the weak-mixing angle �W is defined at the scale
� � mZ. �11 and �33 are the vacuum polarizations of
isospin currents, and �3Y the vacuum polarization of one
isospin and one hypercharge current.
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In the case of Dirac-type masses for the fermions the
one-loop fermionic contributions to the oblique parameters
read [64]:

Sf �
]

6�

�
2�4Y � 3�x1 � 2��4Y � 3�x2 � 2Y ln

x1

x2

�

��
3

2
� 2Y

�
x1 � Y

�
G�x1�

�

��
3

2
� 2Y

�
x2 � Y

�
G�x2�

�
; (A2)

Tf �
]

8�s2
Wc

2
W

F�x1; x2�; (A3)

Uf � �
]

2�

�
x1 � x2

2
�
�x1 � x2�

2

3
�

�
�x1 � x2�

3

6

�
1

2

x2
1 � x

2
2

x1 � x2

�
ln
x1

x2
�
x1 � 1

6
f�x1; x1�

�
x2 � 1

6
f�x2; x2� �

�
1

3
�
x1 � x2

6

�
�x1 � x2�

2

6

�
f�x1; x2�

�
; (A4)

where xi � �Mi=mZ�
2 with i � 1; 2 and the factor ] � N

for techniquarks in the fundamental representation of the
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SU�N� gauge group, ] � N�N � 1�=2 for techniquarks in
the two-index symmetric representation of the gauge
group, and ] � 1 for one doublet, for example, of leptons.
The functionsG�x�, F�x1; x2�, and f�x1; x2� are defined via:

F�x1; x2� �
x1 � x2

2
�

x1x2

x1 � x2
ln
x1

x2
; (A5)

G�x� � �4
��������������
4x� 1
p

arctan
1��������������

4x� 1
p ; (A6)

f�x1; x2�

�

8>>>>>><
>>>>>>:

�2
����
�
p

arctanx1�x2�1���

�
p � arctanx1�x2�1���

�
p �; ��> 0�;

0; �� � 0�;��������
��
p

lnx1�x2�1�
������
��
p

x1�x2�1�
������
��
p ; ��< 0�;

(A7)

� � 2�x1 � x2� � �x1 � x2�
2 � 1: (A8)

We note that recently it has been shown that for fermion
masses near half of the neutral weak vector boson mass one
needs corrections [130].
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