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We introduce the topic of dynamical breaking of the electroweak sym-
metry and its link to unparticle physics and cosmology. The knowledge of
the phase diagram of strongly coupled theories plays a fundamental role
when trying to construct viable extensions of the standard model (SM).
Therefore, we present the state-of-the-art of the phase diagram for SU,
Sp and SO gauge theories with fermionic matter transforming according
to arbitrary representations of the underlying gauge group. We summa-
rize several analytic methods used recently to acquire information about
these gauge theories. We also provide new results for the phase diagram of
the generalized Bars—Yankielowicz and Georgi—Glashow chiral gauge theo-
ries. These theories have been used for constructing grand unified models
and have been the template for models of extended technicolor interac-
tions. To gain information on the phase diagram of chiral gauge theories
we will introduce a novel all orders beta function for chiral gauge theo-
ries. This permits the first unified study of all non-supersymmetric gauge
theories with fermionic matter representation both chiral and non-chiral.
To the best of our knowledge the phase diagram of these complex models
appears here for the first time. We will introduce recent extensions of the
SM featuring minimal conformal gauge theories known as minimal walking
models. Finally, we will discuss the electroweak phase transition at nonzero
temperature for models of dynamical electroweak symmetry breaking.

PACS numbers: 11.15.Ex, 11.15.Ha, 11.15.Pg, 11.15.Tk

1. The need to go beyond

The energy scale at which the Large Hadron Collider experiment (LHC)
will operate is determined by the need to complete the SM of particle inter-
actions and, in particular, to understand the origin of mass of the elementary
particle. Together with classical general relativity the SM constitutes one

* Lecture presented at the XLIX Cracow School of Theoretical Physics, “Non-pertur-
bative Gravity and Quantum Chromodynamics”, Zakopane, May 31-June 10, 2009.
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of the most successful models of nature. We shall, however, argue that ex-
perimental results and theoretical arguments call for a more fundamental
description of nature.

In figure 1, we schematically represent, gray (green), the known forces of
nature. The SM of particle physics describes the strong, weak and electro-
magnetic forces. The light gray (yellow) region represents the energy scale
around the TeV scale and will be explored directly at the LHC, while the
dark gray (red) part of the diagram is speculative.
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Fig.1. Cartoon representing the various forces of nature. At very high energies
one may imagine that all the low-energy forces unify in a single force.

All of the known elementary particles constituting the SM fit on the
postage stamp shown in Fig. 2. Interactions among quarks and leptons are
carried by gauge bosons. Massless gluons mediate the strong force among
quarks while the massive gauge bosons, i.e. the Z and W, mediate the
weak force and interact with both quarks and leptons. Finally, the massless
photon, the quantum of light, interacts with all of the electrically charged
particles. The SM Higgs does not feel strong interactions. The interactions
emerge naturally by invoking a gauge principle. It is intimately linked with
the underlying symmetries relating the various particles of the SM. The
asterisk on the Higgs boson in the postage stamp indicates that it has not
yet been observed. Intriguingly the Higgs is the only fundamental scalar of
the SM.
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Fig.2. Postage stamp representing all  Fig.3. The SM can be viewed as a low-
of the elementary particles which con-  energy theory valid up to a high energy
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gauge group.

The SM can be viewed as a low-energy effective theory valid up to an
energy scale /A, as schematically represented in Fig. 3. Above this scale new
interactions, symmetries, extra dimensional worlds or any other extension
could emerge. At sufficiently low energies with respect to this scale one
expresses the existence of new physics via effective operators. The success
of the SM is due to the fact that most of the corrections to its physical
observables depend only logarithmically on this scale A. In fact, in the SM
there exists only one operator which acquires corrections quadratic in A.
This is the squared mass operator of the Higgs boson. Since A is expected
to be the highest possible scale, in four dimensions the Planck scale, it is
hard to explain naturally why the mass of the Higgs is of the order of the
electroweak scale. This is the hierarchy problem. Due to the occurrence of
quadratic corrections in the cutoff this SM sector is most sensitive to the
existence of new physics.

1.1. The Higgs

It is a fact that the Higgs allows for a direct and economical way of spon-
taneously breaking the electroweak symmetry. It generates simultaneously
the masses of the quarks and leptons without introducing flavor changing
neutral currents at the tree level. The Higgs sector of the SM possesses,
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when the gauge couplings are switched off, an SUL(2) x SUR(2) symmetry.
The full symmetry group can be made explicit when re-writing the Higgs

doublet field
1 )
H:<7r2+z771 ) (1.1)

o — 173

as the right column of the following two by two matrix:

1 C ooy
ﬁ(g_}_ZT-Tr):]W. (1'2)

The first column can be identified with the column vector H™* while the
second with H. We indicate this fact with [i mH* , H] = M. 72 is the second
Pauli matrix. The SUL(2) x SUg(2) group acts linearly on M according to:

M — g Mgl, and  gr/p € SUL/R(2). (1.3)
One can verify that:

(1 — 7‘3) 1+ 73)

=0, H], M(izzﬁmHﬂm. (1.4)

M

The SUL(2) symmetry is gauged by introducing the weak gauge bosons
W® with a = 1,2,3. The hypercharge generator is taken to be the third
generator of SUg(2). The ordinary covariant derivative acting on the Higgs,
in the present notation, is:

DM = 8MM—igWMM+ig’MBM,
with

a 7_3

I%:W%q B, =B,—. (1.5)
The Higgs Lagrangian is
1 2 A 2
L {D,LMTD“M} - %Tr [MTM} -4 [MTM] . (1.6)

At this point one assumes that the mass squared of the Higgs field is negative
and this leads to the electroweak symmetry breaking. Except for the Higgs
mass term the other SM operators have dimensionless couplings meaning

that the natural scale for the SM is encoded in the Higgs mass!.

! The mass of the proton is due mainly to strong interactions, however its value cannot
be determined within QCD since the associated renormalization group invariant scale
must be fixed to an hadronic observable.
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At the tree level, when taking m? negative and the self-coupling \ posi-
tive, one determines:
2 2 [m?|
(0)° = Vioa = N and 0 = Uyeak + N, (1.7)

where h is the Higgs field. The global symmetry breaks to its diagonal
subgroup:

SUL(Q) X SUR(Q) — SUy(2). (1.8)

To be more precise the SUR(2) symmetry is already broken explicitly by
our choice of gauging only an Uy (1) subgroup of it and hence the actual
symmetry breaking pattern is:

SUL(2) X Uy(l) — UQ(I) s (1.9)

with Ug(1) the electromagnetic Abelian gauge symmetry. According to the
Nambu—Goldstone’s theorem three massless degrees of freedom appear, i.e.
7+ and 7°. In the unitary gauge these Goldstones become the longitudinal
degree of freedom of the massive electroweak gauge-bosons. Substituting
the vacuum value for o in the Higgs Lagrangian the gauge-bosons quadratic
terms read:

1}2
wgak |:92 (W;W“’l —{—WﬁW’L’Q) + (ngi)’ _g/B‘u)z} . (1.10)

The Z,, and the photon A, gauge bosons are:

Z, = cosby Wg—siHQWB#,
A, = COSHWB#—l—sinHWW;’, (1.11)

with tanfy = g’/g while the charged massive vector bosons are Wiﬁ =

(Wt Wﬁ)/ﬂ The bosons masses M3, = g?v2_, /4 due to the custodial
symmetry satisfy the tree level relation M2 = M‘%V / cos? Oyy. Holding fixed
the EW scale vyeax the mass squared of the Higgs boson is 2)\vv2veak and hence
it increases with A. We recall that the Higgs Lagrangian has a familiar form
since it is identical to the linear ¢ Lagrangian which was introduced long
ago to describe chiral symmetry breaking in QCD with two light flavors.

Besides breaking the electroweak symmetry dynamically the ordinary
Higgs serves also the purpose to provide mass to all of the SM particles via
the Yukawa terms of the type:

Y Qi Hd}, — YIQ (i H Yy + e, (1.12)
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where Y is the Yukawa coupling constant, @, is the left-handed Dirac spinor
of quarks, H the Higgs doublet and ¢ the right-handed Weyl spinor for the
quark and 4,7 the flavor indices. The SU(2) weak and spinor indices are
suppressed.

When considering quantum corrections the Higgs mass acquires large
quantum corrections proportional to the scale of the cut-off squared.

m?en - m2 X A2 . (113)
A is the highest energy above which the SM is no longer a valid description of
nature and a large fine tuning of the parameters of the Lagrangian is needed
to offset the effects of the cut-off. This large fine tuning is needed because
there are no symmetries protecting the Higgs mass operator from large cor-
rections which would hence destabilize the Fermi scale (i.e. the electroweak
scale). This problem is the one we referred above as the hierarchy problem
of the SM.

The constant value of the Higgs field evaluated on the ground state is
determined by the measured mass of the W boson. On the other hand,
the value of the SM Higgs mass (my ) is constrained only indirectly by
the electroweak precision data. The preferred value of the Higgs mass is
my = 87138 GeV at 68% confidence level (C.L.) with a 95% C.L. upper
limit myg < 160 GeV. This value increases to myg < 190 GeV when in-
cluding the LEP-2 direct lower limit my > 114 GeV, as reported by the
Electroweak Working Group (http://lepewwg.web.cern.ch)?. It is in-
structive to look separately at the various measurements influencing the fit
for the SM Higgs mass. The final result of the average of all of the mea-
sures, however, has a Pearson’s chi-square (x?) test of 11.8 for 5 degrees
of freedom. This relatively high value of x? is due to the two most precise
measurements of sin® feg, namely those derived from the measurements of
the lepton left-right asymmetries A; by SLD and of the forward—backward
asymmetry measured in bb production at LEP, A%B. The two measure-
ments differ by about 3 os.  The situation is shown in Fig. 6 (updated
values of [1]). The values of sin?fg and their average are shown each at
the preferred value of my corresponding to a given central value of m;. The
implications for the value of the mass of the Higgs are interesting. The bb
forward—backward asymmetry leads to the prediction of a relatively heavy
Higgs with mpy = 420fi‘38 GeV. On the other hand, the lepton left-right
asymmetry corresponds to mp = 311?8 GeV, in conflict with the lower limit

my > 114 GeV from direct LEP searches. Moreover, the world average of
the W mass, my = 80.398 £+ 0.025 GeV (see Fig. 7), is still larger than

2 All the plots we use in this section are reported by the Electroweak Working Group
and can be found at the web-address: http://lepewwg.web.cern.ch
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Fig.4. Values of the Higgs mass extracted from different electroweak observables.
The average is shown as a gray (green) band.

0.4

————————
[(Im=171.4 2.1 GeV
m,;= 114...1000 GeV

0.2

LS 68 % CL]
04 -0.2 0 0.2 0.4

Fig.5. The 1 — o range of the electroweak parameters S and 7' determined from
different observables. The ellipsis shows the 68% probability from combined data.
The lightest (yellow) area gives the SM prediction with m; and my varied as shown.
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Fig.6. The data for sin® Qi?t are plotted versus mpy. For presentation purposes
the measured points are shown each at the my value that would ideally correspond
to it given the central value of m;.

the value extracted from a SM fit, again requiring my to be smaller than
what is allowed by the LEP Higgs searches. This tension may be due to new
physics, to a statistical fluctuation or to an unknown experimental problem.
The overall situation is summarized in Fig. 4, where the predicted values
of mpy from the different observables are shown. A very light SM Higgs is
deduced only when averaging over the whole set of data.

Summarizing, the experimental window for the SM Higgs mass
114 GeV < mp < 190 GeV coincides with the theoretical range 125 GeV <
mp < 175 GeV of allowed values of the SM Higgs mass naturally compat-
ible with a high cutoff scale® and the stability of the ground state of the
SM. This fact may be a coincidence or may be an argument in favor of the
naturality of the SM Higgs.

A Higgs heavier than 190 GeV is compatible with precision tests if we
allow simultaneously new physics to compensate for the effects of the heavier
value of the mass. The precision measurements of direct interest for the

3 The scale associated with unification in four dimensions is typically of the order of
10" GeV.
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Fig. 7. The world average for myy is plotted versus mg.

Higgs sector are often reported using the S and T parameters as shown in
Fig. 5. From this graph one deduces that a heavy Higgs is compatible with
data at the expense of a large value of the T parameter. Actually, even
the lower direct experimental limit on the Higgs mass can be evaded with
suitable extensions of the SM Higgs sector.

Many more questions need an answer if the Higgs is found at the LHC: Is
it composite? How many Higgs fields are there in nature? Are there hidden
sectors?

1.2. Riddles

Why do we expect that there is new physics awaiting to be discovered?
Of course, we still have to observe the Higgs, but this cannot be everything.
Even with the Higgs discovered, the SM has both conceptual problems and
phenomenological shortcomings. In fact, theoretical arguments indicate that
the SM is not the ultimate description of nature:

e Hierarchy Problem: The Higgs sector is highly fine-tuned. We have
no natural separation between the Planck and the electroweak scale.

e Strong CP Problem: There is no natural explanation for the small-
ness of the electric dipole moment of the neutron within the SM. This
problem is also known as the strong CP problem.
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e Origin of Patterns: The SM can fit, but cannot explain the number
of matter generations and their mass texture.

e Unification of the Forces: Why do we have so many different inter-
actions? It is appealing to imagine that the SM forces could unify into
a single Grand Unified Theory (GUT). We could imagine that at very
high energy scales gravity also becomes part of a unified description
of nature.

There is no doubt that the SM is incomplete since we cannot even account
for a number of basic observations:

e Neutrino Physics: Only recently it has been possible to have some
definite answers about properties of neutrinos. We now know that they
have a tiny mass, which can be naturally accommodated in extensions
of the SM, featuring for example a “see-saw” mechanism. We do not
yet know if the neutrinos have a Dirac or a Majorana nature.

e Origin of Bright and Dark Mass: Leptons, quarks and the gauge
bosons mediating the weak interactions possess a rest mass. Within
the SM this mass can be accounted for by the Higgs mechanism, which
constitutes the electroweak symmetry breaking sector of the SM. How-
ever, the associated Higgs particle has not yet been discovered. Be-
sides, the SM cannot account for the observed large fraction of “dark”
mass of the Universe. What is interesting is that in the Universe the
dark matter is about five times more abundant than the known bary-
onic matter, 7.e. “bright” matter. We do not know why the ratio of
dark to bright matter is of order unity.

e Matter—Antimatter Asymmetry: From our everyday experience
we know that there is very little “bright” antimatter in the Universe.
The SM fails to predict the observed excess of matter.

These arguments do not imply that the SM is necessarily wrong, but
it must certainly be extended to answer any of the questions raised above.
The truth is that we do not have an answer to the basic question: What lies
beneath the SM?

A number of possible generalizations of the SM have been conceived
(see [2-8] for reviews). Such extensions are introduced on the base of one or
more guiding principles or prejudices. Two technical reviews are [9, 10].

In the models we will consider here the electroweak symmetry breaks
via a fermion bilinear condensate. The Higgs sector of the SM becomes an
effective description of a more fundamental fermionic theory. This is similar
to the Ginzburg—Landau theory of superconductivity. If the force underlying
the fermion condensate driving electroweak symmetry breaking is due to a
strongly interacting gauge theory these models are termed technicolor.
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Technicolor, in brief, is an additional non-Abelian and strongly inter-
acting gauge theory augmented with (techni)fermions transforming under a
given representation of the gauge group. The Higgs Lagrangian is replaced
by a suitable new fermion sector interacting strongly via a new gauge inter-
action (technicolor). Schematically:

Lttiggs — —%FWFW +iQy, D'Q + -+, (1.14)

where, to be as general as possible, we have left unspecified the underlying
non-Abelian gauge group and the associated technifermion (@) representa-
tion. The dots represent new sectors which may even be needed to avoid, for
example, anomalies introduced by the technifermions. The intrinsic scale of
the new theory is expected to be less or of the order of a few TeVs. The
chiral-flavor symmetries of this theory, as for ordinary QCD, break spon-
taneously when the technifermion condensate QQ forms. It is possible to
choose the fermion charges in such a way that there is, at least, a weak left-
handed doublet of technifermions and the associated right-handed one which
is a weak singlet. The covariant derivative contains the new gauge field as
well as the electroweak ones. The condensate spontaneously breaks the elec-
troweak symmetry down to the electromagnetic and weak interactions. The
Higgs is now interpreted as the lightest scalar field with the same quantum
numbers of the fermion—antifermion composite field. The Lagrangian part
responsible for the mass-generation of the ordinary fermions will also be
modified since the Higgs particle is no longer an elementary object.

Models of electroweak symmetry breaking via new strongly interacting
theories of technicolor type [11,12]| are a mature subject (for recent reviews
see [13-15]). Onme of the main difficulties in constructing such extensions
of the SM is the very limited knowledge about generic strongly interacting
theories. This has led theorists to consider specific models of technicolor
which resemble ordinary quantum chromodynamics and for which the large
body of experimental data at low energies can be directly exported to make
predictions at high energies. Unfortunately, the simplest version of this
type of models are at odds with electroweak precision measurements. New
strongly coupled theories with dynamics very different from the one featured
by a scaled up version of QCD are needed [16].

We will review models of dynamical electroweak symmetry breaking
making use of new type of four dimensional gauge theories [16-18]| and their
low energy effective description [19] useful for collider phenomenology. The
phase structure of a large number of strongly interacting nonsupersymmetric
theories, as function of number of underlying colors will be uncovered with
traditional nonperturbative methods [20] as well as novel ones [21]. We will
discuss possible applications to cosmology as well. These lectures should be
integrated with earlier reviews [13-15,22-27| on the various subjects treated
here.
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2. Dynamical electroweak symmetry breaking

It is a fact that the SM does not fail, when experimentally tested, to de-
scribe all of the known forces to a very high degree of experimental accuracy.
This is true even if we include gravity. Why is it so successful?

The SM is a low energy effective theory valid up to a scale A above which
new interactions, symmetries, extra dimensional worlds or any possible ex-
tension can emerge. At sufficiently low energies with respect to the cutoff
scale A one expresses the existence of new physics via effective operators.
The success of the SM is due to the fact that most of the corrections to its
physical observable depend only logarithmically on the cutoff scale A.

Superrenormalizable operators are very sensitive to the cut off scale. In
the SM there exists only one operator with naive mass dimension two which
acquires corrections quadratic in A. This is the squared mass operator of
the Higgs boson. Since A is expected to be the highest possible scale, in four
dimensions the Planck scale, it is hard to explain naturally why the mass of
the Higgs is of the order of the electroweak scale. The Higgs is also the only
particle predicted in the SM yet to be directly produced in experiments.
Due to the occurrence of quadratic corrections in the cutoff this is the SM
sector highly sensitive to the existence of new physics.

In nature we have already observed Higgs-type mechanisms. Ordinary
superconductivity and chiral symmetry breaking in QCD are two time-
honored examples. In both cases the mechanism has an underlying dynami-
cal origin with the Higgs-like particle being a composite object of fermionic
fields.

2.1. Superconductivity versus electroweak symmetry breaking

The breaking of the electroweak theory is a relativistic screening effect.
It is useful to parallel it to ordinary superconductivity which is also a screen-
ing phenomenon albeit non-relativistic. The two phenomena happen at a
temperature lower than a critical one. In the case of superconductivity one
defines a density of superconductive electrons ns and to it one associates a
macroscopic wave function v such that its modulus squared
[ = ne = =2, (2.15)
is the density of Cooper’s pairs. That we are describing a nonrelativistic
system is manifest in the fact that the macroscopic wave function squared,
in natural units, has mass dimension three while the modulus squared of the
Higgs wave function evaluated at the minimum is equal to (|H[* >=v2__, /2
and has mass dimension two, i.e. is a relativistic wave function. One can
adjust the units by considering, instead of the wave functions, the Meissner
mass of the photon in the superconductor which is
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2
M? = ZTZS : (2.16)
e
with ¢ = —2e and 2m,. the charge and the mass of a Cooper pair which is

constituted by two electrons. In the electroweak theory the Meissner mass
of the photon is compared with the relativistic mass of the W gauge boson

2,2

M, = T Peak Ujfeak , (2.17)

with g the weak coupling constant and vyea the electroweak scale. In a
superconductor the relevant scale is given by the density of superconductive
electrons typically of the order of ng ~ 4 x 10%® m™3 yielding a screening
length of the order of ¢ =1/M ~ 10% cm. In the weak interaction case we
measure directly the mass of the weak gauge boson which is of the order of
80 GeV yielding a weak screening length &y = 1/Myy ~ 10715 cm.

For a superconductive system it is clear from the outset that the wave
function 1 is not a fundamental degree of freedom, however for the Higgs
we are not yet sure about its origin. The Ginzburg-Landau effective theory
in terms of ¢ and the photon degree of freedom describes the spontaneous
breaking of the Ug(1) electric symmetry and it is the equivalent of the Higgs
Lagrangian.

If the Higgs is due to a macroscopic relativistic screening phenomenon
we expect it to be an effective description of a more fundamental system
with possibly an underlying new strong gauge dynamics replacing the role
of the phonons in the superconductive case. A dynamically generated Higgs
system solves the problem of the quadratic divergences by replacing the
cutoff A with the weak energy scale itself, i.e. the scale of compositness. An
underlying strongly coupled asymptotically free gauge theory, a la QCD, is
an example.

2.2. From color to technicolor

In fact even in complete absence of the Higgs sector in the SM the elec-
troweak symmetry breaks [25] due to the condensation of the following quark
bilinear in QCD:

(dpugr +drdr) #0. (2.18)
This mechanism, however, cannot account for the whole contribution to the

weak gauge bosons masses. If QCD would be the only source contributing
to the spontaneous breaking of the electroweak symmetry one would have

F
My, = 97” ~ 29 MeV , (2.19)
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with F; ~ 93 MeV the pion decay constant. This contribution is very
small with respect to the actual value of the My, mass that one typically
neglects it.

According to the original idea of technicolor [11,12] one augments the
SM with another gauge interaction similar to QCD but with a new dy-
namical scale of the order of the electroweak one. It is sufficient that the
new gauge theory is asymptotically free and has global symmetry able to
contain the SM SU(2) x Uy(1) symmetries. It is also required that the
new global symmetries break dynamically in such a way that the embedded
SUL(2) x Uy(1) breaks to the electromagnetic Abelian charge Ug(1). The
dynamically generated scale will then be fit to the electroweak one.

Note that, except in certain cases, dynamical behaviors are typically
nonuniversal which means that different gauge groups and/or matter repre-
sentations will, in general, posses very different dynamics.

The simplest example of technicolor theory is the scaled up version of
QCD, i.e. an SU(N7c) non-Abelian gauge theory with two Dirac fermions
transforming according to the fundamental representation or the gauge group.
We need at least two Dirac flavors to realize the SUL(2) x SUr(2) symmetry
of the SM discussed in the SM Higgs section. One simply chooses the scale
of the theory to be such that the new pion decaying constant is:

FTC = tyearc ~ 246 GeV . (2.20)

The flavor symmetries, for any Ntc larger than 2 are SUL(2) x SUR(2) x
Uy (1) which spontaneously break to SUy (2) x Uy (1). It is natural to embed
the electroweak symmetries within the present technicolor model in a way
that the hypercharge corresponds to the third generator of SUg(2). This
simple dynamical model correctly accounts for the electroweak symmetry
breaking. The new technibaryon number Uy (1) can break due to not yet
specified new interactions. In order to get some indication on the dynamics
and spectrum of this theory one can use the 't Hooft large N limit [28-30].
For example the intrinsic scale of the theory is related to the QCD one via:

3 FI°
At ~ (| ——=E—Aqep - 2.21
TC Ny F, QCD ( )

At this point it is straightforward to use the QCD phenomenology for de-
scribing the experimental signatures and dynamics of a composite Higgs.

2.3. Constraints from electroweak precision data

The relevant corrections due to the presence of new physics trying to
modify the electroweak breaking sector of the SM appear in the vacuum
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polarizations of the electroweak gauge bosons. These can be parameter-
ized in terms of the three quantities S, T', and U (the oblique parameters)
[31-34], and confronted with the electroweak precision data. Recently, due
to the increase precision of the measurements reported by LEP II, the list of
interesting parameters to compute has been extended [35,36]. We show be-
low also the relation with the traditional one [31]. Defining with Q% = —¢?
the Euclidean transferred momentum entering in a generic two point func-
tion vacuum polarization associated to the electroweak gauge bosons, and
denoting derivatives with respect to —Q? with a prime we have [36]:

S = g% I}y 5(0), (2.22)
R 2
T = ]\Z — [Mysys (0) — My (0)] (2.23)
w
27712
w =2 jgw (1515 (0)] (2.24)
v = 912]2\45[/ [1I5(0)] , (2.25)
U = —g* [Hyays(0) — Diysy—(0)] (2.26)
92 M{%V 7 "
V = B [ waws(0) — W+W—(0)] ) (2.27)
X = ggléwgV 75 5(0). (2.28)

Here ITy (Q?) with V = {W?3B, W3W3, W+W =, BB} represents the self-
energy of the vector bosons. Here the electroweak couplings are the ones
associated to the physical electroweak gauge bosons:

1 1
while Gy is
1
= — 41Ty - (0), (2.30)

V2GE

as in [37]. S and T lend their name from the well known Peskin-Takeuchi
parameters S and T which are related to the new ones via [36,37]:

2
S _ s y_w., ar—t-_Sw

— Y. (2.31)
2 2

dsiy 1— sy
Here « is the electromagnetic structure constant and sy = sin @y is the
weak mixing angle. Therefore in the case where W =Y = 0 we have the

simple relation
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S = @ T =al. (2.32)
dsy,
The result of the the fit is shown in Fig. 5. If the value of the Higgs mass
increases the central value of the S parameters moves to the left towards
negative values.
In technicolor it is easy to have a vanishing T parameter while typically
S is positive. Besides, the composite Higgs is typically heavy with respect to
the Fermi scale, at least for technifermions in the fundamental representation
of the gauge group and for a small number of techniflavors. The oldest
technicolor models featuring QCD dynamics with three technicolors and a
doublet of electroweak gauged techniflavors deviate a few sigma from the
current precision tests as summarized in the Fig. 8. Clearly it is desirable
to reduce the tension between the precision data and a possible dynamical
mechanism underlying the electroweak symmetry breaking. It is possible to
imagine different ways to achieve this goal and some of the earlier attempts
have been summarized in [38|.

0.5

0.4

’ *

-0.2 -0.1 0 0.1 0.2 0.3

Fig.8. T wversus S for SU(3) technicolor with one technifermion doublet (the full
asterisk) versus precision data for a one TeV composite Higgs mass.

The computation of the S parameter in technicolor theories requires
the knowledge of nonperturbative dynamics rendering difficult the precise
knowledge of the contribution to S. For example, it is not clear what is the
exact value of the composite Higgs mass relative to the Fermi scale and, to
be on the safe side, one typically takes it to be quite large, of the order at
least of the TeV. However in certain models it may be substantially lighter
due to the intrinsic dynamics. We will discuss the spectrum of different
strongly coupled theories in Appendix E and its relation to the electroweak
parameters later in this chapter.
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It is, however, instructive to provide a simple estimate of the contribution
to S which allows to guide model builders. Consider a one-loop exchange of
Np doublets of techniquarks transforming according to the representation
Rrc of the underlying technicolor gauge theory and with dynamically gen-
erated mass Y(g) assumed to be larger than the weak intermediate gauge
bosons masses. Indicating with d(Rtc) the dimension of the techniquark
representation, and to leading order in My, /X (0) one finds:

d(Rrc)
Snaive =NV . 2.33
b 67 ( )

This naive value provides, in general, only a rough estimate of the exact
value of S. However, it is clear from the formula above that, the more
technicolor matter is gauged under the electroweak theory the larger is the
S parameter and that the final S parameter is expected to be positive.

Attention must be paid to the fact that the specific model-estimate of
the whole S parameter, to compare with the experimental value, receives
contributions also from other sectors. Such a contribution can be taken
sufficiently large and negative to compensate for the positive value from the
composite Higgs dynamics. To be concrete: Consider an extension of the SM
in which the Higgs is composite but we also have new heavy (with a mass of
the order of the electroweak) fourth family of Dirac leptons. In this case a
sufficiently large splitting of the new lepton masses can strongly reduce and
even offset the positive value of S. We will discuss this case in detail when
presenting the Minimal Walking Technicolor model. The contribution of
the new sector (Sxg) above, and also in many other cases, is perturbatively
under control and the total S can be written as:

S = Stc + Sns - (2.34)

The parameter T' will be, in general, modified and one has to make sure
that the corrections do not spoil the agreement with this parameter. From
the discussion above it is clear that technicolor models can be constrained,
via precision measurements, only model by model and the effects of possible
new sectors must be properly included. We presented the constraints coming
from S using the underlying gauge theory information. However, in practice,
these constraints apply directly to the physical spectrum.

The classical presentation above is utterly incomplete. In fact, it ne-
glects the constraints and back-reaction on the gauge sector coming from
the one giving masses to the SM fermions. To estimate these effects we
have considered two simple extensions able, in an effective way, to accom-
modate the SM masses. In [39], to estimate these corrections, the composite
Higgs sector was coupled directly to the SM fermions [19]. Here one gets
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relevant constraints on the W parameter while the corrections do not af-
fect the S parameter. The situation changes when an entirely new sector
is introduced in the flavor sector. Due to the almost inevitable interplay
between the gauge and the flavor sector the back-reaction of the flavor sec-
tor is very relevant [40]. Mimicking the new sector via a new (composite
or not) Higgs coupling directly to the SM fermions it was observed that
important corrections to the S and T parameters arise which can be used
to compensate a possible heavy composite Higgs scenario of the technicolor
sector [40]. To investigate these effects we adopted a straightforward and
instructive model according to which we have both a composite sector and
a fundamental scalar field (SM-like Higgs) intertwined at the electroweak
scale. This idea was pioneered in a series of papers by Simmons [41], Dine,
Kagan and Samuel [42-46], and Carone and Georgi [47,48|. More recently
this type of model has been investigated also in [49-51|. Interesting related
work can be also found in [52,53|.

2.4. Standard Model fermion masses

Since in a purely technicolor model the Higgs is a composite particle the
Yukawa terms, when written in terms of the underlying technicolor fields,
amount to four-fermion operators. The latter can be naturally interpreted as
a low energy operator induced by a new strongly coupled gauge interaction
emerging at energies higher than the electroweak theory. These type of
theories have been termed extended technicolor interactions (ETC) [54,55].

In the literature various extensions have been considered and we will
mention them later in the text. Here we will describe the simplest ETC
model in which the ETC interactions connect the chiral symmetries of the
techniquarks to those of the SM fermions (see left panel of Fig. 9).

When TC chiral symmetry breaking occurs it leads to the diagram drawn
in Fig. 9, right panel. Let us start with the case in which the ETC dynamics
is represented by a SU(Ngpc) gauge group with:

Ngrc = Ntc + Ny, (2.35)

and NN, is the number of SM generations. In order to give masses to all
of the SM fermions, in this scheme, one needs a condensate for each SM
fermion. This can be achieved by using as technifermion matter a complete
generation of quarks and leptons (including a neutrino right) but now gauged
with respect to the technicolor interactions.

The ETC gauge group is assumed to spontaneously break N, times down
to SU(Np¢) permitting three different mass scales, one for each SM fam-
ily. This type of technicolor with associated ETC is termed the one family
model [56]. The heavy masses are provided by the breaking at low en-
ergy and the light masses are provided by breaking at higher energy scales.
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Fig.9. Left panel: ETC gauge boson interaction involving techniquarks and SM
fermions. Right panel: Diagram contribution to the mass to the SM fermions.

This model does not, per se, explain how the gauge group is broken sev-
eral times, neither is the breaking of weak isospin symmetry accounted for.
For example we cannot explain why the neutrino have masses much smaller
than the associated electrons. See, however, [57| for progress on these is-
sues. Schematically one has SU(Ntc + 3) which breaks to SU(Ntc + 2) at
the scale A; providing the first generation of fermions with a typical mass
my ~ 4n(FYC)3/A? at this point the gauge group breaks to SU(Nr¢ + 1)
with dynamical scale A5 leading to a second generation mass of the order of
mg ~ 4n(FXC)3/A3 finally the last breaking SU(Nr¢) at scale A3 leading
to the last generation mass mg3 ~ 4w (F.XC)3/A2.

Without specifying an ETC one can write down the most general type
of four-fermion operators involving technicolor particles () and ordinary
fermionic fields 1. Following the notation of Hill and Simmons [13] we
write:

QT QYT
Qgp /12 +
ETC

Yy TPy Toop
e

5 QT QAYT*Q
ab

+ Yab

, (2.36)
Ao

where the T's are unspecified ETC generators. After performing a Fierz
rearrangement one has:

QT QYT Y

2
AETC

YTa )T TG [y s TD
QTQQI'Q | ITWT™

+ ﬁab (237)

(717

2 2
AETC AETC

The coefficients parametrize the ignorance on the specific ETC physics. To
be more specific, the a terms, after the technicolor particles have condensed,
lead to mass terms for the SM fermions

2
mg X gEzTC (QQ)ETC, (2.38)
Mgrc

where my is the mass of e.g. a SM quark, grrc is the ETC gauge coupling
constant evaluated at the ETC scale, Mgrc is the mass of an ETC gauge
boson and (QQ)rrc is the technicolor condensate where the operator is
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evaluated at the ETC scale. Note that we have not explicitly considered the
different scales for the different generations of ordinary fermions but this
should be taken into account for any realistic model.

The [ terms of Eq. (2.37) provide masses for pseudo Goldstone bosons
and also provide masses for techniaxions [13], see Fig. 10. The last class
of terms, namely the 7 terms of Eq. (2.37) induce flavor changing neutral
currents. For example it may generate the following terms:

1

(57°d) (57°d) + (i) (ev°e) + ..., (2.39)

Afre Afre
where s, d, 1, e denote the strange and down quark, the muon and the elec-
tron, respectively. The first term is a AS = 2 flavor-changing neutral current
interaction affecting the K; — Kg mass difference which is measured accu-
rately. The experimental bounds on these type of operators together with
the very naive assumption that ETC will generate these operators with ~
of order one leads to a constraint on the ETC scale to be of the order of
or larger than 10® TeV [54]. This should be the lightest ETC scale which
in turn puts an upper limit on how large the ordinary fermionic masses can
be. The naive estimate is that one can account up to around 100 MeV mass
for a QCD-like technicolor theory, implying that the top quark mass value
cannot be achieved.

m----- ---- 1

Fig. 10. Leading contribution to the mass of the TC pseudo Goldstone bosons via
an exchange of an ETC gauge boson.

The second term of Eq. (2.39) induces flavor changing processes in the
leptonic sector such as p — eée, ey which are not observed. It is clear that,
both for the precision measurements and the fermion masses, that a better
theory of the flavor is needed.

2.5. Walking

To better understand in which direction one should go to modify the
QCD dynamics we analyze the TC condensate. The value of the technicolor
condensate used when giving mass to the ordinary fermions should be eval-
uated not at the technicolor scale but at the extended technicolor one. Via
the renormalization group one can relate the condensate at the two scales
via:
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AgTC

Qe =ew | [ dwwra) | @@re, (20

Arc

where v is the anomalous dimension of the techniquark mass-operator. The
boundaries of the integral are at the ETC scale and the TC one. For TC the-
ories with a running of the coupling constant similar to the one in QCD, i.e.

a(p) for p > Arc, (2.41)

X ),
In p

this implies that the anomalous dimension of the techniquark masses v
a(p). When computing the integral one gets

Y
(Q@here ~1n (520) (@Qre. (2.42)

which is a logarithmic enhancement of the operator. We can hence neglect
this correction and use directly the value of the condensate at the TC scale
when estimating the generated fermionic mass:

2
my = SEC Ao, (QQ)re ~ A (2.43)
ETC
The tension between having to reduce the FCNCs and at the same time
provide a sufficiently large mass for the heavy fermions in the SM as well
as the pseudo-Goldstones can be reduced if the dynamics of the underlying
TC theory is different from the one of QCD. The computation of the TC
condensate at different scales shows that if the dynamics is such that the
TC coupling does not run to the UV fixed point but rather slowly reduces
to zero one achieves a net enhancement of the condensate itself with respect
to the value estimated earlier. This can be achieved if the theory has a near
conformal fixed point. This kind of dynamics has been denoted of walking
type. In this case

~ Agrc\ ")
(QQ)rTC ~ < 1 > (QQ)rc (2.44)
TC

which is a much larger contribution than in QCD dynamics [58-61]. Here ~
is evaluated at the would be fixed point value a*. Walking can help resolving
the problem of FCNCs in technicolor models since with a large enhancement
of the (QQ) condensate the four-fermi operators involving SM fermions and
technifermions and the ones involving technifermions are enhanced by a
factor of Agrc/Arc to the v power while the one involving only SM fermions
is not enhanced.
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In figure 11 the comparison between a running and walking behavior
of the coupling is qualitatively represented. We note that walking is not
a fundamental property for a successful model of the origin of mass of the
elementary fermions featuring technicolor. In fact, several alternative ideas
already exist in the literature (see [40] and references therein). However, a
near conformal theory would still be useful to reduce the contributions to
the precision data and, possibly, provide a light composite Higgs of much
interest to LHC physics.

Fig. 11. Top left panel: QCD-like behavior of the coupling constant as function of
the momentum (Running). Top right panel: Walking-like behavior of the coupling
constant as function of the momentum (Walking). Bottom right panel: Cartoon of
the beta function associated to a generic walking theory.

2.6. Weinberg sum rules and electroweak parameters

Any strongly coupled dynamics, even of walking type, will generate a
spectrum of resonances whose natural splitting in mass is of the order of the
intrinsic scale of the theory which in this case is the Fermi scale. In order
to extract predictions for the composite vector spectrum and couplings in
presence of a strongly interacting sector and an asymptotically free gauge
theory, we make use of the time-honored Weinberg sum rules (WSR) [62]
but we will also use the results found in [63] allowing us to treat walking
and running theories in a unified way.

2.6.1. Weinberg sum rules

The Weinberg sum rules (WSRs) are linked to the two point vector—
vector minus axial-axial vacuum polarization which is known to be sensitive
to chiral symmetry breaking. We define
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i) = [de e (g @I 0) - (Fa@Ia0)] . (245)
within the underlying strongly coupled gauge theory, where
15 () = (autv — guwa®) 811 (%) - (2.46)

Herea,b=1,..., N]%—l, label the flavor currents and the SU(Ny) generators

are normalized according to Tr [T%T°] = (1/2)6%°. The function II(¢?)
obeys the unsubtracted dispersion relation

[e.e]
1 ImlII (s
7T/ds 8+é2) =11 (Q%) , (2.47)
0

where Q2 = —¢? >0, and the constraint —Q?II(Q?) >0 holds for 0 <Q? <0
[64]. The discussion above is for the standard chiral symmetry breaking
pattern SU(Ny) x SU(Ny) — SU(Ny) but it is generalizable to any breaking
pattern.

Since we are taking the underlying theory to be asymptotically free,
the behavior of IT(Q?) at asymptotically high momenta is the same as in
ordinary QCD, i.e. it scales like Q¢ [65]. Expanding the left-hand side of
the dispersion relation thus leads to the two conventional spectral function
sum rules

1 ¥ 1 7
— /ds ImII(s) =0 and - /ds sImll(s) =0. (2.48)
T i

0 0

Walking dynamics affects only the second sum rule [63] which is more sen-
sitive to large but not asymptotically large momenta due to fact that the
associated integrand contains an extra power of s.

We now saturate the absorptive part of the vacuum polarization. We
follow Ref. [63] and hence divide the energy range of integration in three
parts. The light resonance part. In this regime, the integral is saturated
by the Nambu—Goldstone pseudoscalar along with massive vector and axial-
vector states. If we assume, for example, that there is only a single, zero-
width vector multiplet and a single, zero-width axial-vector multiplet, then

ImII(s) = nF30 (s — M) — wF30 (s — M3) — nF25 (s) . (2.49)

The zero-width approximation is valid to leading order in the large N ex-
pansion for fermions in the fundamental representation of the gauge group
and it is even narrower for fermions in higher dimensional representations.
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Since we are working near a conformal fixed point the large N argument
for the width is not directly applicable. We will nevertheless use this simple
model for the spectrum to illustrate the effects of a near critical IR fixed
point.

The first WSR implies:

F:_F%=F?, (2.50)

where F‘% and Fﬁ are the vector and axial mesons decay constants. This
sum rule holds for walking and running dynamics. A more general represen-
tation of the resonance spectrum would, in principle, replace the left-hand
side of this relation with a sum over vector and axial states. However, the
heavier resonances should not be included since in the approach of [63] the
walking dynamics in the intermediate energy range is already approximated
by the exchange of underlying fermions. The walking is encapsulated in
the dynamical mass dependence on the momentum dictated by the gauge
theory. The introduction of heavier resonances is, in practice, double count-
ing. Note that the approach is in excellent agreement with the Weinberg
approximation for QCD, since in this case, the approximation automatically
returns the known results.

The second sum rule receives important contributions from throughout
the near conformal region and can be expressed in the form of:

8 2
F2M2Z -~ F3M2 =a ﬁ FL, (2.51)

where a is expected to be positive and O(1) and d(R) is the dimension of the
representation of the underlying fermions. We have generalized the result of
Ref. [63] to the case in which the fermions belong to a generic representation
of the gauge group. In the case of running dynamics the right-hand side of
the previous equation vanishes.

We stress that a is a non-universal quantity depending on the details of
the underlying gauge theory. A reasonable measure of how large a can be
is given by a function of the amount of walking which is the ratio of the
scale above which the underlying coupling constant start running divided
by the scale below which chiral symmetry breaks. The fact that a is positive
and of order one in walking dynamics is supported, indirectly, also via the
results of Kurachi and Shrock [66]. At the onset of conformal dynamics the
axial and the vector will be degenerate, i.e. M4 = My = M, using the first
sum rule one finds via the second sum rule a = d(R)M?/(87%F2) leading
to a numerical value of about 4-5 from the approximate results in [66]. We
will, however, use only the constraints coming from the generalized WSRs
expecting them to be less model dependent.
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2.6.2. Relating WSRs to the effective theory and S parameter

The S parameter is related to the absorptive part of the vector—vector
minus axial-axial vacuum polarization as follows:

o0

ds — 2 2
S =4 | ZImil(s) =4r |- ¥ — —4 2.52

where Im 7 is obtained from ImII by subtracting the Goldstone boson con-
tribution.

Other attempts to estimate the .S parameter for walking technicolor the-
ories have been made in the past [67] showing reduction of the S parame-
ter. S has also been evaluated using computations inspired by the original
AdS/CFT correspondence [68| in [69-74]. Recent attempts to use AdS/CFT
inspired methods can be found in [75-77,79,80|.

Kurachi, Shrock and Yamawaki [81] have further confirmed the results
presented in [63] with their computations tailored for describing four dimen-
sional gauge theories near the conformal window. The present approach [63]
is more physical since it is based on the nature of the spectrum of states
associated directly to the underlying gauge theory.

Note that we will be assuming a rather conservative approach in which
the S parameter, although reduced with respect to the case of a running
theory, is positive and not small. After all, other sectors of the theory such
as new leptons further reduce or completely offset a positive value of S due
solely to the technicolor theory.

2.7. Naturalizing unparticle

It would be extremely exciting to discover new strong dynamics at the
Large Hadron Collider (LHC). It is then interesting to explore the possibility
to be able accommodate the unparticle scenario [82] into a natural setting
featuring four dimensional strongly interacting dynamics [83].

Georgi’s original idea is that at high energy there is an UV sector coupled
to the SM through the exchange of messenger fields with a large mass scale
My;. Below that scale two things happen consecutively. Firstly, the mes-
senger sector decouples, resulting in contact interactions between the SM
and the unparticle sector. Secondly, the latter flows into a non-perturbative
infrared (IR) fixed point at a scale A;y < My hence exhibiting scale invari-
ance;

L~ OuyvOsm — OyOsw - (2.53)

The UV unparticle operator is denoted by Oyy and it posses integer di-
mension dyy. When the IR fixed point is reached the operator O = Oy
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acquires a non-integer scaling dimension dy; through dimensional transmu-
tation

(0loulP)| ~ (VE2)“ T (250

This defines the matrix element up to a normalization factor. In the regime
of exact scale invariance the spectrum of the operator Oy is continuous,
does not contain isolated particle excitations and might be regarded as one
of the reasons for the name “unparticle”. The unparticle propagator carries
a CP-even phase? [85,86] for space-like momentum. Effects were found to
be most unconventional for non-integer scaling dimension dy, e.g. [82,85]
and [87].

The coupling of the unparticle sector to the SM (2.53) breaks the scale
invariance of the unparticle sector at a certain energy. Such a possibility
was first investigated with naive dimensional analysis (NDA) in Ref. [88] via
the Higgs-unparticle coupling of the form

£~ Oy|H?. (2.55)

The dynamical interplay of the unparticle and Higgs sector in connection
with the interaction (2.55) has been studied in [89]. It was found, for in-
stance, that the Higgs vev induces an unparticle vev, which turned out to
be infrared (IR) divergent for their assumed range of scaling dimension and
forced the authors to introduce various IR regulators [89,90].

In work [83] the unparticle scenario was elevated to a natural extension
of the SM by proposing a generic framework in which the Higgs and the
unparticle sectors are both composites of elementary fermions. We used
four dimensional, non-supersymmetric asymptotically free gauge theories
with fermionic matter. This framework allows to address, in principle, the
dynamics beyond the use of scale invariance per se.

The Higgs sector is replaced by a walking technicolor model (TC), where-
as the unparticle one corresponds to a gauge theory developing a nonper-
turbative® IR fixed point (conformal phase)®. By virtue of TC there is no
hierarchy problem. We even sketched a possible unification of the two sec-
tors, embedding the two gauge theories in a higher gauge group. The model
resembles the ones of extended technicolor and leads to a simple explanation
of the interaction between the Higgs and the unparticle sectors.

4 The resulting CP violation was found to be consistent with the CPT theorem [84].

> We note that the Banks-Zaks [91] type IR points, used to illustrate the unparticle
sector in [82], are accessible in perturbation theory. This yields anomalous dimensions
of the gauge singlet operators which are close to the perturbative ones, resulting in
very small unparticle type effects.

6 Strictly speaking conformal invariance is a larger symmetry than scale invariance but
we shall use these terms interchangeably throughout this paper. We refer the reader
to Ref. [92] for an investigation of the differences.
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2.7.1. The Higgs and unparticle as composites

According to [83| the building block is an extended Grxy = SU(N7p) x
SU(Ny) technicolor (TC) gauge theory. The matter content constitutes
of techniquarks Q‘} charged under the representation R of the TC group

SU(Nr) and Dirac techniunparticle fermions ¥ charged under the repre-
sentation Ry of the unparticle group SU(Ny ), where a/A = 1...dim[Ry/y]
and f/s =1...F/S denote gauge and flavor indices respectively. We will
first describe the (walking) TC and (techni)unparticle sectors separately be-
fore addressing their common dynamical origin. A graphical illustration of
the scenario is depicted in Fig. 12 as a guidance for the reader throughout
this section.

G, =SU(N,+N,)

TU

Mu - SU(N)xSU(N)  Messengers decouple
wQQ
Ay L SU(N) IR fixed point
0, QQ
A+ SU(N) Near Conformal
O, <0,>
EW L

Fig.12. Schematic scenario. The ordering of the energy scales Ay and A7 is not
of any importance.

In the TC sector the number of techniflavors, the matter representation
and the number of colors are arranged in such a way that the dynamics is
controlled by a near conformal (NC) IR fixed point. In this case the gauge
coupling reaches almost a fixed point around the scale A7 > My, with My,
the mass of the electroweak gauge boson. The TC gauge coupling, at most,
gently rises from this energy scale down to the electroweak one. Around the
electroweak scale the TC dynamics triggers the spontaneous breaking of the
electroweak symmetry through the formation of the technifermion conden-
sate, which therefore has the quantum numbers of the SM Higgs boson. As
we have explained earlier in the simplest TC models the technipion decay
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constant Fr is related to the weak scale as 2My = gFr (g is the weak
coupling constant) and therefore Fr ~ 250 GeV. The TC scale, analogous
to Aqcp for the strong force, is roughly Arc ~ 47 Fr.

Now we turn our attention to the unparticle sector. Here the total num-
ber of massless techniunparticle flavors S is balanced against the total num-
ber of colors Ny in such a way that the theory, per se, is asymptotically
free and admits a nonperturbative IR fixed point. The energy scale around
which the IR fixed point starts to set in is indicated with Ay > My .

It might be regarded as natural to assume that the unparticle and the
TC sectors have a common dynamical origin, e.g. are part of a larger gauge
group at energies above A7 and Ay. Note that the relative ordering between
A1 and Ay is of no particular relevance for this scenario. The low energy
relics of such a unified-type model are four-Fermi operators allowing the two
sectors to communicate with each other at low energy. The unparticle sector
will then be driven away from the fixed point due to the appearance of the
electroweak scale in the TC sector.

The model resembles models of extended technicolor (ETC) where the
techniunparticles play the role of the SM fermions. We refer to these type
of models as Extended Techni-Unparticle (ETU) models”. At very high
energies E > M the gauge group Gy is thought to be embedded in a
simple group Gry D Grxy. At around the scale M, the ETU group is
broken to Gry — Grxy and the heavy gauge fields receive masses of the
order of M;; and play the role of the messenger sector. Below the scale My,
the massive gauge fields decouple and four-Fermi operators emerge, which
corresponds to the first step of the scenario, e.g. Eq. (2.53) and Fig. 12.
Without committing to the specific ETU dynamics the interactions can be
parametrized as:

QQ UV
«

QQQ vviuw
Mp '

eff
L, = + w2 T (2.56)

The coefficients «, § and 7 (the latter should not be confused with an
anomalous dimension) are of order one, which can be calculated if the gauge
coupling gru is perturbative. The Lagrangian (2.56) is the relic of the
ETU(ETC) interaction and gives rise to two sources of dynamical chiral sym-
metry breaking in addition to the intrinsic dynamics of the groups G,y .
These are contact interactions of the type emphasized in [94]. Firstly, when
one fermion pair acquires a vev then the o term turns into a tadpole and
induces a vev for the other fermion pair. This is what happens to the unpar-
ticle sector when the TC sector, or the SM Higgs [89], breaks the electroweak
symmetry. Secondly, the v term corresponds to a Nambu—Jona-Lasino type

" The work by Georgi and Kats [93] on a two dimensional example of unparticles has
triggered this work.
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interaction which may lead to the formation of a vev, for sufficiently large ~.
This mechanism leads to breaking of scale invariance even in the absence of
any other low energy scale. Note that this mechanism is operative in models
of top condensation, cf. the TC report [13| for an overview. However, based
on the analysis in Appendix A of [83] we shall neglect this mechanism in the
sequel of this paper. We shall refer to these two mechanism as «/y-induced
condensates.

At the scale Ay > Myy the unparticle gauge sector flows into an IR fixed
point and the UV operator Oyy = ¥ ¥ becomes the composite unparticle
operator Org = Oy with scaling dimension dyy = 3 — v 8,

(TO)uy ~ 4Oy ;. My < Ay < My. (2.57)

Note, the anomalous dimension ~;; of the operator has to satisfy 7,4 < 2 due
to unitarity bounds of the representations of the conformal group [95]. The
Lagrangian then simply becomes

5 500 29
off QQ A Oy RERQQ A" OuOuy
Ly =a’ % + 4 i + 4 T (2.58)

This realizes the second step in the scenario, ¢f. Fig. 12 and Eq. (2.53). The
matching coefficients o, 3',+" (2.58) are related to «, 3,7 (2.56) by order
one coefficients. The « term in Eq. (2.58) is similar to the unparticle-Higgs
interaction in Eq. (2.55).

The composite operator QQ can be treated in analogy to ¥ ¥ in (2.57),

(QQ)uv ~ A Or,  Are < A < My, (2.59)

up to logarithmic corrections which are negligible. Contrary to the un-
particle sector the TC gauge dynamics break scale invariance through the
formation of an intrinsic condensate

dr _ 3— _ (A7
<OT>AT =~ w,’ZY_‘TAT’Zé = w%TATC’YT s wr = </1TC> . (260)

The estimate of the vev is based on scaling from QCD and renormalization
group evolution.

The relevant terms contained in the low energy effective theory around
the electroweak scale are?:

3 Y 2
reff _ o0t Ac A" Ou N 4" OuOy

e %

(2.61)

8 The parametrization dyy = 3 — v will be standard throughout the entire paper and
in the text the scaling dimension dyy and the anomalous dimension v, will be used
interchangeably.

% Note that in QCD-like TC models (the gauge coupling displays a running behavior
rather than a walking one) one would set y7 ~ 0 in Egs. (2.60) and (2.61).
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This step involves another matching procedure but we shall not introduce
further notation here and denote the matching coefficients by simple primes
only. As stated previously the TC condensate drives the TC gauge sector
away from the fixed point and the coupling increases towards the IR. The
sector is then replaced by a low energy effective chiral Lagrangian featuring
the relevant composite degrees of freedom [13,19]. The details on how the
unparticle operator acquires a vev can be found in [83] together with the
suggestion of a UV model. Here we will simply summarize a schematic
ETU model and its low energy effective description which can be useful for
phenomenology.

2.7.2. A schematic ETU model and its low energy effective theory

We imagine that at an energy much higher than the electroweak scale
the theory is described by a gauge theory

F

LY = 4T [FuF™)+ Y &rlid + gruA)sr + ..., (2.62)
F=1

where A is the gauge field of the SU(Np + Nyy) group and gauge indices are
suppressed. (§é)T = (Q'---QNT, wl... ¢NU) £ is the fermion field unify-
ing the technifermion and TC matter content. The dots in (2.62) stand for
the SU(3) x SU(2)r x U(1)y gauge fields and their interactions to the SM
fermions and technifermions. There is no elementary Higgs field in this for-
mulation. Unification of the TC and techniunparticle dynamics constrains
the flavor symmetry of the two sectors to be identical at high energies. The
matter content and the number of technifermions (TC + techniunparticles)
is chosen, within the phase diagram in [14], such that the theory is asymp-
totically free at high energies. The non-Abelian global flavor symmetry is
SUL(F) x SUR(F).

At an intermediate scale My, much higher than the scale where the
unparticle and TC subgroup become strongly coupled, the dynamics is such
that SU(Np+ Ny ) breaks to SU(N7) x SU(Ny). Only two flavors (i.e. one
electroweak doublet) are gauged under the electroweak group. The global
symmetry group breaks explicitly to Gr = SUL(2) x SUR(2) x SUL(F —
2) x SUR(F — 2). At this energy scale the weak interactions are, however,
negligible and we can safely ignore it.

At the scale My, there are the @’ fermions — withi=1,...,F and ¢ =
1,..., Ny — as well as the ¥ ones — withi=1,...,Fandu=1,..., Ny.
Assigning the indices i = 1,2 to the fermions gauged under the electroweak
group we observe that not only the TC fermions are gauged under the elec-
troweak but also the technunparticles. To ensure that the unparticle sector
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is experimentally not too visible we have to assume a mechanism that pro-
vides a large mass to the charged techniunparticle fermions. In reality this
is quite a difficult task, since we do not want to break the SM weak symme-
try explicitly!®. Our treatment below, however, is sufficiently general to be
straightforwardly adapted to various model constructions.

As already stated in the first section, the number of flavors and colors
for the TC and unparticle gauge groups SU(Nr) and SU(Ny) have to be
arranged such that the former is NC and the latter is conformal. This
enforces the conditions:

F<F}, , Fj, <F-2. (2.63)

F5; denotes the critical number of flavors, for a given number of colors IV,
above which the theory develops an IR fixed point. Recall that two unpar-
ticle flavors are decoupled and hence F' — F — 2 in the second inequality
in (2.63). The use of the phase diagram we will describe in the following
chapter will be relevant to determine F™.

Below the scale M, all four-Fermi interactions have to respect the flavor
symmetry Gr. The most general four-Fermi operators have been classified
in [96] and the coefficient of the various operators depend on the specific
model used to break the unified gauge theory. Upon Fierz rearrangement,
the operators of greatest phenomenological relevance are,

!/

Lo — <§ D0+ h.c.) n fw{ (DL 05) (TrWz) + ..., (264)

the scalar—scalar interactions of Eq. (2.56). Here X' is the quark bilinear,

5~ (QriQov, i=1,...,F. (2.65)

The flavor indices are contracted and the sum starts from the index value 3;
the first two indices correspond to the ¥s charged under the electroweak
force, which are decoupled at low energy. The fermion bilinear becomes the
unparticle operator (2.59),

. 1/ ifpj
(Ou)i] = Z’YMR
u

(2.66)

The matrix X at energies near the electroweak symmetry breaking scale is
identified with the interpolating field for the mesonic composite operators.

10 One could for instance unify the flavor symmetry of the unparticles with the tech-
nicolor gauge group into an ETC group. This would also produce a Lagrangian of
the type (2.56). The TC fermions would be charged under the electroweak group
separately.
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To investigate the coupling to the composite Higgs we write down the
low energy effective theory using linear realizations. We parameterize the
complex F' x F' matrix X by

c+1i6
VF

where (o,1I) and (6,I) have 0t* and 0~t quantum numbers, respectively.
The Lagrangian is given by

¥ = +V2 (UY“ + ﬁa) T*, (2.67)

reff _ Iy [(DE)TDE} — Kk (T} [ET(’)M] +h.c.> — kyTr [OMOMT}

F2-1
mene
—mire Y 5=V (2, ET) , (2.68)
a=4

where
DX =09% —igWX +ig’ SBT3, and W =W,  (2.69)

and Tr [T} / v / rl = /2. The coefficients k1 and ks are directly propor-

tional to the o’ and v’ coefficients in (2.58). The hat on some of the traces
indicates that the summation is only on the flavor indices from 3 to F'. Three
of the Goldstone bosons play the role of the longitudinal gauge bosons and
the remaining ones receive a mass m%TC from an ETC mechanism. We refer
the reader to Ref. [13] for discussion of different ETC models with mecha-
nisms for sufficiently large mass generation. The first term in the Lagrangian
is responsible for the mass of the weak gauge bosons and the kinetic term for
the remaining Goldstone bosons. The vevs for the flavor-diagonal part of the
unparticle operator, reduces to the computation performed in the previous
section. The potential term preserves the global flavor symmetry Gg. Up
to dimension four, including the determinant responsible for the 7" mass in
QCD, the terms respecting the global symmetries of the TC theory are:

v (2, 2*) - ”;QTr [2*2} + %Tr [2*2]2 Ty [(2*2)2}
s <det2 + det2T> . (2.70)

The coefficient m? is positive to ensure chiral symmetry breaking in the TC
sector. The Higgs vev enters as follows,

2
o=v+h, with FT:\/Fv:25OGeV. (2.71)
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F here is the number of flavors and h the composite field with the same
quantum numbers as the SM Higgs. The particles o, ©, Il all have masses
of the order of v. The Higgs mass, the Higgs vev and the © mass, for
instance, are

m2
v? = m , mi = 2m?, m?) = 4v2\3, (2.72)
up to corrections of the order of O(A%/M{) due to contributions from «
terms.
The lightest pesudoscalars of the unparticle sector are the pseudo Gold-
stone bosons emerging from the explicit breaking of the global flavor sym-
metry in the unparticle sector. Their mass can be read off from the linear

term in Oy of the effective Largrangian (2.68)

A 2/ 4 W) T
2 2 TC U T
miy,, =~ Arc <ML2{> (ATC> </1TC> . (2.73)

The unparticle propagator to be used for phenomenology, defined from
the the Ké&llén—Lehmann representation is

L

y $s

D (0 Ay M) = =22 / Sogtst e
Afr

The explicit form for different values of the anomalous dimension can be
found in [83]. We shall now turn to the question of the mixing of the un-
particle and the Higgs'®.

The interaction term from Eq. (2.68)

. ki(F —2
LM = —gno, Oy, Ghoy = 1(\FF) ; (2.75)

introduces a mixing between the Higgs and the unparticle. The constant k;
has mass dimension 7. The Higgs propagator is obtained from inverting
the combined Higgs-unparticle system

1
Ay (62) =
o () ¢ —mi = o, Au (¢, Ay Afg)

(2.76)

"' The findings in [83] resemble results from extra dimensional models such as the model
called HEIDI [97], where the continuous spectrum is mimicked by an infinite tower of
narrowly spaced Kaluza—Klein modes. The difference is that this model is inherently
four dimensional and that the parameters, such as the IR cut off and the strength of
the unparticle-Higgs coupling, are related to each other. This model is also different
from the one in Ref. [89] since, although both are in four dimensions, the Higgs and
unparticle coupling emerges dynamically within a UV complete theory.
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This, of course, results in unparticle corrections controlled by gno,. The
propagator can be rewritten in terms of a dispersion representation

App, (qz) = —/m, (2.77)

where the density,

/dsphh(s) =1, (2.78)

is automatically normalized to unity. The non zero value of the coupling
gno,, results solely in a change of basis (or poles and cuts) of the intermediate
particles but does not change the overall density of states. To a large extent
the spectral function is characterized by the zeros of the pole equation and
the onset of the continuum relative to the poles. This will depend on the
strength of the mixing and the anomalous dimension. Somewhat exotic
effects can be obtained when the mixing term is made very large [98,99]. In
the present model the mixing is determined by k1 (2.75):

Are\? [ Ay \ M At
~ /A'YZ/I YT — 2.
ki~ o' AL (Mu ) </1TC wyl wp TTC (2.79)

which we have normalized to the TC scale.

The value of kq is, of course, suppressed by the large scale My, per se, but
receives enhancements from the powers of the anomalous dimensions. For
the maximal allowed anomalous dimensions vy >~ 7 ~ 2 and a hierarchy
of scale envisioned earlier one finds ki A ~ a’- O(1072). We, therefore,

expect the coupling gno,, A%g“ (2.75) to be considerably smaller than one.
In this case there is generally a unique solution to the pole equation [83].
At the qualitative level it is an interesting question of whether the Higgs
resonance is below or above the threshold [89,97].

Here we introduced a framework in which the Higgs and the unparticle
are both composite. The underlying theories are four dimensional, asymp-
totically free, nonsupersymmetric gauge theories with fermionic matter. We
sketched a possible unification of these two sectors at a scale much higher
than the electroweak scale. The resulting model resembles extended techni-
color models and we termed it extended technicolor unparticle (ETU). The
coupling of the unparticle sector to the SM emerges in a simple way and
assumes the form of four-Fermi interactions below My,.

In the model the unparticle sector is coupled to the composite Higgs.
Another possibility is to assume that the Higgs sector itself is unparticle-
like, with a continuous mass distribution. This UnHiggs [100,101] could find
a natural setting within walking technicolor, which is part of the present
framework. Of course it is also possible to think of an unparticle scenario
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that is not coupled to the electroweak sector, where scale invariance is broken
at a (much) lower scale. This could result in interesting effects on low energy
physics as extensively studied in the literature.

With respect to this model, in the future, one can:

e Study the composite Higgs production in association with a SM gauge
boson, both for proton—proton (LHC) and proton—antiproton (Teva-
tron) collisions via the low energy effective theory (2.68). In Refs.
[102,103] it has been demonstrated that such a process is enhanced
with respect to the SM, due to the presence of a light composite
(techni)axial resonance'?. The mixing of the light composite Higgs
with the unparticle sector modifies these processes in a way that can
be explored at colliders. Concretely, the transverse missing energy
spectrum can be used to disentangle the unparticle sector from the
TC contribution per se.

e Use first principle lattice simulations to gain insight on the nonpertur-
bative (near) conformal dynamics. It is clear from our analysis that
this knowledge is crucial for describing and understanding unparticle
dynamics. As a model example in [83] was considered partially gauge
technicolor introduced in [17]. These gauge theories are being studied
on the lattice [105-107]. Once the presence of a fixed point is estab-
lished, for example via lattice simulations [108-111|, the anomalous
dimension of the fermion mass can be determined from the conjec-
tured all order beta function [14,21], or deduced directly via lattice
simulations (see [112-114] for recent attempts). Moreover, on the lat-
tice one should be able to directly investigate the two-point function,
1.e. the unparticle propagator.

e Investigate different models at the ETU level. For example one could
adapt some models, introduced to generate masses to the SM fermions,
in [57,115-120] to improve on the present ETU model.

e Study possible cosmological consequences of our framework. The light-
est baryon of the unparticle gauge theory, the Unbaryon, is naturally
stable (due to a protected U(1) unbaryon number) and therefore it is
a possible dark matter candidate. Due to the fact that we expect a
closely spaced spectrum of Unbaryons and unparticle vector mesons, it
shares properties in common with secluded models of dark matter [121]
or previously discussed unparticle dark matter models [122].

Within the present framework unparticle physics emerges as a natural
extension of dynamical models of electroweak symmetry breaking. As seen
above, the link opens the doors to yet unexplored collider phenomenology
and possible new avenues for dark matter, such as the use of the unbaryon.

12° A similar analysis within an extradimensional set up has been performed in [104].
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3. Techni-dark cosmology: the TIMP

The Wilkinson Microwave Anisotropy Probe (WMAP) is a NASA Ex-
plorer mission. By detecting the first full-sky map of the microwave sky —
and thus of the cosmic microwave background (CMB) — with a resolution of
under a degree (about the angular size of the moon), WMAP gave a wealth
of cosmological information. It has produced a convincing consensus on the
contents of the Universe. WMAP has also determined the age, the epochs
of the key transitions, and the geometry of the Universe, while providing
the most stringent data yet on events in the first fraction of a second of the
Universe’s existence.

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern  Dark Ages Development of

Galaxies, Planets, etc.

15t Stars
about 400 million yrs.

Big Bang Expansion
13.7 billlion years

Fig. 13. Evolution of the Universe.

More specifically, recent WMAP data [123] combined with independent
observations strongly indicate that the Universe is flat and it is predom-
inantly made of unknown forms of matter. Defining with (2 the ratio of
the density to the critical density, observations indicate that the fraction
of matter amounts to {2natter ~ 0.3 of which the normal baryonic one is
only haryonic ~ 0.044. The amount of non-baryonic matter is termed dark
matter. The total {2 in the universe is dominated by dark matter and pure
energy (dark energy) with the latter giving a contribution {24 ~ 0.7 (see for
example [124,125]). Most of the dark matter is “cold” (i.e. non-relativistic
at freeze-out) and significant fractions of hot dark matter are hardly com-
patible with data. What constitutes dark matter is a question relevant for
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particle physics and cosmology. There is a fair chance that LHC could help
to solve this puzzle by providing direct or indirect evidence for such a new
type of matter. A WIMP (Weakly Interacting Massive Particles) can be the
dominant part of the non-baryonic dark matter contribution to the total {2.
Axions can also be dark matter candidates but only if their mass and cou-
plings are tuned for this purpose. If the dark matter candidate is discovered
at the LHC it would be of tremendous help to cosmology since many of its
properties can then be studied directly in laboratory.

The future Planck ESA mission will be the third generation of CMB
space missions following the cosmic background explorer (COBE) satellite
and WMAP. The primary goal of Planck is the production of high-sensitivity
(one part per million), high-angular resolution (10 arcminutes) maps of the
microwave sky. The mission goals include:

e the precise determination of the primordial fluctuation spectrum, pro-
viding the information necessary for the theory of large scale structure
formation;

e the detection of primordial gravitons/gravity waves, allowing to test
the relationships expected from inflation;

e to uncover the statistics underlying the CMB anisotropies, for instance
by looking at non-gaussianities in the bispectrum (inflation generally
predicts a Gaussian parent distribution while topological defects pre-
dict deviation from Gaussian distributions and rare peak fluctuations).

It would be theoretically very pleasing to be able to relate the DM and the
baryon energy densities in order to explain the ratio £2p\/2p ~ 5 [126]. We
know that the amount of baryons in the Universe {25 ~ 0.04 is determined
solely by the cosmic baryon asymmetry ng/n, ~ 6 x 10719, This is so since
the baryon—antibaryon annihilation cross-section is so large, that virtually
all antibaryons annihilate away, and only the contribution proportional to
the asymmetry remains. This asymmetry can be dynamically generated
after inflation. We do not know, however, if the DM density is determined
by thermal freeze-out, by an asymmetry, or by something else. Thermal
freeze-out needs a ov ~ 3 10720 cm?/sec which is of the electroweak size,
suggesting a DM mass in the TeV range. If {2py is determined by thermal
freeze-out, its proximity to f2p is just a fortuitous coincidence and is left
unexplained.

If instead f2pny ~ 2B is not accidental, then the theoretical challenge is
to define a consistent scenario in which the two energy densities are related.
Since {2p is a result of an asymmetry, then relating the amount of DM to
the amount of baryon matter can very well imply that {2py is related to
the same asymmetry that determines {25. Such a condition is straightfor-
wardly realized if the asymmetry for the DM particles is fed in by the non-
perturbative electroweak sphaleron transitions, that at temperatures much
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larger than the temperature T} of the electroweak phase transition (EWPT)
equilibrates the baryon, lepton and DM asymmetries. Implementing this
condition implies the following requirements:

1. DM must be (or must be a composite state of) a fermion, chiral (and
thereby non-singlet) under the weak SU(2)r, and carrying an anoma-
lous (quasi)-conserved quantum number B’.

2. DM (or its constituents) must have an annihilation cross-section much
larger than electroweak oan, > 3 10726 cm? / sec, to ensure that 2pyg
is determined dominantly by the B’ asymmetry.

The first condition ensures that a global quantum number corresponding
to a linear combination of B, L and B’ has a weak anomaly, and thus DM
carrying B’ charge is produced in anomalous processes together with left-
handed quarks and leptons [127,128|. At temperatures T' > T\ electroweak
anomalous processes are in thermal equilibrium, and equilibrate the various
asymmetries Yap = ¢ Yar = cp'Yap ~ O(10719). Here the Yas represent
the difference in particle number densities n — i normalized to the entropy
density s, e.g. Yap = (np — ng)/s. These are convenient quantities since
they are conserved during the Universe thermal evolution.

At T > Mpy all particle masses can be neglected, and ¢z, and c¢ps are or-
der one coefficients, determined via chemical equilibrium conditions enforced
by elementary reactions faster than the Universe expansion rate [129]. These
coefficients can be computed in terms of the particle content, finding e.g.
cr, = —28/51 in the SM and ¢, = —8/15 in the MSSM.

At T < Mpy, the B’ asymmetry gets suppressed by a Boltzmann ex-
ponential factor e MoM/T A key feature of sphaleron transitions is that
their rate gets suddenly suppressed at some temperature T} slightly below
the critical temperature at which SU(2);, starts to be spontaneously bro-
ken. Thereby, if Mpy < Ty the B’ asymmetry gets frozen at a value of
O(Yap), while if instead Mpy > Ty it gets exponentially suppressed as
YAB’/YAB ~ e~ Mpm/T

More in detail, the sphaleron processes relate the asymmetries of the
various fermionic species with chiral electroweak interactions as follows. If
B’, B and L are the only quantum numbers involved then the relation is:

Yap: M Y,
O e I Iy L (3.80)
T YAB

YaB

where the order-one ¢, g/ coefficients are related to the cr g/ above in a
simple way. The explicit numerical values of these coefficients depend also
on the order of the finite temperature electroweak phase transition via the
imposition or not of the weak isospin charge neutrality. In [130, 131] the
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dependence on the order of the electroweak phase transition was studied in
two explicit models, and it was found that in all cases the coefficients remain
of order one. The statistical function § is:

oo
& [ dx 2® cosh™? (%\/W) for fermions,
125 [ dz2? sinh > (%\/W) for bosons .
0

with S(0) = 1(2) for bosons (fermions) and S(z) ~ 12 (z/2r)3/2e* at
z > 1. We assumed the SM fields to be relativistic and checked that this
is a good approximation even for the top quark [130,131]. The statistic
function leads to the two limiting results:

YAB’ B S(O) for MDM <K T*
12 (MDM/QWT*)3/2 e~ Mpm /T for Mpn > T

- . (3.82
Yan (3.82)

Under the assumption that all antiparticles carrying B and B’ charges are
annihilated away we have Yap//Yap = np//np. The observed DM density
f2om  Mpmnp

= ~ b 3.83

(where m;, =~ 1GeV) can be reproduced for two possible values of the DM
mass:
(i) Mpm ~ 5GeV if Mpy < Ty, times model dependent order one coeffi-
cients.

(11)) Mpm ~ 8T, ~ 2TeV if Mpy > T, with a mild dependence on the
model-dependent order unity coefficients.

The first solution is well known [127] and not interesting for our purposes.
The second solution matches the DM mass suggested by ATIC, in view of
T, ~ v [128], where v ~ 250 GeV is the value of the electroweak breaking

order parameter!3.

3.1. Introducing the TIMP

An ideal DM candidate, in agreement with PAMELA anomalies [133],
and compatible with direct DM searches, is a TeV particle that decays dom-
inantly into leptons, and that has a negligible coupling to the Z.

'3 More precisely, for a Higgs mass m;, = 120(300) GeV, Ref. [132] estimates T, =
130 (200) GeV, where the larger T values arise because of the larger values Higgs self
coupling. For the large masses that are typical of composite Higgs models, the self
coupling is in principle calculable and generally large [131], so that taking T ~ v is
not unreasonable.
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If DM is an elementary particle, this scenario needs DM to be a chiral
fermion with SU(2), interactions, which is very problematic. Bounds from
direct detection are violated. Furthermore, a Yukawa coupling A of DM to
the Higgs gives the desired DM mass Mpy ~ Av ~ 2TeV if A ~ 47 is non-
perturbative, hinting to a dynamically generated mass associated to some
new strongly interacting dynamics [128,130,131,134]. This assumption also
solves the problem with direct detection bounds, which are satisfied if DM
is a composite SU(2)y-singlet state, made of elementary fermions charged
under SU(2)r.

This can be realized by introducing a strongly-interacting ad hoc ‘hid-
den’ gauge group. A more interesting identification comes from Technicolor.
In such a scenario, DM would be the lightest (quasi)-stable composite state
carrying a B’ charge of a theory of dynamical electroweak breaking featuring
a spectrum of technibaryons (B’) and technipions (I). The TIMP (Techni-
color Interacting Massive Particle) can have a number of phenomenologically
interesting properties.

(i) A traditional TIMP mass can be approximated by mp: = Mpy =~
ngArc where ng is the number of techniquarks @ bounded into B” and
A is the constituent mass, so that Mpn/my, = ngArc/3Aqcep. De-
noting by fr (Fyr) the (techni)pion decay constant, we have Frr/fr=
VD/3 Arc/Aqep where Dg is the dimension of the constituent fer-
mions representation (D = 3 in QCD)!. Finally, the electroweak
breaking order parameter is obtained as v? = NDFIQY, from the sum
of the contribution of the Np electroweak techni-doublets. Putting all
together yields the estimate:

N nQ v

Mov~ s Ny £

where the numerical value corresponds to the smallest number of con-
stituents and of techniquarks ng = Dg = 2 and Np = 1.

(1) A generic dynamical origin of the breaking of the electroweak sym-
metry can lead to several natural interesting DM candidates (see [14]
for a list of relevant references). A very interesting case is the one in
which the TIMP is a pseudo-Goldstone boson [130,131]. In this case
one can observe these states also at colliders experiments [135].

=22 TeV, (3.84)

It is worth mentioning that models of dynamical breaking of the elec-
troweak symmetry do support the possibility of generating the experimen-
tally observed baryon (and possibly also the technibaryon/DM) asymmetry
of the Universe directly at the electroweak phase transition [139-141]. Elec-
troweak baryogenesis [142] is, however, impossible in the SM [143].

14 The large-N counting relevant for a generic extension of technicolor type can be found
in Appendix F of [14].



Conformal Dynamics for TeV Physics and Cosmology 3573

3.2. TIMP lifetime and decay modes

According to [144] the sphaleron contribution to the technibaryon decay
rate is negligible because exponentially suppressed, unless the technibaryon
is heavier than several TeV.

Grand unified theories (GUTs) suggest that the baryon number B is
violated by dimension-6 operators suppressed by the GUT scale Mgyt ~
2 x 1016 GeV, yielding a proton life-time [145]

M4
7 (p — 7%") ~ % ~ 10" sec. (3.85)
mp
If B’ is similarly violated at the same high scale Mgy, our TIMP would

decay with life-time

4
T ~ ML;]T ~ 10% sec (3.86)
Mpy

which falls in the ball-park required by the phenomenological analysis to ex-
plain the PAMELA anomaly [133]|. Models of unification of the SM couplings
in the presence of a dynamical electroweak symmetry breaking mechanism
have been recently explored [116,120]. Interestingly, the scale of unification

suggested by the phenomenological analysis emerges quite naturally [120].
Low energy TIMP and nucleon (quasi)-stability imply that, in the pri-
meval Universe, at temperatures T' < Mgyt perturbative violation of the
B’ and B global charges is strongly suppressed. Since this temperature is
presumably larger than the reheating temperature, it is unlikely that (25
and (2py result directly from an asymmetry generated in B’ or B. More
likely, the initial seed yielding {2py and {25 could be an initial asymmetry in
lepton number L that, much along the lines of well studied leptogenesis sce-
narios [146|, feeds the B and B’ asymmetries through the sphaleron effects.
Indeed, it has been shown that it is possible to embed seesaw-types of sce-
narios in theories of dynamical symmetry breaking, while keeping the scale
of the L-violating Majorana masses as low as ~ 103 TeV [147]. In Minimal
Walking Technicolor [17,19], one additional (techni-singlet) SU(2)-doublet
must be introduced to cancel the odd-number-of-doublets anomaly [148].
An asymmetry in the L’ global charge associated with these new states can
also serve as a seed for the B and B’ asymmetries. In [149] we have shown
that it is possible to embed a low energy see-saw mechanism for the fourth

family Leptons in the Minimal Walking Technicolor extension of the SM.
Assuming that TIMP decays is dominantly due to effective four-fermion
operators, its decay modes significantly depend on the technicolor gauge
group. In the following L generically denotes any SM fermion, quark or
lepton, possibly allowed by the Lorentz and gauge symmetries of the theory.
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e If the technicolor group is SU(3), the situation is analogous to ordi-
nary QCD: the TIMP is a fermionic QQQ state, and effective QQQL
operators gives TIMP — II~¢" decays. This leads to hard leptons,
but together with an excess of p, from the I~ — ¢ decay (in view of

n—~Wwy).

e If the technicolor group is SU(4) the situation is that the TIMP is a
bosonic QQQQ state, and effective QQQQ operators lead to its decay
into technipions.

e Finally, if the technicolor gauge group is SU(2) the TIMP is a bosonic
QQ state, (as put forward in [130]), and effective QQ LL operators lead
to TIMP decays into two L. Since the fundamental representation of
SU(2) is pseudoreal, one actually gets an interesting dynamics ana-
lyzed in detail in [130]. Here the TIMP is a pseudo-Goldstone boson
of the underlying gauge theory.

An SU(2) technicolor model compatible with the desired features is obtained
assuming that the left component of the Dirac field @ has zero hypercharge
and is a doublet under SU(2)r, so that the TIMP is a scalar Q@ with
no overall weak interactions, and the four-fermion operator (QQ)d,(L~,L)
allows it to decay. Such operator is possible for both SM leptons and quarks,
so that the TIMP branching ratios into 7/~ and ¢q is a free parameter.

3.8. Effective Lagrangian for the simplest TIMP and earth based constraints

We identify the TIMP with a complex scalar ¢, singlet under the SM
interactions, charged under the U(1) technibaryon symmetry of a generic
TC theory. For example UMT includes such a state [130]. The main dif-
ferences with other models featuring an extra U(1) scalar DM are: (i) The
U(1) is natural, i.e. it is identified with a technibaryon symmetry; (i) Com-
positeness requires the presence around the electroweak scale of spin one
resonances leading to striking collider signatures; (iiz) The DM relic density
is naturally linked to the baryon one via an asymmetry. We also introduce a
(light) composite Higgs particle since it appears in several strongly coupled
theories as shown in Appendix F of [14]. We consider only the TC global
symmetries relevant for the electroweak sector, i.e. the SU(2) x SU(2) spon-
taneously breaking to SU(2). The low energy spectrum contains, besides
the composite Higgs, two SU(2) triplets of (axial-) vector spin one mesons.
The effective Lagrangian, before including the TIMP, has been introduced
in [19,102] in the context of minimal walking theories. Here we add the
TIMP ¢ with the following interaction terms:



Conformal Dynamics for TeV Physics and Cosmology 3575

M? — dy
Lov = 18,0%0"¢ — ‘biqb ¢+ v [Fruw FIY + Fru PR ¢*¢

2/12
+do P Tr [C2, +C2] ¢*6 — 7 My [MMT} . (3.87)

The matrix M contains the composite Higgs and the pions eaten by the
electroweak bosons,

1
M = —[v+H+2iT%n, (3.88)

V2

where v is the vacuum expectation value, and T* = 20%, a = 1,2, 3, where
0® are the Pauli matrices. A is a scale associated to the breakdown of the low
energy effective theory and it is in the TeV energy range. Ct, and Cg,, are

the electroweak covariant linear combinations Cr, = A}, T —g/gW*T*"

and Cry, = Ag, T — d /3B T3, where W® and B are the electroweak gauge
fields (before diagonalization). Fp, Fr are the fields strength tensors asso-
ciated to the vector meson fields Aﬁ# and A%iu’ respectively. The associated
spin one mass eigenstates are indicated with R; and Rs.

In earth based experiments the TIMP interacts with nuclei mainly via
the exchange of a composite Higgs (the dps term in the above Lagrangian)
and a photon. The photon interaction was considered in [150] and it is due
to a nonzero electromagnetic charge radius of ¢. Here we stress the relevance
of the composite Higgs exchange. Similar exchanges (although not from a
composite theory) were studied also in [151,152]. The Lagrangian term for
the charge radius interaction is:

Lp= ze—¢*8 ¢ O, FH . (3.89)

The non-relativistic cross-section for scattering off a nucleon from the photon
and Higgs exchanges respectively are:

o) = M—Q 8radp i ol = /LQ 7dM Jmy 2 (3.90)
p A A2 3 nucleon A MI2{ M¢ .

with p = Mymy /(Mg + mpy). Here my is the mass of the nucleon and
the Higgs to nucleon coupling f can range between 0.14 and 0.66 [153,154].
The composite Higgs can be light in theories with higher dimensional rep-
resentations [14, 155] as well as in near-conformal TC models [17]. Simi-
larly ¢ can also be light [130]. These observations justify considering both
contributions for the cross-section. The nucleus-dark matter cross-section
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must be, however, still corrected by the nucleus form factor {(My) as de-
scribed in [151, 156]. We use the same Gaussian form factor as in [151]
which is found to be precise to within 10% for M, < 100 GeV, while for
Mgy > 100 GeV the Gaussian form factor correction still overestimates the
true cross-section [156]. However, in the latter region CDMS and XENON
currently have insufficient sensitivity even using the Gaussian form factor.

In Fig. 14 we plot the cross-sections independently. The Higgs exchange
is shown in solid red for a reference value of My = 300eV and dy; = 1.
The solid black and dashed cross-sections (adjusted for ">Ge) are the pho-
ton exchange cross-sections for two values of A, i.e. 4nFpc =~ 3 TeV and
1 TeV. The latter value would be a reasonable guess for low scale techni-
color models [157]. We have also taken the fiducial value of |[dg| = 1. In
the same plot we compare our curves with the CDMS (solid-thick-blue) and
XENON (dashed-thick-blue) exclusion limits. The long-dashed-blue line is
the projected superCDMS exclusion curve.
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Fig. 14. TIMP — nucleon cross-section: thin straight solid (red) line corresponds
to the composite Higgs exchange where we used dp; = 1 and My = 300 GeV.
The lowest solid and the dashed (black) lines correspond to the photon exchange
cross-section with dg = 1 and A = 3 TeV (solid) and 1 TeV (dashed). We use
for reference f = 0.3. Also plotted is the approximate exclusion limit from CDMS
IT Ge Combined solid-thick-(blue) and XENON10 2007 dashed-thick-(blue). The
long-dashed-(blue) line is the projected superCDMS exclusion curve. The allowed
region is below the CDMS and XENON curves.

At low values of the TIMP mass the composite Higgs exchange dominates
and the experimental constraints become relevant. We also expect important
interference effects which are obtained by simply combining the amplitudes
of the two competing processes. The effective TIMP Lagrangian has also
been used to deduce interesting collider phenomenology [135].
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There exist several interesting models of dark matter inspired to techni-
color and we refer to [136,138]| for a list of relevant literature.

4. Conformal dynamics

We have seen that models of dynamical breaking of the electroweak sym-
metry are theoretically appealing and constitute one of the best motivated
natural extensions of the SM. These are also among the most challenging
models to work with since they require deep knowledge of gauge dynamics
in a regime where perturbation theory fails. In particular, it is of utmost
importance to gain information on the nonperturbative dynamics of non-
Abelian four dimensional gauge theories.

4.1. Phases of gauge theories

Non-Abelian gauge theories exist in a number of distinct phases which
can be classified according to the characteristic dependence of the poten-
tial energy on the distance between two well separated static sources. The
collection of all of these different behaviors, when represented, for exam-
ple, in the flavor-color space, constitutes the phase diagram of the given
gauge theory. The phase diagram of SU(N) gauge theories as functions of
number of flavors, colors and matter representation has been investigated
in |14,16,20,21, 158|.

The analytical tools we will use for such an exploration are: (i) The
conjectured physical all orders beta function for nonsupersymmetric gauge
theories with fermionic matter in arbitrary representations of the gauge
group [21]; (i) The truncated Schwinger-Dyson equation (SD) [159-161] (re-
ferred also as the ladder approximation in the literature); The Appelquist—
Cohen—Schmaltz (ACS) conjecture [162] which makes use of the counting of
the thermal degrees of freedom at high and low temperature.

We will show that relevant constraints can be deduced for any gauge
theory and any representation via the all orders beta function and the SD
methods. The ACS conjecture is not sufficiently constraining when studying
theories with matter in higher dimensional representations of a generic gauge
theory [163,164].

We wish to study the phase diagram of any asymptotically free non-
supersymmetric theories with fermionic matter transforming according to a
generic representation of an SU(NNV) gauge group as function of the number
of colors and flavors.

We start by characterizing the possible phases via the potential V(r)
between two electric test charges separated by a large distance r. The list
of possible potentials is given below:
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1

Coulomb : V(r) « o (4.91)

1
Free electric : V(r) « Tog(r) ; (4.92)

: log(r)

Free magnetic : V(r) o« ——=; (4.93)

T
Higgs : V(r) o constant ; (4.94)
Confining : V(r)<or. (4.95)

A nice review of these phases can be found in [165] which here we re-review
for completeness. In the Coulomb phase, the electric charge e?(r) is a con-
stant while in the free electric phase massless electrically charged fields renor-
malize the charge to zero at long distances as, i.e. e(r) ~ 1/log(r). QED
is an Abelian example of a free electric phase. The free magnetic phase
occurs when massless magnetic monopoles renormalize the electric coupling
constant at large distance with e2(r) ~ log(r).

In the Higgs phase, the condensate of an electrically charged field gives
a mass gap to the gauge fields by the Anderson—Higgs—Kibble mechanism
and screens electric charges, leading to a potential which, up to an additive
constant, has an exponential Yukawa decay to zero at long distances. In the
confining phase, there is a mass gap with electric flux confined into a thin
tube, leading to the linear potential with string tension o.

We will be mainly interested in finding theories possessing a non-Abelian
Coulomb phase or being close in the parameter space to these theories. In
this phase we have massless interacting quarks and gluons exhibiting the
Coulomb potential. This phase occurs when there is a non-trivial, infrared
fixed point of the renormalization group. These are thus non-trivial, inter-
acting, four dimensional conformal field theories.

To guess the behavior of the magnetic charge, at large distance separa-
tion, between two test magnetic charges one uses the Dirac condition:

e(r)g(r) ~ 1. (4.96)

Then it becomes clear that g(r) is constant in the Coulomb phase, increases
with log(r) in the free electric phase and decreases as 1/log(r) in the free
magnetic phase. In these three phases the potential goes like g?(r)/r. A
linearly rising potential in the Higgs phase for magnetic test charges corre-
sponds to the Meissner effect in the electric charges.
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Confinement does not survive the presence of massless matter in the
fundamental representation, such as light quarks in QCD. This is so since it
is more convenient for the underlying theory to pop from the vacuum virtual
quark—antiquark pairs when pulling two electric test charges apart. The
potential for the confining phase will then change and there is no distinction
between Higgs and confining phase.

Under electric-magnetic duality one exchanges electrically charged fields
with magnetic ones then the behavior in the free electric phase is mapped in
that of the free magnetic phase. The Higgs and confining phases are also ex-
pected to be exchanged under duality. Confinement can then be understood
as the dual Meissner effect associated with a condensate of monopoles.

Q|

Energy

Ay Energy

N

Fig. 15. A generic gauge theory has different Knobs one can tune. For example by
changing the number of flavors one can enter in different phases. The gray (pink)
region is the conformal region, i.e. the one where the coupling constant freezes at
large distances (small energy). The region above the pink one corresponds to a non-
Abelian QED like theory and below to a QCD-like region. We have also plotted the
cartoon of the running of the various coupling constants in the regions away from
the boundaries of the conformal window. The diagram above is the qualitative one
expected for a gauge theory with matter in the adjoint representation.

4.2. Analytic methods

4.2.1. Physical all orders beta function — conjecture

Recently we have conjectured an all orders beta function which allows
for a bound of the conformal window [21]| of SU(N) gauge theories for any
matter representation.
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It is written in a form useful for constraining the phase diagram of
strongly coupled theories. It is inspired by the Novikov—Shifman—Vainshtein—
Zakharov (NSVZ) beta function for supersymmetric theories [166, 167| and
the renormalization scheme coincides with the NSVZ one. The predictions of
the conformal window coming from the above beta function are nontrivially
supported by all the recent lattice results [105,106,108,168-171].

It reproduces the exact supersymmetric results when reducing the mat-
ter content to the one of supersymmetric gauge theories. In particular we
compared our prediction for the running of the coupling constant for the
pure Yang—Mills theories with the one studied via the Schroedinger func-
tional [171-173] and found an impressive agreement. We have also predicted
that the IRFP for SU(3) gauge theories could not extend below 8.25 num-
ber of flavors. Subsequent numerical analysis [105, 106, 174] confirmed our
prediction.

In [164] we further assumed the form of the beta function to hold for
SO(N) and Sp(2N) gauge groups. Consider a generic gauge group with
N¢(r;) Dirac flavors belonging to the representation 7, ¢ = 1,...,k of the
gauge group. The conjectured beta function reads:

I Sy T(ri) Ny(ri) i (9°)
R O e (+28) (4.97)

with

k k
Bo=HCo(G) = 5> T(ri)Np(r;) and = Ca(G) = > T(r)Ny(ry).

=1 =1

(4.98)

The generators T, a = 1... N? — 1 of the gauge group in the representa-
tion r are normalized according to Tr [T ﬁTf] = T'(r)6? while the quadratic
Casimir Cy(r) is given by T*T* = Ca(r)I. The trace normalization factor
T(r) and the quadratic Casimir are connected via Cy(r)d(r) = T(r)d(G)
where d(r) is the dimension of the representation r. The adjoint represen-
tation is denoted by G.

The beta function is given in terms of the anomalous dimension of the
fermion mass v = —dInm/dIn u where m is the renormalized mass, similar
to the supersymmetric case [166,167,175]. The loss of asymptotic freedom
is determined by the change of sign in the first coefficient Gy of the beta
function. This occurs when

k
Z LT (r;))Ny(r;) = Ca(G), loss of AF. (4.99)
i=1
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At the zero of the beta function we have

k

> BT Ne(ri) 2+ ) = Ca(G) . (4.100)
=1

Hence, specifying the value of the anomalous dimensions at the IRFP yields
the last constraint needed to construct the conformal window. Having
reached the zero of the beta function the theory is conformal in the in-
frared. For a theory to be conformal the dimension of the non-trivial spin-
less operators must be larger than one in order not to contain negative norm
states |95,176,177]. Since the dimension of the chiral condensate is 3 — ~;
we see that v; = 2, for all representations r;, yields the maximum possible
bound

k
> ET(ri)Ns(ri) = Co(G),  7i=2. (4.101)

=1
In the case of a single representation this constraint yields

11 Cy(G)
8T

Ny (r)BF =2, (4.102)

The actual size of the conformal window can be smaller than the one deter-
mined by the bound above, Eq. (4.99) and (5.353). It may happen, in fact,
that chiral symmetry breaking is triggered for a value of the anomalous di-
mension less than two. If this occurs the conformal window shrinks. Within
the ladder approximation [159,160] one finds that chiral symmetry breaking
occurs when the anomalous dimension is close to one. Picking v; = 1 we
find:

k
> ET(r)Np(ri) = Co(G), v =1. (4.103)
=1

In the case of a single representation this constraint yields

11 Cy(G)
Ny(r)BF > — = =1. 4.104
()7 =+ ORI (4.104)
When considering two distinct representations the conformal window be-
comes a three dimensional volume, i.e. the conformal house [158]. Of course,
we recover the results by Banks and Zaks [91] valid in the perturbative regime
of the conformal window.
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We note that the presence of a physical IRFP requires the vanishing of
the beta function for a certain value of the coupling. The opposite however
is not necessarily true; the vanishing of the beta function is not a sufficient
condition to determine if the theory has a fixed point unless the beta function
is physical. By physical we mean that the beta function allows to determine
simultaneously other scheme-independent quantities at the fixed point such
as the anomalous dimension of the mass of the fermions. This is exactly
what our beta function does. In fact, in the case of a single representation,
one finds that at the zero of the beta function one must have

_ 11Gy(G) — 4T(r) Ny

TN (4.105)

4.2.2. Schwinger—Dyson in the rainbow approximation

For nonsupersymmetric theories an old way to get quantitative estimates
is to use the rainbow approximation to the Schwinger-Dyson equation [178,

179, see Fig. 16.

Fig. 16. Rainbow approximation for the fermion self energy function. The boson is
a gluon.

Here the full nonperturbative fermion propagator in momentum space reads

iS™'(p)=2Z(p) (p— £ ) , (4.106)
and the Euclidianized gap equation in Landau gauge is given by
d*k o ((k—p)?) Z(k?)

X(p) = 3C 4.107
=300 [ G e T e 100
where Z(k?) = 1 in the Landau gauge and we linearize the equation by
neglecting X2(k?) in the denominator. Upon converting it into a differen-
tial equation and assuming that the coupling a(u) =~ «. is varying slowly
(B(a) >~ 0) one gets the approximate (WKB) solutions

Z(p)ocp W B(p) o p? W2 (4.108)

The critical coupling is given in terms of the quadratic Casimir of the rep-
resentation of the fermions

™

3C2(7“) ’

(4.109)

e =
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The anomalous dimension of the fermion mass operator is

alp) _ 3Cs()aln)

—1—4/1—
(1) o 5

(4.110)

The first solution corresponds to the running of an ordinary mass term
(hard mass) of nondynamical origin and the second solution to a soft mass
dynamically generated. In fact, in the second case one observes the 1/p?
behavior in the limit of large momentum.

Within this approximation spontaneous symmetry breaking occurs when
a reaches the critical coupling o, given in Eq. (4.109). From Eq. (4.110)
it is clear that a. is reached when + is of order unity [58,159,160|. Hence
the symmetry breaking occurs when the soft and the hard mass terms scale
as function of the energy scale in the same way. In Ref. [159], it was noted
that in the lowest (ladder) order, the gap equation leads to the condition
v(2 — ) = 1 for chiral symmetry breaking to occur. To all orders in per-
turbation theory this condition is gauge invariant and also equivalent non-
perturbatively to the condition v = 1. However, to any finite order in
perturbation theory these conditions are, of course, different. Interestingly
the condition (2 — «) = 1 leads again to the critical coupling a, when us-
ing the perturbative leading order expression for the anomalous dimension
which is v = 36;27T(r)oz .

To summarize, the idea behind this method is simple. One simply com-
pares the two couplings in the infrared associated to (i) an infrared zero in
the 8 function, call it o* with (i) the critical coupling, denoted with «a,
above which a dynamical mass for the fermions generates nonperturbatively
and chiral symmetry breaking occurs. If o* is less than a, chiral symmetry
does not occur and the theory remains conformal in the infrared, vice versa
if a* is larger than a. then the fermions acquire a dynamical mass and the
theory cannot be conformal in the infrared. The condition a* = «. provides
the desired N3P as function of N. In practice to estimate a* one uses the
two-loop beta function while the truncated SD equation to determine a. as
we have done before. This corresponds to when the anomalous dimension
of the quark mass operator becomes approximately unity.

The two-loop fixed point value of the coupling constant is:

o Bo
— = 4.111
4 ﬁl ( )
With the following definition of the two-loop beta function
__ P s B (4.112)

B(g) = @’ T ami?
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where g is the gauge coupling and the beta function coefficients are given by

fo = FCo(G) = 3T(r)Ny (4.113)
B = BCHG) — RCy(G)T(r)N; — ACo (TN (4.114)
To this order the two coefficients are universal, i.e. do not depend on which

renormalization group scheme one has used to determine them. The pertur-
bative expression for the anomalous dimension reads:

2
1(g?) = %CQ(T’)% +0(g") . (4.115)

With v = —dInm/dIn u and m the renormalized fermion mass.
For a fixed number of colors the critical number of flavors for which the
order of a* and o, changes is defined by imposing a*=qa., and it is given by

17C5(G) + 66C5(r) Ca2(G)
1005(G) + 30Ca(r) T(r)

NP = (4.116)

Comparing with the previous result obtained using the all orders beta func-
tion we see that it is the coefficient of Co(G)/T'(r) which is different.

4.2.3. Thermal counting of the degrees of freedom — conjecture

The free energy can be seen as a device to count the relevant degrees of
freedom. It can be computed, exactly, in two regimes of a generic asymp-
totically free theory: the very hot and the very cold one.

The zero-temperature theory of interest is characterized using the quan-
tity fir, related to the free energy by

T

Jim (4.117)

where T is the temperature and F is the conventionally defined free energy
per unit volume. The limit is well defined if the theory has an IRFP. For
the special case of an infrared-free theory

fir = real bosons + % f Weyl fermions. (4.118)

The corresponding expression in the large 7' limit is

. F(T)9%0
fov == i Z

(4.119)

This limit is well defined if the theory has an ultraviolet fixed point. For an
asymptotically free theory fyy counts the underlying ultraviolet d.o.f. in a
similar way.
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In terms of these quantities, the conjectured inequality [162] for any
asymptotically free theory is

fir < fuv. (4.120)

This inequality has not been proven but it was shown to be consistent with
known results and then used to derive new constraints for several strongly
coupled, vector-like gauge theories. The ACS conjecture has been used also
for chiral gauge theories [180]. There it was also found that to make definite
predictions a stronger requirement is needed [181].

4.8. The SU(N) phase diagram

We consider here gauge theories with fermions in any representation
of the SU(N) gauge group |16, 20, 21, 158, 182] using the various analytic
methods described above. Part of our original results have already been
summarized in [14].

Here we simply plot in Fig. 17 the conformal windows for various repre-
sentations predicted with the physical all orders beta function and the SD
approaches.

Fig.17. Phase diagram for non-supersymmetric theories with fermions in the: (%)
fundamental representation, the upper most band (black), (ii) two-index antisym-
metric representation, the second band counting from the top (blue), (iii) two-index
symmetric representation, the third band (red), (iv)adjoint representation, the low-
est band parallel to the number of color axis (green) as a function of the number
of flavors and the number of colors. The shaded areas depict the corresponding
conformal windows. Above the upper solid curve the theories are no longer asymp-
totically free. In between the upper and the lower solid curves the theories are
expected to develop an infrared fixed point according to the all orders beta func-
tion. The area between the upper solid curve and the dashed curve corresponds to
the conformal window obtained in the ladder approximation.
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The ladder result provides a size of the window, for every fermion repre-
sentation, smaller than the maximum bound found earlier. This is a conse-
quence of the value of the anomalous dimension at the lower bound of the
window. The unitarity constraint corresponds to v = 2 while the ladder
result is closer to v ~ 1. Indeed if we pick ¥ = 1 our conformal window
approaches the ladder result. Incidentally, a value of « larger than one, still
allowed by unitarity, is a welcomed feature when using this window to con-
struct walking technicolor theories. It may allow for the physical value of
the mass of the top while avoiding a large violation of flavor changing neu-
tral currents [183| which were investigated in [184] in the case of the ladder
approximation for minimal walking models.

4.4. The Sp(2N) phase diagram

Sp(2N) is the subgroup of SU(2N) which leaves the tensor J =
(InxN ® i02)*? invariant. Irreducible tensors of Sp(2NN) must be trace-
less with respect to J2. Here we consider Sp(2NN) gauge theories with
fermions transforming according to a given irreducible representation. Since
74 [Sp(2N)] = Z there is a Witten topological anomaly [148] whenever the
sum of the Dynkin indices of the various matter fields is odd. The adjoint
of Sp(2N) is the two-index symmetric tensor.

4.4.1. Sp(2N) with vector fields

Consider 2Ny Weyl fermions ¢ withe=1,...,2Nandi=1,... , 2Ny in
the fundamental representation of Sp(2/N). We have omitted the SL(2,C)
spinorial indices. We need an even number of flavors to avoid the Witten
anomaly since the Dynkin index of the vector representation is equal to one.
In the following table we summarize the properties of the theory

Fields | [Sp(2N)] | SU(2Ny) | T'r;] d[r;]
q O O : 2N
G, | Adj=rD 1 N+1 | N(@2N +1)

Chiral symmetry breaking

The theory is asymptotically free for Ny < 11(IN+1)/2 while the relevant
gauge singlet mesonic degree of freedom is:

Ml = eaBgli 1 geres (4.121)

Q,C1 q/B’CQ

If the number of flavors is smaller than the critical number of flavors above
which the theory develops an IRFP we expect this operator to condense
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and to break SU(2Ny) to the maximal diagonal subgroup which is Sp(2Ny)
leaving behind 2N}% — Ny —1 Goldstone bosons. Also, there exist no Sp(2/V)
stable operators constructed using the invariant tensor €“1?»“2N gince they
will break up into mesons M. This is so since the invariant tensor e“1¢2--¢2N
breaks up into sums of products of J<1¢2,

All-orders beta function

A zero in the numerator of the all orders beta function leads to the
following value of the anomalous dimension of the mass operator at the

IRFP: N e
O = (NJF) -2, (4.122)
f

Since the (mass) dimension of any scalar gauge singlet operator must be, by
unitarity arguments, larger than one at the IRFP, this implies that v < 2.
Defining with 'y*[‘] the maximal anomalous dimension above which the theory
loses the IRFP the conformal window is:

11
TV +1) <

11
N+1) <N <—(N+1). 4.123
2+,y>[k:](+)— f—2(+> ( )
For the first inequality we have taken the maximal value allowed for the

anomalous dimension, i.e. 7[5 = 2.

SD

The estimate from the truncated SD analysis yields as critical value of

Weyl flavors:
2(1+ N)(67+ 100N
N{P = (1+ N)(67 + ). (4.124)
35+ 50N

Thermal degrees of freedoms

In the UV we have 2N (2N + 1) gauge bosons, where the extra factor
of two comes from taking into account the two helicities of each massless
gauge boson, and 4NNy Weyl fermions. In the IR we have 2N]% - Ny —1
Goldstones and hence we have:

fuov=2N@2N +1)+ 7NNy,  fir=2Nj—N;—1. (4.125)
The number of flavors for which fir = fuv is

1+ 7N 10N + 27N?
e _ +7 +\/3(34+ ON +27N?) (4.126)

No information can be obtained about the value of the anomalous dimension
of the fermion bilinear at the fixed point. Assuming the conjecture to be
valid the critical number of flavors cannot exceed N}herm. In Fig. 18 we
summarize the resulting phase diagram.
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Fig.18. Phase diagram of Sp(2N) gauge theories with 2N, fundamental Weyl
fermions. Left panel: The upper solid (blue) line corresponds to the loss of asymp-
totic freedom and it is labeled by AF; the dashed (black) curve corresponds to
the SD prediction for the breaking/restoring of chiral symmetry. The solid gray
(magenta) line corresponds to the ACS bound stating that the conformal region
should start above this line. According to the all orders beta function (BF) the
conformal window cannot extend below the solid (blue) line, as indicated by the
arrows. This line corresponds to the anomalous dimension of the mass reaching
the maximum value of 2. Right panel: The BF line is plotted assuming the value
of the anomalous dimension to be one.

4.4.2. On the limit N = 1 corresponding to SU(2)

In this case N{''™ = 2 4 (/3 ~ 4.74 and not 4/4 — 16/81 ~ 7.8 as

one deduces from equation (11) of [162|. The reason of the discrepancy is
due to the fact that the fundamental representation of SU(2) = Sp(2) is
pseudoreal and hence the flavor symmetry is enhanced to SU(2Ny). This
enhanced symmetry is expected to break spontaneously to Sp(2Ny). This
yields QN? — Ny —1 Goldstone bosons rather than NJ% — 1 obtained assuming
the global symmetry to be SU(Ny) x SU(Ny) x U(1) spontaneously broken to
SU(Ny) x U(1). The corrected Nther™ value for SU(2) is substantially lower
than the SD one which is 7.86. The all orders beta function result is instead
5.5 for the lowest possible value of Ny below which chiral symmetry must
break (corresponding to yj = 2). Imposing y7 = 1 (suggested by the SD
approach) the all orders beta function returns 7.3 which is closer to the SD
prediction. Note that there is some phenomenological interest in the SU(2)
gauge theory with fermionic matter in the fundamental representation. For
example the case of Ny = 8 has been employed in the literature as a possible
template for early models of walking technicolor [185].

These results indicate that it is interesting to study the SU(2) gauge
theory with Ny = 5 Dirac flavors via first principles lattice simulation. This
will allow to discriminate between the two distinct predictions, the one from
the ACS and the one from the all orders beta function.
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4.4.3. Sp(2N) with adjoint matter fields

Consider Ny Weyl fermions Q?{cwz} with ¢; and c¢2 ranging from 1 to 2NV
and ¢ = 1,..., Ny. This is the adjoint representation of Sp(2/N') with Dynkin
index 2(N + 1). Since it is even for any N there is no Witten anomaly for
any Ny. In the following table we summarize the properties of the theory

Fields | [Sp(2N)] | SUN}) | T[r] drs]
q . O |N+1|N@N+1)
G, | Adj=rm 1 N+1| N(2N+1)

Chiral symmetry breaking

The theory is asymptotically free for Ny < 11/2 (recall that Ny here
is the number of Weyl fermions) while the relevant gauge singlet mesonic
degree of freedom is:

i} — B i i}

MY = e qa7{c1702}q57{c37c4}J6163 JEE (4.127)
If the number of flavors is smaller than the critical number of flavors above
which the theory develops an IRFP we expect this operator to condense and
to break SU(NNy) to the maximal diagonal subgroup which is SO(Ny) leaving
behind (N]% + Ny — 2)/2 Goldstone bosons.

All-orders beta function

Here the anomalous dimension of the mass operator at the IRFP is:

o= — - 2. (4.128)

Since the dimension of any scalar gauge singlet operator must be larger than
one at the IRFP, this implies that v < 2. Defining with 77 the maximal
anomalous dimension above which the theory loses the IRFP the conformal
window is:

11 11 11
T <gro SN (4.129)
+

SD

The estimate from the truncated SD analysis yields as critical value of
flavors:

NFP =4.15. (4.130)
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Thermal degrees of freedoms

In the ultraviolet we have 2N (2N + 1) gauge bosons and N (2N + 1) Ny
Weyl fermions. In the IR we have (NJ% + Ny —2)/2 Goldstone bosons. Hence:

N?+ Ny —2

7
fov =2N@N+ 1)+ NN+ 1Ny, fir = 5

(4.131)

The number of flavors for which fir = fuv is

—24+ 7N + 14N? + /36 + 36N + 121 N2 + 196 N3 + 196 N4
T )

thcherm —
(4.132)

This is a monotonically increasing function of N which even for a value
of N as low as 2 yields N]‘iherm = 35.2 which is several times higher than the
limit set by asymptotic freedom. Although this fact does not contradict the
statement that the critical number of flavors is lower than N}herm it shows
that this conjecture does not lead to useful constraints when looking at
higher dimensional representations as we observed in [163| when discussing
higher dimensional representations for SU(N) gauge groups. In Fig. 19 we
summarize the resulting phase diagram.

sPeN) [ sPeN) [
AF AF

SD sD

B.F.&

N N

Fig.19. Phase diagram of Sp(2N) gauge theories with Ny adjoint Weyl fermions.
Left panel: The upper solid (red) line corresponds to the loss of asymptotic freedom
and it is labeled by AF; the dashed (black) curve corresponds to the SD prediction
for the breaking/restoring of chiral symmetry. According to the all orders beta
function (BF) the conformal window cannot extend below the solid (red) line, as
indicated by the arrows. This line corresponds to the anomalous dimension of
the mass reaching the maximum value of 2. Right panel: The BF line is plotted
assuming the value of the anomalous dimension to be one.

4.4.4. Sp(2N) with two-index anti-symmetric representation

Consider Ny Weyl fermions qfcl 3] with ¢; and ¢z ranging from 1 to 2N
andi=1,...,Ny. As for the two-index symmetric case here too the Dynkin
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index is even and hence we need not to worry about the Witten anomaly.
In the following table we summarize the properties of the theory

Fields | [Sp(2N)] | SU(Ny) | T[r] d[r]
q H 0 N—-1|N@2N-1)-1
G, | Adj=rm 1 N+1| N@2N+1)

Chiral symmetry breaking

11(N+1)
2(N—1)

The theory is asymptotically free for Ny < with the relevant

gauge singlet mesonic degree of freedom being:

MU} = Eaﬁqiz, [e1,e2] qé%[c&ax} JELes jeaes (4.133)

If the number of flavors is smaller than the critical number of flavors above
which the theory develops an IRFP we expect this operator to condense and
to break SU(NNy) to the maximal diagonal subgroup which is SO(Ny) leaving
behind (N]% + Ny — 2)/2 Goldstone bosons.

All-orders beta function

The anomalous dimension of the mass operator at the IRFP is:

11(N 4+ 1) — 2Nf(N — 1)

g= Ny (N - 1) (4.134)

Defining with ~{ the maximal anomalous dimension above which the theory
loses the IRFP the conformal window is:

UN+1_ 11 N+1§Nf§EN+1'
AN-1"2+y-N-1 2 N1

H

The maximal value allowed for the anomalous dimension is 'y*E] =2.

(4.135)

SD

The SD analysis yields as critical value of flavors:

(1+ N)(83N +17)
5(4N2 — 3N — 1)

NP = (4.136)
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Thermal degrees of freedoms

In the ultraviolet we have 2N (2N + 1) gauge bosons and (N(2N —1) —
1)N¢ Weyl fermions. In the IR we have (NJ% + Ny —2)/2 Goldstone bosons.
Hence:

. NJ% + Nf -2
fuv=2NQ@2N+1)+ ;(N@2N -1)-1)Ny,  firm=—""5"—".

(4.137)
The number of flavors for which fig = fyv is

—9 — 7N + 14N?2 + V113 + 190N — 75N2 — 196 N3 + 196 N4

Ntherm -
! 4

(4.138)
As explained above no useful constraint can be set with this criterion [163].
In Fig. 20 we summarize the phase diagram.

10— 10

\ SP(2N) \ SPQN
o N\ E 9 \\ E
AF N
8 N 8 b
A I .. T
7 \\\ 7 \\ \\\
=N | T =
6| | SD 6| T SD
.................. B.F & 7}\
| —
\\1\ S
4 BR&Y =2 \._L\_L‘ 4
2 4 6 10 2 4 6 10
N N

Fig. 20. Phase diagram of Sp(2V) gauge theories with Ny two-index antisymmetric
Weyl fermions. Left panel: The upper solid (blue) curve corresponds to the loss of
asymptotic freedom and it is labeled by AF; the dashed (black) curve corresponds
to the SD prediction for the breaking/restoring of chiral symmetry. According to
the all orders beta function (BF) the conformal window cannot extend below the
lower solid (blue) curve, as indicated by the arrows. This curve corresponds to the
anomalous dimension of the mass reaching the maximum value of 2. Right panel:
The BF curve is plotted assuming the value of the anomalous dimension to be one.

Summary of the results for SP(2N) gauge theories

In Fig. 21 we summarize the relevant zero temperature and matter den-
sity phase diagram as function of the number of colors and Weyl flavors
(Nw ) for Sp(2N) gauge theories. For the vector representation Ny p = 2Ny
while for the two-index theories Ny = Ny. The shape of the various confor-
mal windows are very similar to the ones for SU(IV) gauge theories [16,20,21]
with the difference that in this case the two-index symmetric representation
is the adjoint representation and hence there is one less conformal window.
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5D BE&Y =2
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Fig.21. Phase Diagram, from top to bottom, for Sp(2N) Gauge Theories with
Nw s = 2Ny Weyl fermions in the vector representation — upper part (light blue),
Nw s = Ny in the two-index antisymmetric representation middle part (light red)
and finally in the two-index symmetric (adjoint) lower part (light green). The
arrows indicate that the conformal windows can be smaller and the associated
solid curves correspond to the all orders beta function prediction for the maximum
extension of the conformal windows.

4.5. The SO(N) phase diagram

We shall consider SO(N) theories (for N > 5) since they do not suffer
of a Witten anomaly [148] and, besides, for N < 7 can always be reduced to
either an SU or an Sp theory.

4.5.1. SO(N) with vector fields

Consider Ny Weyl fermions ¢. withc=1,...,N and i = I,...,Nyin
the vector representation of SO(N). In the following table we summarize
the properties of the theory

Fields | [SO(N)] | SU(Ny) | T'[r;] d[rq]
q O O 1 N
G, |Adj=H| 1 |N-2]|N=

1

2

Chiral symmetry breaking

The theory is asymptotically free for Ny < w The relevant gauge

singlet mesonic degree of freedom is:

MY = aBgli g} geer (4.139)

C.Ia,cl B,c2
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If the number of flavors is smaller than the critical number of flavors above
which the theory develops an IRFP we expect this operator to condense and
to break SU(NNy) to the maximal diagonal subgroup which is SO(NNy) leaving
behind (NJ% + Ny — 2)/2 Goldstone bosons.

All-orders beta function

The anomalous dimension of the mass operator at the IRFP is:

11(N -2
7[]:7( ) _

2. 4.14
Y, (4.140)

Defining with {5 the maximal anomalous dimension above which the theory
loses the IRFP the conformal window reads:

11
2+7D

(N-2)<N; <Y (N-2). (4.141)
The maximal value allowed for the anomalous dimension is 7"[‘] =2

SD
The SD analysis yields as critical value of flavors:

2(N — 2)(50N — 67)

NSD —
s 5(56N —7)

(4.142)

Thermal degrees of freedoms

In the ultraviolet we have N(IN — 1) gauge bosons and NN; Weyl
fermions. In the IR we have (Nf2 + Nt — 2)/2 Goldstone bosons. Hence:

- NF+ Ny —2
fUV:N(N—l)—{-ZNNf, fIR:f- (4.143)
The number of flavors for which fir = fuv is
-2 N — 60N 1N?
e _ + 7N + /36 — 60N + 8 | (4.144)

4

This value is larger than the SD result and it is larger than the asymp-
totic freedom constraint for NV < 7. This is not too surprising since the
vector representation of SO(N) for small N becomes a higher representa-
tion of other groups for which we have already shown that this method is
unconstraining [163].

Note that the ACS line is always above the SD result. In Fig. 22 we
summarize the phase diagram.
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Fig.22. Phase diagram of SO(N) gauge theories with N; fundamental Weyl
fermions. Left panel: The upper solid (blue) line corresponds to the loss of asymp-
totic freedom and it is labeled by AF; the dashed (black) curve corresponds to the
SD prediction for the breaking /restoring of chiral symmetry. The middle solid gray
(magenta) line corresponds to the ACS bound stating that the conformal region
should start above this line. According to the all orders beta function (BF) the
conformal window cannot extend below the lower solid (blue) line, as indicated by
the arrows. This line corresponds to the anomalous dimension of the mass reaching
the maximum value of 2. Right panel: The BF line is plotted assuming the value
of the anomalous dimension to be one.

4.5.2. SO(N) with adjoint matter fields

Consider Ny Weyl fermions qfcl ca] with ¢; and ¢y varying in the range

1,...,Nand i=1,...,Ny. This is the adjoint representation of SO(N). In
the following table we summarize the properties of the theory

Fields | [SO(N)] | SU(Ny) | T[ry] d[ri]

q H o | N-2| 25
G, |AdG=H| 1 |N-2|N¥TD

The analysis leads to a conformal window which is an identical copy of
the one for the adjoint matter of the Sp gauge theory which is also identical
to the SU case with adjoint matter.

4.5.3. SO(IN) with two-index symmetric representation

Consider Ny Weyl fermions q?}LCl e} with ¢; and ¢y varying in the range
1,...,Nand i =1,..., Ny, i.e. in the two-index symmetric representation
of SO(N). In the following table we summarize the properties of the theory
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Fields | [SO(N)] | SU(Ny) | T][r;] dr;]
NN+ 4

q mm O |N+2 >
G, |Adg=H| 1 |N-2| YD

Chiral symmetry breaking

11(N-2)
2(N+2)

The theory is asymptotically free for Ny < . The relevant gauge

singlet mesonic degree of freedom is:

MUY = ol

i} 3 5C2,
a,{01702}qﬁ,{03,c4}66103502 “. (4.145)

If the number of flavors is smaller than the critical number of flavors above
which the theory develops an IRFP we expect this operator to condense and
to break SU(Ny) to the maximal diagonal subgroup which is SO(Ny) leaving
behind (N}% + Ny — 2)/2 Goldstone bosons.

All-orders beta function

The anomalous dimension of the mass operator at the IRFP is:

= AN =2, (4.146)
N(N +2)

Defining with ~— the maximal anomalous dimension above which the the-
ory loses the IRFP the conformal window reads:

11]\7—2< 11 N-2 11N -2

1 <Np< —— 2 4.147
A4N+2- 2+ N+2- /= 2N +2 (4.147)

The maximal value allowed for the anomalous dimension is v = 2.

SD

The SD analysis yields as critical value of flavors:

(N — 2)(83N — 34)
10(2N2 +-3N —2) °

NP = (4.148)
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Thermal degrees of freedoms

: N+1
In the ultraviolet we have N(N — 1) gauge bosons and (N% —1)Ny

Weyl fermions. In the IR we have (NJ% +N¢—2)/2 Goldstone bosons. Hence:

(N+1)_1
2

N]%—FNf—Q

fov=N(N-1)+5(N 2

)Ny, fir= . (4.149)

The number of flavors for which fig = fuv is

—18+7N(1+N)++/452+ N (—380+ N (=75+49N (2+N)))
8

therm __
N ¥ =

(4.150)
This value is several times larger than the asymptotic freedom result and
hence poses no constraint [163|. In Fig. 23 we summarize the phase diagram.

4 soNy | M /// 4 sonNy | M ///
AF AF
/ sSD I / 5= .
3 IR S N e ety [
_____ T BRaps1
= 2! T [/—/——/_J’f = 2?/
1 1
0 10 12 14 16 18 0 10 12 14 16 18
N N

Fig.23. Phase diagram of SO(IN) gauge theories with N; Weyl fermions in the
two-index symmetric representation. Left panel: The upper solid (blue) curve
corresponds to the loss of asymptotic freedom and it is labeled by AF; the dashed
(black) curve corresponds to the SD prediction for the breaking /restoring of chiral
symmetry. According to the all orders beta function (BF) the conformal window
cannot extend below the solid (blue) curve, as indicated by the arrows. This curve
corresponds to the anomalous dimension of the mass reaching the maximum value
of 2. Right panel: The BF curve is plotted assuming the value of the anomalous
dimension to be one.

Summary for SO(IN) gauge theories

In Fig. 24 we summarize the relevant zero temperature and matter den-
sity phase diagram as function of the number of colors and Weyl flavors
(N¢) for SO(IV) gauge theories. The shape of the various conformal win-
dows are very similar to the ones for SU(N) and Sp(2N) gauge with the
difference that in this case the two-index antisymmetric representation is
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Fig.24. Phase diagram of SO(N) gauge theories with Ny Weyl fermions in the
vector representation, in the two-index antisymmetric (adjoint) and finally in the
two-index symmetric representation. The arrows indicate that the conformal win-
dows can be smaller and the associated solid curves correspond to the all orders
beta function prediction for the maximum extension of the conformal windows.

the adjoint representation. We have analyzed only the theories with N > 6
since the remaining smaller N theories can be deduced from Sp and SU us-
ing the fact that SO(6) ~ SU(4), SO(5) ~ Sp(4), SO(4) ~ SU(2) x SU(2),
SO(3) ~ SU(2), and SO(2) ~ U(1).

At infinite IV it is impossible to distinguish theories with matter in the
two-index symmetric representation from theories with matter in the two-
index antisymmetric. This means that, in this regime, one has an obvious
equivalence between theories with these two types of matter. This statement
is independent on whether the gauge group is SU, Sp or SO(N). What dis-
tinguishes SU from both Sp and SO is the fact that in these two cases one
of the two two-index representations is, in fact, the adjoint representation.
This simple observation automatically implies that one Weyl flavor in the
two-index symmetric (antisymmetric) representation of SO(N)(Sp(2N)) be-
comes indistinguishable from pure super Yang-Mills at large N. The original
observation appeared first within the context of string theory and it is due
to Sugimoto [186] and Uranga [187|. A similar comment was made in [188].

4.6. Conformal house

Till now the investigations dealt with fermions in a single representation
of the gauge group. In fact, these constitute only a small fraction of all of
the possible gauge theories we can envision built out of fermions in several
representations. A priori there is no reason to exclude these theories from
interesting applications. In fact, we have very recently shown that one of
these theories leads to a novel model of dynamical electroweak symmetry
breaking possessing several interesting phenomenological features [130].
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In [182] we initiated the first systematic study of conformal gauge dy-
namics associated to nonsupersymmetric gauge theories featuring matter in
two different representations of the undelying gauge group. The region in
flavor /color space bounding the fraction of the theory developing a confor-
mal behavior at large distances is a three-dimensional volume. Two faces of
this volume correspond the the conformal areas of the gauge theory when
on of the flavor numbers is set to zero. These areas are often referred as
conformal windows. It is then natural to indicate the conformal volumes
as the conformal houses whose windows are the two dimensional conformal
areas.

Let us review the case of a single representation but with a little twist,
i.e. we draw it with the number of colors on the vertical axis. See Fig. 25
where we used the all orders beta function results.

7

N M
2 4 6 8 10 12
Nt

(o))

o

IN

w

14 16 18

Fig.25. Phase diagram for non-supersymmetric theories with fermions in the: (%)
fundamental representation, the right most band (black), (i) two-indexed anti-
symmetric representation, the second band from the right (blue), (i) two-indexed
symmetric representation, the third band from the right (red), (iv) adjoint rep-
resentation, the vertical band (green) as a function of the number of colors and
number of flavors. The shaded areas depict the corresponding conformal windows
stemming from the all orders beta function. To the right of the shaded ares the
theories are no longer asymptotically free while to the left of the shaded areas the
theories are expected to break chiral symmetry.

Let us now generalize to multiple representations. First, the loss of
asymptotic freedom is determined by the change of sign in the first coefficient
of the beta function. This occurs when

k
> ET(r)Ny(ri) = Co(G). (4.151)

=1
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Second, we note that at the zero of the beta function we have

k
D ET(r)Np(ri) (247) = Co(G) - (4.152)

=1

Therefore, specifying the value of the anomalous dimensions at the infrared
fixed point yields the last constraint needed to construct the conformal re-
gion. Having reached the zero of the beta function the theory is conformal in
the infrared. For a theory to be conformal the dimension of the non-trivial
spinless operators must be larger than one in order to not contain negative
norm states [95,176,177|. Since the dimension of each chiral condensate is
3 — v; we see that v; = 2, for all representations r;, yields the maximum
possible bound!®

k
> ET(r)Ns(ri) = Co(G). (4.153)
=1

For two distinct representations the conformal region is a three dimensional

volume, i.e. the conformal house. The windows of the house correspond ex-

actly to the conformal windows presented in the previous section. In Fig. 26

we plot the bound of the conformal volume in the case of fundamental and

adjoint fermions. For completeness we also plot below in Fig. 27 the bound
F-Adj

0 Ni[F]

1
o NGl

Fig.26. The conformal house for a non-supersymmetric gauge theory containing
fundamental and adjoint fermions. To the right of the right surface the theories
are non-asymptotically free while to the left of the left surface the theories break
chiral symmetry. Between the two surfaces the theories can develop an infrared
fixed point.

15 Note that v < 2 is an ezact bound [95,176,177], i.e. does not depend on model
computations. If it turns out that dynamically a smaller value of v actually delimits
the conformal window this value must be less than 2 and hence does not affect our
results on the bound of the conformal windows.
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on the conformal house with one species of fermions in the fundamental rep-
resentation and the other in the two-index (anti)symmetric in the (right)left
panel. We consider only two-index representations in Fig. 28, more specif-
ically we consider the adjoint representation together with the two-index
(anti)symmetric in the 28 (right) left panel. Note that to the right of the
right surface the theories are non-asymptotically free while to the left of the
left surface the theories break chiral symmetry. Between the two surfaces
the theories can develop an infrared fixed point.

3
Nyl28] 0 1 Ny[2A]

0

Fig.27. The conformal house for a non-supersymmetric gauge theory containing
fermions in the fundamental and two-indexed symmetric representations (left) and
in the fundamental and two-indexed antisymmetric representations (right).

¥ 2 3
N/IG] NAGI ) 4

Fig.28. The conformal house for a non-supersymmetric gauge theory containing
fermions in the adjoint and two-indexed symmetric representations (left) and in
the adjoint and two-indexed antisymmetric representations (right).

Finally in Fig. 29 we consider the last case in which one representation
corresponds to the two-index symmetric and the other one is the two-index
antisymmetric.
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Fig.29. The conformal house for a non-supersymmetric gauge theory containing
fermions in the two-indexed symmetric and two-indexed antisymmetric represen-
tations.

4.7. On the behavior of physical B-functions

Often, in the literature, one finds plotted a cartoon of the running of the
coupling constant for either conformal or near conformal theories. Here we
provide yet another cartoon of this running but this time using the physical
form of the conjectured beta function [21] augmented with a simple ansatz
for the dependence of the anomalous dimension on the coupling constant.
The advantage is that we will be able to plot what happens when changing
the number of flavors in any gauge theory. It should provide a simple frame-
work allowing for a unified picture of the current lattice results for different
representations and gauge groups.

Let us start with the assumption that a specific theory does posses an
IRFP. In this case we have that:

e The anomalous dimension assumes a scheme independent value at the
fixed point which according to the all orders beta function is:
11C%(G) — 4T (r)N
iy 1LC2(C) — 4T(1)N;
pn—0 QT(T)Nf

(4.154)

with r the fermion representation.

o At high energies v must match the perturbative expansion of the
anomalous dimension.

1 is the renormalization energy scale. It is straightforward to show that if
one chooses, for the anomalous dimension, any continuous function of the
coupling constant then the all orders beta function will always require, at
the IRFP, that v assume the value assumed above. To be able to draw the
running of the coupling constant we pick as a simple approximation for ~
the second order expression for ~:

2 4

g g 6
pr— —_— 4-1
v a047r+a1(47r)2+(9(g), (4.155)
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with
1
1672

[302(7“)2 — %CQ(T’)NJ“ + %CQ(T)CQ(G)] .
(4.156)
We start here by showing the case of minimal conformal theories, more
specifically SU(2) gauge theories with Dirac fermions in the adjoint. In
Fig. 30 we plot v up to second order, for two adjoint Dirac flavors as a red
solid line. To second order « does not differ much for different flavors in the

3
ag = %02(7’), ay

2.0

»1.0

g

Fig.30. Anomalous dimension of the mass as function of the coupling constant for
two Dirac flavors in the adjoint representation of SU(2). To second order does not
differ much for different flavors in the conformal window. The lowest horizontal
(blue) dashed corresponds to the fixed point value for Ny = 1.5 Dirac flavors
(i.e. three Weyl), the second from the bottom (red) dashed one to Ny = 2 (four
Weyl) and the third (black) one to Ny = 2.5, i.e. five Weyl. The black dashed line
marks the maximum value suggested by the SD equation. The value of the coupling
for which the solid and the different dashed lines meet is the fixed point value of
the coupling (determined by the vertical dashed lines). The solid lowest (green)
curve is the all orders anomalous dimension for super Yang-Mills, corresponding to
Ny = 0.5, i.e. one Weyl fermion.

conformal window. The horizontal blue dashed line corresponds to the fixed
point value for Ny = 1.5 Dirac flavors (i.e. 3 Weyl), the red dashed one to
Ny = 2 (four Weyl) and the black one to Ny = 2.5, i.e. five Weyl. The black
dashed line marks the maximum value suggested by the SD equation. The
value of the coupling for which the solid and the different dashed lines meet
is the fixed point value of the coupling (determined by the vertical dashed
lines). The green curve is the all orders anomalous dimension for super
Yang-Mills, corresponding to Ny = 0.5, i.e. one Weyl fermion. The analytic
expression of the anomalous dimension can now be used to determine the
beta functions. The different betas are shown in the left panel of Fig. 31.
The running of the coupling is, instead, plotted in the right panel of Fig. 31.
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Fig. 31. Left panel: Beta functions for different values of the number of Dirac flavors
in the adjoint representation of the SU(2) gauge group. The left most (black) solid
curve hitting an IR fixed point corresponds to Ny = 2.5, the second to left (red) to
Ny = 2, the dashed one is the two-loop beta function for Ny = 2 again, while the
right most (magenta) curve corresponds to Ny = 1.5.The curve that does not hit
an IR fixed point (green) is the beta function for super Yang-Mills. Right panel:
Running of the coupling constants for different numbers of Dirac flavors gauged
under the adjoint representation of SU(2). The lowest curve (red) corresponds to
Ny =2, the second lowest (magenta) to Ny = 1.5 and the dashed (red) to Ny = 1.2
via the two loops beta function. The (green) line which keeps increasing at lower
values of mu corresponds to the running of the super Yang-Mills coupling.

We have also plotted the two-loop beta function for SU(2) with 2 Dirac
flavors in the plots of the various beta functions. It is the dashed black
line. Interestingly the fixed point is reached before the one obtained via
the two-loop beta function. This is consistent with the recent lattice results
obtained in [189].

For completeness we also present the results for SU(/V) with fermions in

the fundamental representation, i.e. the QCD conformal window.
The analytic expression of the anomalous dimension can now be used to
determine the beta function in between the UV fixed point and the IRFP
one. The different betas are shown in right panel of Fig. 32. The general
message is that one can have large values of the anomalous dimensions and
yet have coupling constants at the IRFP which are small. In fact, for QCD
the coupling constant is always smaller than 4 in the conformal window.
Interestingly this is true also for the case of the fermions in the adjoint
representation. Moreover, for the case of 12 flavors in QCD and two flavors
in the adjoint representation we have a fixed point coupling that is close to
3 and a little larger than 2, respectively. Naively the expansion parameter
in perturbation theory is %. One gets for 12 flavors QCD a value close to
0.72 and for MW'T 0.24. The picture resulting from our analysis is similar
to the one observed via first principle lattice simulations for QCD with 12
flavors as well as MWT and offers a possible theoretical understanding of
the physics behind these lattice explorations.
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Fig. 32. Left panel: Anomalous dimension of the mass as function of the coupling
constant for different number of Dirac flavors in the fundamental representation of
SU(3). The (black) solid most left line corresponds to Ny = 9, the (red) second
most left one to Ny = 10, (magenta) the third to Ny = 12, (blue) the fourth to
Ny = 14 and (green) the right most one to Ny = 16. The dashed black line for
v = 1 marks the maximum value suggested by the SD equation. Each dashed line
parallel to the g correspond to the specific value of at the fixed point. The value of
the coupling at the point where the dashed lines and the respective meet is the fixed
point one. Right panel: QCD beta functions for different values of the number of
Dirac flavors. The first to the right black solid curve corresponds to Ny = 9, the
second to the right (red) Ny = 10, the third solid line (magenta) to Ny = 12 and
the fourth (blue) to Ny = 14. The dashed line corresponds to the case of Ny = 12
beta function at two loops.

4.8. Conformal chiral dynamics

Our starting point is a nonsupersymmetric non-Abelian gauge theory
with sufficient massless fermionic matter to develop a nontrivial IRFP. The
cartoon of the running of the coupling constant is represented in Fig. 33.

Ay Energy

Fig.33. Running of the coupling constant in an asymptotically free gauge theory
developing an infrared fixed point for a value a = o*.

In the plot Ay is the dynamical scale below which the IRFP is essentially
reached. It can be defined as the scale for which « is 2/3 of the fixed point
value in a given renormalization scheme. If the theory possesses an IRFP
the chiral condensate must vanish at large distances. Here we want to study
the behavior of the condensate when a flavor singlet mass term is added to
the underlying Lagrangian:
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AL = —mnp + h.c. (4.157)

with m the fermion mass and W; as well as JC left transforming two compo-
nent spinors, ¢ and f represent color and flavor indices. The omitted color
and flavor indices, in the Lagrangian term, are contracted. We consider
first the case of fermionic matter in the fundamental representation of the
SU(N) gauge group. We then generalize our results to the case of higher
dimensional representations.

The effect of such a term is to break the conformal symmetry together
with some of the global symmetries of the underlying gauge theory. The
composite operator:

has mass dimension d{z; = 3 — v with v the anomalous dimension of the

mass term. At the fixed point v is a positive number smaller than two [95].
We assume m < Ay. Dimensional analysis demands:

AL — —m A}, Tr [0, +hec. (4.159)

The mass term is a relevant perturbation around the IRFP driving the theory

away from the fixed point. It will induce a nonzero vacuum expectation value
for OQZ ” itself proportional to (5}”. It is convenient to define Tr [O b ¢] = N;O
with O a flavor singlet operator. The relevant low energy Lagrangian term
is then:

—m A}, N;O + hec. (4.160)
To determine the vacuum expectation value of O we replace it, formally,

with a sum over an infinite number of canonically normalized single particle
states [190]:

O(x) = fapnlx). (4.161)
n=1

Each state possesses a mass M,, whose value is controlled by an artificial mass
gap A and a function of n, call it z(n), with the properties z(n + 1) > z(n)
and z(1) = 1.

M? = A%z(n). (4.162)

We also have [190]:

, (4.163)
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with fdw a function depending on the scaling dimension of the operator as

well as the details of the underlying dynamics [83]. Because of the presence
of the fictitious mass terms the potential reads:

V= mA’(Y]NfonSOn +m/1’[y]Nfon@n + ZMggpn@n (4'164)

n=1 n=1 n=1

The bar over the fields and the fermion mass indicates complex conjugation.
The extremum condition yields:

_ In
(pn) = —mAGN 775 (4.165)
yielding:
(O) = —mAFNs Y ik (4.166)
n=1"""

We now take the limit A2 — 0 and the sum becomes an integral. For any
specific function z(n) it is easy to show that:

<O> = —ﬁl/lng}_d&w.Q [AU\/, AIR] , (4.167)
with 1
2 [Auy, ) = 7 A2 20| (4.168)

The ultraviolet and infrared cutoffs are introduced to tame the integral in
the respective regions. A simple physical interpretation of these cutoffs is the
following. At very high energies, at scales above A, the underlying theory
flows to the ultraviolet fixed point and we have to abandon the description
in terms of the composite operator. This immediately suggests that Ayy
is naturally identified with Ay. The presence of the mass term induces a
mass gap, which is the quantity we are trying to determine. The induced
physical mass gap is a natural infrared cutoff. We, hence, identify Aig with
the physical value of the condensate. We find:

<~Z¢§v> o —mAf, 0<vy<1, (4.169)
~ /12

PIyG) o« —mAflog Y-, N1, 4.170
(9v5) U8 o)) (4.170)
<JZ w;} o —mG /AN pB0FD gy <o) (4.171)

We used (Jd)) ~ A} {O) to relate the expectation value of O to the one of
the fermion condensate. Via an allowed axial rotation m is now real and
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positive. It is instructive to compare these results with the ones obtained
via naive dimensional analysis (NDA) [88] also discussed in [191] and in [83].

We find:
T e i lﬁyv
<1pc ¢f>NDA o< —mI AT (4.172)

Note that one recovers the previous scaling as function of m (up to loga-
rithmic corrections) only for 1 <« < 2. The failure of NDA for a smaller
anomalous dimension is due to the fact that the ultraviolet physics is not
captured by NDA [83]. The effects of the instantons on the conformal dy-
namics has been investigated in [192]. Here it was shown that the effects of
the instantons can be sizable only for a very small number of flavors given
that, otherwise, the instanton induced operators are highly irrelevant.

At any nonzero value of the fermion mass the chiral and conformal sym-
metries are explicitly broken and single particle states emerge at low energies.
A relevant set are the conformal pions, i.e. the would be Goldstones which in
the limit of zero fermion mass cannot be described via single particle states.
We identify them via

<(’)W§ > —(O)U  with U=¢Fr. (4.173)
m=n%T% and T® are the set of broken generators normalized according to
Tr [T°T"] = §%1/2. Substituting (4.173) in (4.159) and expanding up to
the second order in the pion fields we have:

miF2 = —m A} {O[m)]). (4.174)

Having determined the dependence on m of (O[m]) the above generalizes
the similar one in QCD [193-195] known as the Gell-Mann—Oakes—Renner
(GMOR) relation. For example for the theories investigated above and for
a very small fermion mass, m2 F2 = m2/12U. At larger masses the scaling is
different for the three cases and it can be easily deduced from our results.
A similar effective Lagrangian was introduced in [83]. Assume now that the
underlying gauge theory has not developed an IRFP. In this case there are
only two possibilities: (i) chiral symmetry breaks spontaneously yielding a
condensate whose leading term in m is a constant; (i7) chiral symmetry is
intact but a scale is still generated. Chirally paired partners emerge together
with massless composite fermions appearing to saturate the 't Hooft anomaly
matching conditions. One can investigate the finite volume effects using the
conformal pion Lagrangian in the e-regime [196]. However much care must
be taken when constructing a low energy effective description of a near
conformal gauge theory given that the standard chiral counting no needs to
hold. Caveat lector that we assumed that a chiral Lagrangian approach is
valid, in deriving Eq. (4.174) in the extremely tiny m expansion over the only
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other scale of the theory which is Ay. Another way to think at the problem
is that the mass of the fermions acts always as an heavy quark mass. Below
this mass scale one has a pure confining Yang—Mills theory whose mass scale
is directly controlled by the heavy quark mass. The latter observation seems
to best fit current lattice results [113,206] albeit for (near) conformal theories
the amount of fine-tuning needed to control the small mass approximation
is harder to tame.

4.9. Gauge duals and conformal window

One of the most fascinating possibilities is that generic asymptotically
free gauge theories have magnetic duals. In fact, in the late nineties, in a
series of ground breaking papers Seiberg [197,198| provided strong support
for the existence of a consistent picture of such a duality within a super-
symmetric framework. Supersymmetry is, however, quite special and the
existence of such a duality does not automatically imply the existence of
nonsupersymmetric duals. One of the most relevant results put forward by
Seiberg has been the identification of the boundary of the conformal window
for supersymmetric QCD as function of the number of flavors and colors.
The dual theories proposed by Seiberg pass a set of mathematical consis-
tency relations known as 't Hooft anomaly conditions (in [28]). Another
important tool has been the knowledge of the all orders supersymmetric
beta function [166,167,175]

Arguably the existence of a possible dual of a generic nonsupersymmetric
asymptotically free gauge theory able to reproduce its infrared dynamics
must match the 't Hooft anomaly conditions [28§].

We have exhibited several solutions of these conditions for QCD in [199]
and for certain gauge theories with higher dimensional representations in
[200]. An earlier exploration already appeared in the literature [201]. The
novelty with respect to these earlier results are: (i) The request that the
gauge singlet operators associated to the magnetic baryons should be in-
terpreted as bound states of ordinary baryons [199]; (i) The fact that the
asymptotically free condition for the dual theory matches the lower bound
on the conformal window obtained using the all orders beta function [21].
These extra constraints help restricting further the number of possible gauge
duals without diminishing the exactness of the associate solutions with re-
spect to the 't Hooft anomaly conditions.

We will briefly summarize here the novel solutions to the 't Hooft anom-
aly conditions for QCD and the theories with higher dimensional represen-
tations. The resulting magnetic dual allows to predict the critical number of
flavors above which the asymptotically free theory, in the electric variables,
enters the conformal regime as predicted using the all orders conjectured
beta function [21].
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4.9.1. QCD duals
The underlying gauge group is SU(3) while the quantum flavor group is

SUL(Nf) X SUR(Nf) X Uv(l), (4.175)

and the classical Uy4(1) symmetry is destroyed at the quantum level by the
Adler—Bell-Jackiw anomaly. We indicate with Qg;c the two component left
spinor where o = 1, 2 is the spin index, ¢ = 1,...,3 is the color index while
i =1,..., Ny represents the flavor. é?;c is the two component conjugated
right spinor. We summarize the transformation properties in the following
table.

TABLE 1

Field content of an SU(3) gauge theory with quantum global symmetry SU(Ny) x
SUR(Nf) X Uv(l).

Fields [SU(3)] SUL(Nf) SUR(Nf) Uv(l)

@
Q
Gy

0 1
1 O -1
1 1 1

The global anomalies are associated to the triangle diagrams featuring
at the vertices three SU(NNy) generators (either all right or all left), or two

SU(Ny) generators (all right or all left) and one Uy (1) charge. We indicate
these anomalies for short with:

SUL/r(Np)®,  SULr(Np)? Up(1). (4.176)

For a vector like theory there are no further global anomalies. We summa-
rize the anomalies in Fig. 34. The cubic anomaly factor, for fermions in
fundamental representations, is 1 for ) and —1 for ) while the quadratic
anomaly factor is 1 for both leading to

SUL/R(Ns)? oc 3, SUp r(Ns)*Up(1) o +3. (4.177)

We have mentioned already that requiring the absence of negative norm
states at the conformal point requires v < 2 resulting in the mazimum
possible extension of the conformal window bounded from below by:

Ng(r)P" > 1816;325) ;

Specializing to three colors and fundamental representation the prediction
from the all order beta function we find:

Ny(r)B¥ >33 =825  for QCD with  y=2. (4.179)

=2. (4.178)
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aSUL(Np) & SUL(Ny)

Fig.34. The 't Hooft anomaly matching conditions are related to the saturation of
the global anomalies stemming out of the one-loop triangle diagrams represented,
for the theory of interest, here. According to 't Hooft both theories, i.e. the electric
and the magnetic ones, should yield the same global anomalies.

The actual size of the conformal window can, however, be smaller than the
one determined above without affecting the validity of the beta function. It
may happen, in fact, that chiral symmetry breaking is triggered for a value
of the anomalous dimension less than two. If this occurs the conformal
window shrinks. As we have already mentioned the ladder approximation
approach [159-161,202], for example, predicts that chiral symmetry breaking
occurs when the anomalous dimension is larger than one. Remarkably the
all orders beta function encompass this possibility as well [21|. In fact, it
is much more practical to quote the value predicted using the beta function
by imposing v = 1:

11 Co(G)
> — =1. :
Ny(r) > ORI 1 (4.180)
For QCD we have:
Ny(r)B¥ >11,  for QCD with  y=1. (4.181)

The result is very close to the one obtained using directly the ladder approx-
imation, i.e. Ny ~ 4N, as shown in [21,164].

Lattice simulations of the conformal window for various matter repre-
sentations [105-108, 168-170, 174, 189, 203-210] are in agreement with the
predictions of the conformal window via the all orders beta function.

It would be desirable to have a novel way to determine the conformal
window which makes use of exact matching conditions.

4.9.2. Dual set up

If a magnetic dual of QCD does exist one expects it to be weakly coupled
near the critical number of flavors below which one breaks large distance
conformality in the electric variables. This idea is depicted in Fig. 35.

Determining a possible unique dual theory for QCD is, however, not
simple given the few mathematical constraints at our disposal, as already
observed in [201]. The saturation of the global anomalies is an important
tool but is not able to select out a unique solution. We shall see, however,
that one of the solutions, when interpreted as the QCD dual, leads to a



3612 F. SANNINO
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Fig.35. Schematic representation of the phase diagram as function of number of
flavors and colors. For a given number of colors by increasing the number flavors
within the conformal window we move from the lowest line (violet) to the upper
(black) one. The upper black line corresponds to the one where one looses asymp-
totic freedom in the electric variables and the lower line where chiral symmetry
breaks and long distance conformality is lost. In the magnetic variables the situa-
tion is reverted and the perturbative line, .e. the one where one looses asymptotic
freedom in the magnetic variables, correspond to the one where chiral symmetry
breaks in the electric ones.

prediction of a critical number of flavors corresponding exactly to the one
obtained via the conjectured all orders beta function.

We seek solutions of the anomaly matching conditions for a gauge theory
SU(X) with global symmetry group SUp(Ny) x SUr(Ny) x Uy (1) featuring
magnetic quarks ¢ and ¢ together with SU(X) gauge singlet states identi-
fiable as baryons built out of the electric quarks ). Since mesons do not
affect directly global anomaly matching conditions we could add them to
the spectrum of the dual theory. We study the case in which X is a linear
combination of number of flavors and colors of the type aNy + 38 with «
and [ integer numbers.

We add to the magnetic quarks gauge singlet Weyl fermions which can be
identified with the baryons of QCD but massless. The generic dual spectrum
is summarized in Table II. The wave functions for the gauge singlet fields
A, C and S are obtained by projecting the flavor indices of the following
operator

€€1e263 (i1 (yia ()i (4.182)

C1 (&) c3 )
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over the three irreducible representations of SUr(Ny) as indicated in the
Table II.

TABLE II

Massless spectrum of magnetic quarks and baryons and their transformation prop-
erties under the global symmetry group. The last column represents the multiplicity
of each state and each state is a Weyl fermion.

Fields | [SU(X)] | SUL(Ny) SUg(Ny) Uy (1) | # of copies

q 0 0 1 Y

q O 1 O —y

A 1 ﬁ 1 3 la
S 1 EEE] 1 3 ls
C 1 HH 1 3 lo
BA 1 B D 3 ‘EBA
Bg 1 [ 0 3 (B
Da 1 O H 3 b,
A 1 1 E -3 fg
S 1 0O -3 ls
C 1 1 H- -3 s

These states are all singlets under the SUR(Ny) flavor group. Similarly
one can construct the only right-transforming baryons A, C' and S via Q.
The B states are made by two @ fields and one right field @ while the D

fields are made by one @ and two ) fermions. y is the, yet to be determined,
baryon charge of the magnetic quarks while the baryon charge of composite
states is fixed in units of the QCD quark one.The #s count the number
of times the same baryonic matter representation appears as part of the
spectrum of the theory. Invariance under parity and charge conjugation of
the underlying theory requires £; = {7 with J = A, S,...,C and {p = —{p.

Having defined the possible massless matter content of the gauge the-
ory dual to QCD we compute the SUL(Nf)? and SUL(Nf)? Uy (1) global
anomalies in terms of the new fields:
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(N —3)(Ny — 6) (Ny +3)(Ny +6)

SUL(Nf)?’ x X+ 5 lq+ 5 (s
+ (N7 =9) Lo+ (Nf — 4)Ny lp, + (Ny + 4)Ny U5,
N§(N;—1 Ni(N;+1
A 2f )KDA i 2f )EDS::%, (4.183)

(Nf—3)(Nf—2) (Nf+3)(Nf+2)

SUL(N/)?Uy(1) < yX +3 5 la+3 5 ls
+3 (N7 =3) Lo+ 3(Ny = 2)Nylp, + 3(Ny +2)Ny Up
Nyi(N;—1 Ny(Nj+1
LMW =D G NN D s sy

2 A 2

The right-hand side is the corresponding value of the anomaly for QCD.

4.9.3. A realistic QCD dual

We have found several solutions to the anomaly matching conditions
presented above. Some were found previously in [201]. Here we start with a
new solution in which the gauge group is SU(2N; — 5N) with the number
of colors N equal to 3. It is, however, convenient to keep the dependence on
N explicit. The solution above corresponds to the following value assumed
by the indices and y baryonic charge in Table II.

TABLE III

Massless spectrum of magnetic quarks and baryons and their transformation prop-
erties under the global symmetry group. The last column represents the multiplicity
of each state and each state is a Weyl fermion.

Fields | [SU(2Ny —5N)] | SUL(Ny) SUR(Ny) Uy (1) # of copies
q O O 1 ) 1
- Lo MR
A 1 E 1 3 2

Ba 1 H O 3 )
Da O H 3 2
A 1 1 E -3 2
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X =2N;—5N, {ly=2, Up,=—lp,=2,
2Ny —5

il B 4185
2N, — 15 (4.185)

ESZKBS:ED5:£C:07 Yy =
with N = 3. X must assume a value strictly larger than one otherwise it

is an Abelian gauge theory. This provides the first nontrivial bound on the

number of flavors:
5N +1

2 )

N> (4.186)

which for N = 3 requires Ny > 8.

Conformal window from the dual magnetic theory

Asymptotic freedom of the newly found theory is dictated by the coeffi-
cient of the one-loop beta function:

Bo =4 (2N; —5N) — 2Ny (4.187)

To this order in perturbation theory the gauge singlet states do not affect
the magnetic quark sector and we can hence determine the number of flavors
obtained by requiring the dual theory to be asymptotic free, i.e.:

Ny> 4N dual asymptotic freedom . (4.188)

Quite remarkably this value coincides with the one predicted by means of the
all orders conjectured beta function for the lowest bound of the conformal
window, in the electric variables, when taking the anomalous dimension of
the mass to be v = 2. We recall that for any number of colors N the all
orders beta function requires the critical number of flavors to be larger than:

N}?F|W:2 =1inN. (4.189)

For N = 3 the two expressions yield 8.25'6. We consider this a nontrivial
and interesting result lending further support to the all orders beta function
conjecture and simultaneously suggesting that this theory might, indeed, be
the QCD magnetic dual. The actual size of the conformal window matching
this possible dual corresponds to setting v = 2. We note that although
for Ny = 9 and N = 3 the magnetic gauge group is SU(3) the theory is
not trivially QCD given that it features new massless fermions and their
interactions with massless mesonic type fields.

16 Actually given that X must be at least 2 we must have Ny > 8.5 rather than 8.25.
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To investigate the decoupling of each flavor at the time one needs to
introduce bosonic degrees of freedom. These are not constrained by anomaly
matching conditions. Interactions among the mesonic degrees of freedom
and the fermions in the dual theory cannot be neglected in the regime when
the dynamics is strong. The simplest mesonic operator M; transforming
simultaneously according to the antifundamental representation of SUr,(Ny)
and the fundamental representation of SUg(Ny) leads to the following type
of interactions for the dual theory:

Ly = YgqMq+Yap, AMBa+Yep, C MBa + Yops C MBg

+YSBSSM§S+YBADA BAMEA+YBADS BAMES
+YBSDA Bg MEA +YBSDS Bg MES + h.c. (4.190)

The coefficients of the various operators are matrices taking into account the
multiplicity with which each state occurs. The number of operators drasti-
cally reduces if we consider only the ones linear in M. The dual quarks and
baryons interact via mesonic exchanges. We have considered only the meson
field for the bosonic spectrum because is the one with the most obvious in-
terpretation in terms on the electric variables. One can also envision adding
new scalars charged under the dual gauge group [201]| and in this case one
can have contact interactions between the magnetic quarks and baryons. We
expect these operators to play a role near the lower bound of the conformal
window of the magnetic theory where QCD is expected to become free. It is
straightforward to adapt the terms above to any anomaly matching solution.

In Seiberg’s analysis it was also possible to match some of the operators
of the magnetic theory with the ones of the electric theory. The situation for
QCD is, in principle, more involved although it is clear that certain magnetic
operators match exactly the respective ones in the electric variables. These
are the meson M and the massless baryons, A, A, ..., .S shown in Table II.
The baryonic type operators constructed via the magnetic dual quarks have
baryonic charge which is a multiple of the ordinary baryons and, hence,
we propose to identify them, in the electric variables, with bound states of
QCD baryons. We summarize the proposed operator matching constraints
in Fig. 36.

The generalization to a generic number of colors is currently under inves-
tigation. It is an interesting issue and to address it requires the knowledge
of the spectrum of baryons for arbitrary number of colors. It is reasonable
to expect, however, a possible nontrivial generalization to any number of
odd colors!”.

17 For an even number of colors the baryons are bosons and a the analysis must modify.
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Fig. 36. We propose the above correspondence between the gauge singlet operators
of the magnetic theory and the electric ones. The novelty introduced in [199] with
respect to any of the earlier approaches is the identification of the magnetic baryons,
i.e. the ones constructed via the magnetic quarks, with bound states of baryons in
the electric variables.

Earlier solutions

It is worth comparing the solution above with the ones found already in
the literature [201]. These are:

X = N;y—6, bpy=Ilp, =g, =1,

Ny —2
bg = b, =lp, =lc=0 =3 4.191
S Bg Dg e} ) Y N;—6’ ( )
corresponding to o = 1 and 8 = —2, when taking the magnetic quark flavor

symmetry assignment as in Table II. However, assigning the magnetic quarks
q to the complex representation of SUz(/Ny) one has also the solution:

X:Nf—|-6, €526D52—53521,
Nf—|—2
Nf+6.

ba = lp, =lp, =lc=0, y=-— (4.192)

Assuming the gauge group to be SU(Ny £ 6) the one loop coeflicient of the
beta function is:

Bo = % (NfF6)— 5Ny, (4.193)
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where the sign corresponds to the two possibilities for X, i.e. Ny F+ 6 and
we have only included the magnetic quarks'®. The critical number of flavors
where asymptotic freedom is lost, in the case of the Ny —6 gauge group, cor-
responds to 7.33. On the other hand, we have a stronger constraint from the
fact that the gauge group must be at least SU(2) and hence Ny > 8 while
no useful constraint can be obtained for the Ny + 6 gauge group. It was
argued in [201] that by taking SO or Sp as possible gauge group rather than
SU one might increase the critical number of flavors to around 10. However
choosing SO and Sp rather than SU implies that the global symmetry group
is enlarged to SU(2Ny) and hence it is not clear how one can still match the
anomaly conditions, unless one assumes a simultaneous dynamical enhance-
ment of the QCD global symmetries at the fixed point.

We have uncovered a novel solution of the 't Hooft anomaly match-
ing conditions for QCD. We have shown that in the perturbative regime the
new gauge theory, if interpreted as a possible QCD dual, predicts the critical
number of flavors above which QCD in the nonperturbative regime, devel-
ops an infrared stable fixed point. The value is identical to the maximum
bound predicted in the nonpertubative regime via the all orders conjectured
beta function for nonsupersymmetric gauge theories. Recent suggestions to
analyze the conformal window of nonsupersymmetric gauge theories based
on different model assumptions [211] are in qualitative agreement with the
precise results of the all orders beta function conjecture. It is worth noting
that the combination 2Ny — 5N appears in the computation of the mass
gap for gauge fluctuations presented in [211,212]. It would be interesting to
explore a possible link between these different approaches in the future.

Interestingly the present solution of the anomaly matching conditions
indicate a substantial larger extension of the conformal window than the
one predicted using the ladder approximation [159-161,202] and the thermal
count of the degree of freedom [162].

In fact, we have also find solutions for which the lower bound of the
conformal window is saturated for v = 1. The predictions from the gauge
duals are, however, entirely and surprisingly consistent with the maximum
extension of the conformal window obtained using the all orders beta func-
tion [21]. Our main conclusion is that the 't Hooft anomaly conditions alone
do not exclude the possibility that the maximum extension of the QCD con-
formal window is the one obtained for a large anomalous dimension of the
quark mass.

8 A complex scalar gauged under the dual gauge group was also added in the dual
spectrum of [201]. The scalar transformed according to the fundamental representa-
tion of the left and right SU(Ny) groups. The resulting SU(N; — 6) gauge theory is
never asymptotically free and for this reason we have not included this scalar in our
discussion.
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By computing the same gauge singlet correlators in QCD and its sug-
gested dual, one can directly validate or confute this proposal via lattice
simulations.

4.10. Higher representations duals
4.10.1. SU(3) gauge theory with 2-index symmetric matter

The underlying gauge group is SU(3) while the quantum flavor group is
SUL(Nf) X SUR(Nf) X Uv(l), (4.194)

and the classical Uy(1) symmetry is destroyed at the quantum level by the
Adler-Bell-Jackiw anomaly. We indicate with Q?, {c1,00} the two component

left spinor where o = 1,2 is the spin index, ¢1,co = 1, ..., 3 is the color index

@C}é;{cl,m}

while ¢ = 1,..., Ny represents the flavor. is the two component
conjugated right spinor. We summarize the transformation properties in the
following table.

TABLE IV

Field content of an SU(3) gauge theory with quantum global symmetry SU(Ny) x
SUR(Nf) X Uv(l).

Fields [SU(3)] SUL(Nf) SUR(Nf) Uv(l)
Q | O 1
Q | 1 ad -1
Gu Adj 1 1 1

The global anomalies are associated to the triangle diagrams featuring
at the vertices three SU(Ny) generators (either all right or all left), or two
SU(Ny) generators (all right or all left) and one Uy (1) charge. We indicate
these anomalies for short with:

SUL/r(Ns)?, SUL r(Ny)? Uy (1). (4.195)

The cubic anomaly factor, for fermions in fundamental representations, is 1
for @ and —1 for @ while the quadratic anomaly factor is 1 for both leading
to
SUL/R(Ns)? 6,  SUp r(Ns)*Uy (1) o £6. (4.196)
Specializing to SU(/V) with two-index symmetric representation the beta
function we have already found that:

11N
AT

which for N = 3 implies N¢(r)BF > 1.65.

SU(N) for symmetric rep. with v =2 (4.197)
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Assuming, instead, the lower bound to occur for v = 1 we discover that:

BF 11N
Ny(r)™" = SN+
which for N = 3 implies: Ny(r)BF > 2.2.

We seek solutions of the anomaly matching conditions for a gauge theory
SU(X) with global symmetry group SUr(Ny) x SUr(Ny) x Uy (1) featuring
magnetic quarks ¢ and ¢ together with SU(X) gauge singlet states identi-
fiable as baryons built out of the electric quarks (). We study the case in
which X is a linear combination of number of flavors and colors of the type
aNy + N with a and 3 integer numbers. In fact, in the following we will
consider N = 3. We will also require that the baryons constructed out of
the magnetic quarks have integer baryonic charges with respect to the orig-
inal baryon number. In this way they will be interpreted as possible bound
states of the original baryons. We will see that this is an important property
helping selecting possible duals.

SU(N) for symmetric rep. with =1 (4.198)

4.10.2. Dual quarks in the fundamental representation

In this initial investigation we search for dual electric quarks in the fun-
damental representation of the gauge group X. This choice has the virtue
to keep linear in Ny the asymptotic freedom condition we will investigate
later. We have searched for the more complicate case of dual fermions in
higher dimensional representations and will present this possibility in the
following section.

We add to the magnetic quarks gauge singlet Weyl fermions which can
be identified with massless baryons of the electric theory. The generic dual
spectrum is summarized in Table V. The wave functions for the gauge singlet
fields A, C' and S are obtained by projecting the flavor indices of the following
operator

(4.199)

cicacs d1 dods
€ Q{Cl )

72 13
dl}Q{Cz,d2}Q{63,d3} )
over the three irreducible representations of SUr(Ny) as indicated in the
Table II. These states are all singlets under the SUg(Ny) flavor group. Sim-

ilarly one can construct the only right-transforming baryons A C and S
via Q. The B states are made by two @ fields and one right field Q while

the D fields are made by one ) and two @) fermions. y is the, yet to be
determined, baryon charge of the magnetic quarks while the baryon charge
of composite states is fixed in units of the electric quark one. The /s count
the number of times the same baryonic matter representation appears as
part of the spectrum of the theory. Invariance under parity and charge con-
jugation of the underlying theory requires £; = £5 with J = A, S,...,C and
lp=—{p.
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TABLE V

Massless spectrum of magnetic quarks and baryons and their transformation prop-
erties under the global symmetry group. The last column represents the multiplicity
of each state and each state is a Weyl fermion.

Fields | [SU(X)] | SUL(Ny) SURg(Ny) Uy (1) | # of copies
q 0 0 1 Y
q O 1 O0 —y
A 1 E 1 3 N
s 1 EEN 1 3 ls
C 1 HH 1 3 lo
Ba 1 H 0 3 (5,
Bg 1 | O 3 (B
D 1 O H 3 (p,
Ds 1 O | 3 {pg
A 1 1 ﬁ -3 lz
S 1 1 0O -3 U5
C 1 1 H- -3 s

Having defined the possible massless matter content of the gauge theory
dual to the electric theory we compute the SUL(Ny)? and SUL(Nf)? Uy (1)
global anomalies in terms of the new fields:

Ny —3)(N;—6 Ny +3)(Nr+6
SUL(Nf)3o<X+(f )2(f ) o, 4 Dot )2( ;+6)
+ (N7 —9) Lo+ (Ny = 4Ny g, + (Ny +4)Ny g
N¢(Ns—1 Ne(Ns+1

+f<2f> (o, f<2f+) (=6,  (4200)

Ny —3)(Ny—2 N 3)(N 2

SULN2 U (1) oy X +3 002 Ny v NG 12
+3 (N7 —3) Lo+ 3(Ny —2)NyLg, + 3(Ny +2)Ny £,
N¢(N;—1 N+(N 1
NNy =1,y g Nr BN+ D)

2 2

The left-hand expressions are identical to the ones of QCD while the

right-hand side provides the corresponding value of the anomaly for the
electric theory with two-index symmetric matter.

ls

ls

+3 (ps=6.  (4.201)



3622 F. SANNINO

We require, as done in the QCD case [199], that the baryonic type opera~
tors constructed via the magnetic dual quarks should have baryonic charges
multiple of the ordinary baryons ones. We identify them, in the electric
variables, with bound states of ordinary baryons. In the case of Ny = 2
the cubic anomaly vanishes identically and should not be considered. For
three colors the electric theory looses asymptotic freedom for 3.3 flavors and
hence there is only one value of Ny, i.e. Ny = 3 for which both anomalies
are relevant.

We have found different solutions to the anomaly matching conditions
which we will present here:

First solution: SU(2Nr — 3) dual gauge group

The solutions correspond, for the case N = 3 to the following value
assumed by the indices and y baryonic charge:

X = 2N; -3, la=0, lp, =k =—{p,,
bs = —1+ 2k1 + bky, ﬁDS:—2+4/€1+9k‘2:—fBS,

a+bNy 4 cN7}

E = =
c=0, y=3 IN 6

with k1 and ko integer numbers and
a:10712/€1730k2, b:2k52*k1*1, C:3k‘1+4k22*1. (4202)

We have asked that both anomaly matching conditions are satisfied for
Ny = 3 and that the solutions satisfy also the quadratic one for Ny = 2.

Of course X must assume a value strictly larger than one otherwise it
describes an Abelian gauge theory. This provides the first nontrivial bound
on the number of flavors:

Ny > 3%1 _2. (4.203)

This value is remarkably consistent with the maximum extension predicted
using the truncated SD equation and the all orders beta function for a value
of the anomalous dimension equal to one.

Asymptotic freedom of the newly found theory is dictated by the coeffi-
cient of the one-loop beta function :

Bo=4(2N;—3)— 2Ny, (4.204)
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To this order in perturbation theory the gauge singlet states do not affect
the magnetic quark sector and we can hence determine the number of flavors
obtained by requiring the dual theory to be asymptotic free. i.e.:

Ny >3 =1.65, dual asymptotic freedom 1. (4.205)

This value coincides with the one predicted by means of the all orders con-
jectured beta function for the lowest bound of the conformal window, in the
electric variables, when taking the anomalous dimension of the mass to be
~v = 2. We recall that for any number of colors N the all orders beta function
requires the critical number of flavors to be larger than:

11N

NBF — )
7l 4(N +2)

(4.206)
For N = 3 the two expressions yield 1.65. Actually given that X must be
larger than one this solution requires Ny > 2 rather than 1.65. This last
feature was also observed for the QCD dual case. We simply consider this
as a signal that we cannot arrive at the maximum value of ~, nevertheless
we can still arrive at a value for the anomalous dimension larger than one
according to this solution. If one requires an even more stringent constraint
X > 2 we then find Ny > 2.5 which is very close to the result obtained
setting v = 1 in the all orders beta function.
The baryon charge of the magnetic baryons is:

B [qX] =Xxy= % (a+bNy+ CN]%) = operator matching = 3n, (4.207)

with n an integer requiring a +bNy + CNJ% to be an even number. This extra
constraints is easily satisfied by choosing, for example, k1 = 1 and ko = 0
yielding Bl¢*] = 3 (NJ% — Ny —1). Intriguingly for Ny = 2 one recovers the
standard baryonic charge.

Second solution: SU(7TN f — 15)
The solutions correspond to the following value assumed by the indices
and y baryonic charge:
X = TNy - 15, ly=0, lp,=k =—-lB,,
bs = 2ki + 5ko, 5D524k‘1+9k2=—€35,
a+bNy +cN?

4.208
14N; — 30 (4.208)

EC:O, y:3

with k1 and ko integer numbers and

a=4— 12k — 30ky, b=2ky —ky, c =3k + 4k . (4.209)
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The baryon charge of the magnetic baryons is:
B [qx] =Xxy= % (a+bNy+ CN]%) = operator matching = 3n, (4.210)

with n an integer requiring a +bNs +cN? to be an even number. This extra
constraints is also easily satisfied by choosing, for example, k1 = ko = 0
yielding B [qX ] = 6 for any Ny corresponding to a di-baryon charge. One
can also consider the case ks = 1 and k1 = 0.

The condition X > 1 yields:

Np>38~229. (4.211)

This value is also remarkably consistent with the maximum extension pre-
dicted using the truncated SD equation and the all orders beta function for
a value of the anomalous dimension equal to one.

Asymptotic freedom of the newly found theory is dictated by the coeffi-
cient of the one-loop beta function :

Bo =Y (TNy —15) — 2Ny, (4.212)
yielding
Ny > % =22, dual asymptotic freedom II. (4.213)

This value coincides with the one predicted by means of the all orders con-
jectured beta function for the lowest bound of the conformal window, in the
electric variables, when taking the anomalous dimension of the mass to be
v = 1. We recall that for any number of colors N the all orders beta function
requires the critical number of flavors to be larger than:

11N

NPF| =,
7 bt 3(N +2)

(4.214)

For N = 3 the two expressions yield 2.2. This value is even closer to the one
obtained imposing the condition X > 1 which is circa 2.29.

Interestingly the two class of solutions suggest that the electric theory
is not conformal but walking. We observe that the predictions from the
dual theory does not depend on the all orders beta function. However it is
remarkable that the predictions are very close to the ones predicted using
the beta function ansatz.

An interesting property of this solution is that one can saturate the
anomaly matching conditions directly via the presumed magnetic quarks.
It is, in fact, sufficient to set k1 = ko = 0 to see this. If we apply the all
order beta function we can investigate when chiral symmetry is restored.
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Setting v = 1 for the dual theory one finds that Ny should be less than
or equal to about 2.29 which is lower than the value for which the electric
theory looses asymptotic freedom. This seems to indicate that more matter
is needed and the solution k1 = ko = 0 is not an exact dual according to the
all orders beta function. However one can investigate the nonperturbative
dynamics of this theory via first principle lattice simulations and test the
duality independently.

Third solution: SU(aNyf (N 42) — BN + ) and two-index symmetric magnetic
quarks.

We have investigated also the case in which the magnetic quarks are
in the same two-index representation of the gauge group X = aN;(N+2)
—BN + 0. In this case the first coefficient of both anomalies must be modi-
fied according to X — X (X 4 1)/2 to take into account of the change of the
representation of the dual quarks. We have found several solutions for dif-
ferent integer values of the coefficients «, § and . We present two examples
here for N = 3:

a = 2, =5 and § =0,

X = 10Ny —15, ly=0, lp, =k =-Ip,,

ls = =2+ 2k + 5k, lpg =4+ 4k + ko = LBy,
le =0, y=3 atBN;+eNp (4.215)

102Ny — 3)(5Nf —7)

with k1 and ko integer numbers and
a=16—12k; —30ky, b=22+2ky—ky, ¢ =6+3k;+4ks. (4.216)
The one-loop coefficient of the beta function is:

Bo=4X-2N;(X+2). (4.217)

Asymptotic freedom requires the previous coefficient to be positive which
means:

1.58 < Ny <5.22, dual asymptotic freedom condition. (4.218)

The lower bound is now close to the value of the critical number of flavors
corresponding to the maximum extension (y = 2) value where the all or-
ders beta function requires the electric theory to start developing an IRFP.
This time the condition X > 1 yields a weaker constraint, i.e. Ny > 1.5,
with respect to the asymptotic freedom constraint on the lowest value for
Ny. The trend is different with respect to the case in which we considered
magnetic quarks transforming according to the fundamental representation
of the SU(X) gauge group.
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a=4,F=11and § =2
In this case the solution is:

X = 20Ny - 31, la=0, lp, =k =—p,,
lg = —2+4 2k + bko, KDS=25+4]€1+9]€2=—€BS,
p 0 5 a+be+cN]% 1919
¢ = Y= 210(20N, — 31)(2N; — 3) (4.219)
with k1 and ko integer numbers and
a=16—12k; —30ks, b=85—ki1+2ks, ¢ = 2743k +4ko . (4.220)

Asymptotic freedom requires the previous coefficient to be positive which
means:

1.59 < Ny < 5.36, dual asymptotic freedom condition. (4.221)

The lower bound is close again to the value of the critical number of flavors
corresponding to the maximum extension (v = 2) value where the all orders
beta function requires the electric theory to start developing an IRFP. The
condition X > 1 yields a constraint, i.e. Ny > 1.6 consistent with the lowest
value of the asymptotic freedom window. Note that we have arranged X in
such a way that for X > 2 we recover identically the all order beta function
bound for v = 2.

We were able to find a solution for different values of «, in particular for
« = 3 the condition X > 2 is consistent with the bound of the all orders beta
function but for v = 1 and asymptotic freedom requires 2.15 < Ny < 5.28.

For duals with magnetic quarks in the two index symmetric representa-
tion we find more difficult to have a reasonable interpretation of the magnetic
baryons, i.e. possessing B [qX ] = 3n. Our findings suggest that duals with
fermions in the fundamental representation are, actually, privileged.

We have found solutions matching the predictions coming from the con-
jectured all orders beta function also in the case of theories with fermions
in the two-index symmetric representation of the SU(3) gauge group. More-
over, if one uses dual quarks in the fundamental representation the typical
size of the allowed conformal window is consistent with the v = 1 condition.
On the other hand, when using dual quarks in the two-index symmetric
representation the size of the conformal window compatible with 't Hooft
anomaly matching can extend to match the one obtained using v = 2 in the
all orders beta function. However the latter case is disfavored by the oper-
ator matching conditions given that the Uy (1) charge of magnetic baryons
is typically not an integer number of ordinary baryons.
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4.10.3. Minimal conformal theories: SU(INV) with adjoint Weyl matter

We considered till now only a fixed number of colors since the spectrum of
possible composite fermions increases when increasing the number of colors.
We turn our attention now to another class of two-index theories for which
the dependence on the number of colors, spectrum-wise, is trivial. These are
theories with a generic number of Weyl fermions transforming according to
the adjoint representation of the underlying SU(N) gauge group. The asso-
ciated quantum flavor group is simply SU(Ny). We indicate with )\g;a the
two component left spinor where o = 1,2 is the spin index, a = 1,..., N2 —1
is the color index while ¢ = 1,..., Ny represents the flavor. We summarize
the transformation properties in the following table:

TABLE VI

Field content of an SU(V) gauge theory with quantum global symmetry SU(Ny).

Fields | [SU(N)] | SU(Ny)

A Adj O
G, Adj 1

The global anomalies are associated to the triangle diagrams featuring
at the vertices three SU(Ny) generators. We indicate these anomalies for
short with:

SU(N;)3. (4.222)

For a vector like theory there are no further global anomalies. The cubic
anomaly factor, for fermions in the fundamental representation, is one lead-
ing to

SU(N;)? o N* — 1. (4.223)

We seek solutions of the anomaly matching conditions for a possible dual
gauge theory SO(X) featuring magnetic Weyl quarks ¢ transforming accord-
ing to the vector representation of the gauge group. The global symmetry
group is then SU(Ny). We also add gauge singlet fields built out of the elec-
tric quarks A. The dual spectrum is summarized in Table VII. The gauge
singlet state A is nothing but the gauge singlet built out of the gauge field
strength and A\. We can have several copies of A.

Having defined the possible massless matter content of the gauge theory
dual we compute the relevant anomaly:

SUNy)? o« X +£4=N?—1. (4.224)
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TABLE VII

Massless spectrum of magnetic quarks and baryons and their transformation prop-
erties under the global symmetry group. The last column represents the multiplicity
of each state and each state is a Weyl fermion.

Fields | [SO(X)] | SU(Ny) | # of copies

1
L

q 1
A 1

0
0

The right-hand side is the corresponding value of the anomaly for the electric
theory. For any X we have a solution which is:

(p=N*-1-X. (4.225)
The one-loop coefficient of the beta function is:
Bo=3(X—-2)—2N;. (4.226)
We find that for X = Ny — 1 asymptotical freedom is lost for:

Ny > % , dual asymptotic freedom andNyWeyl fermions, (4.227)
in total agreement with the lower bound of the conformal window obtained
by imposing v = 1 in the all orders beta function. In fact, Ny must be
larger or equal than four for the dual SO(Ny —1) theory to be a non-Abelian
gauge theory. Since N counts the number of Weyl fermions we have found
that the number of Dirac flavors above which we expect any SU(V) gauge
theory to develop an infrared fixed point must be equal or larger than two.
This is an extremely interesting result since it agrees with earlier analytical
expectations obtained using several different analytic methods as well as
recent first principle lattice results [168,170,189,205,206,213|.

We have also explored the possibility to introduce dual fermions in the
adjoint representation of a SU dual gauge group. Although solutions to the
anomaly conditions are straightforward we find that the solution above is
the one which better fits the numerical and analytical results.

Higher representations duals summary

We provided the first investigation of the conformal window of non-
superymmetric gauge theories with sole fermionic matter transforming ac-
cording to higher dimensional representation of the underlying gauge group.
We argued that, if the duals exist, they are gauge theories with fermions
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transforming according to the defining representation of the dual gauge
group. The resulting conformal windows match the one stemming from
the all orders beta function results when taking the anomalous dimension
of the fermion mass to be unity. In particular, our results for the adjoint
representation indicate that for two Dirac flavors any SU(N) gauge theory
should enter the conformal window. These results are in excellent agreement
with numerical and previous analytical results [16,20,21,164,211]. The map-
ping of higher dimensional representations into duals with fermions in the
fundamental representation can be the source of the observed universality
of the size of the various phase diagrams for different representations noted
in [158].

4.11. Phases of chiral gauge theories

Chiral gauge theories, in which at least part of the matter field content
is in complex representations of the gauge group, play an important role in
efforts to extend the SM. These include grand unified theories, dynamical
breaking of symmetries, and theories of quark and lepton substructure. An
important distinction from vector-like theories such as QCD is that since
at least some of the chiral symmetries are gauged, mass terms that would
explicitly break these chiral symmetries are forbidden in the Lagrangian.
Another key feature is that the fermion content is subject to a constraint
not present in vectorial gauge theories, the cancellation of gauge and gravi-
tational anomalies.

Chiral theories received much attention in the 1980s [214], focusing on
their strong coupling behavior in the infrared. One possibility is confinement
with the gauge symmetry as well as global symmetries unbroken, realized
by the formation of gauge singlet, massless composite fermions. Another
is confinement with intact gauge symmetry but with some of the global
symmetries broken spontaneously, leading to the formation of gauge-singlet
Goldstone bosons. It is also possible for these theories to exist in the Higgs
phase, dynamically breaking their own gauge symmetries [215]. Depend-
ing on particle content, they might even remain weakly coupled. This will
happen if the theory has an interacting but weak infrared fixed point. The
symmetries will then remain unbroken, and the infrared and underlying de-
grees of freedom will be the same.

Supersymmetric (SUSY) chiral theories have also received considerable
attention over the years, since most of the known examples of dynamical
supersymmetry breaking involve these kinds of theories [216].

Studies of chiral gauge theories have typically made use of the 't Hooft
global anomaly matching conditions [28] along with 1/N expansion, and
not-so-reliable most attractive channel (MAC) analysis and instanton com-
putations. Direct approaches using strong coupling lattice methods are still
difficult.
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Here we confront the results obtained in Ref. [180,181] using the thermal
degree of count freedom with the generalization of the all orders beta func-
tion useful to constrain these extremely interesting phase diagrams. The
two important class of theories we are going to investigate are the Bars—
Yankielowicz (BY) [217] model involving fermions in the two-index sym-
metric tensor representation, and the other is a generalized Georgi—Glashow
(GGG) model involving fermions in the two-index antisymmetric tensor rep-
resentation. In each case, in addition to fermions in complex representations,
a set of p anti fundamental-fundamental pairs are included and the allowed
phases are considered as a function of p. Several possible phases emerge,
consistent with global anomaly matching and the thermal inequality. It was
noted in [181] that in the real world case of two-flavor QCD (a vector-like
theory with all fermions in a real representation) nature prefers to minimize
fir- Neglecting the small bare quark masses, global anomaly matching ad-
mits two possible low energy phases, broken chiral symmetry through the
formation of the bilinear (1)) condensate, or unbroken chiral symmetry
through the formation of confined massless baryons. Both effective low en-
ergy theories are infrared free. The three Goldstone bosons of the former
(chosen by nature) lead to fijg = 3, and the two massless composite Dirac
fermions of the latter lead to fijr = 7.

We focus almost completely on symmetry breaking patterns correspond-
ing to the formation of bilinear condensates. We suggested in [181] that
in general, the phase corresponding to confinement with all symmetries un-
broken, where all the global anomalies are matched by massless composite
fermions, is not preferred. Instead, the global symmetries associated with
fermions in real representations break spontaneously via bilinear condensate
formation as in QCD. With respect to the fermions in complex represen-
tations, however, the formation of bilinear condensates is suggested to be
disfavored relative to confinement and the preservation of the global sym-
metries via massless composite fermion formation.

Bilinear condensate formation is, of course, not the only possibility in a
strongly coupled gauge field theory. We extended our discussion to include
general condensate formation for one simple example, the SU(5) Georgi—
Glashow model, which has fermions in only complex representations and
has only a U(1) global symmetry. This symmetry can be broken via only
higher dimensional condensates. Interestingly, this breaking pattern, with
confinement and unbroken gauge symmetry, leads to the minimum value
of fir. This highlights the important general question of the pattern of
symmetry breaking in chiral theories when arbitrary condensate formation
is considered. Higher dimensional condensates might play an important role,
for example, in the dynamical breaking of symmetries in extensions of the
SM [218].
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4.11.1. All-orders beta function for chiral gauge theories

A generic chiral gauge theory has always a set of matter fields for which
one cannot provide a mass term, but it can also contain vector-like matter.
We hence suggest the following minimal modification of the all orders beta
function [21] for any nonsupersymmetric chiral gauge theory:

k
5x(9) _ 93 Bo — % Zi:l T(Tz')P(Ti)Q’;lBQQ) : (4.228)

2
Um)* 1 200 (1+W

where p; is the number of vector like pairs of fermions in the representation
r; for which an anomalous dimension of the mass 7; can be defined. [y is
the standard one loop coefficient of the beta function while ﬂ;( expression is
readily obtained by imposing that when expanding 3, one recovers the two-
loop coefficient correctly and its explicit expression is not relevant here. Note
that the previous expression readily reproduces our original beta function
when setting to zero the number of true chiral fermions. At this point one
can investigate the conformal window for chiral gauge theories in a manner
analogous to the case of purely vector matter. We will use this method
to determine the conformal window of the most relevant chiral theories,
already used already in particle physics, and described in much detail below.
According to the new beta function gauge theories without vector-like matter
but featuring several copies of purely chiral matter will be conformal when
the number of copies is such that the first coefficient of the beta function
vanishes identically. Using topological excitations an analysis of this case
was performed in [211].

4.12. The Bars—Yankielowicz (BY) model

This model is based on the single gauge group SU(N > 3) and includes
. . . . {ab}
fermions transforming as a symmetric tensor representation, S = 1_bL ,
a,b=1,---,N; N + 4+ p conjugate fundamental representations: Fg; =

Yo ., wherei=1,---  N+4+p; and p fundamental representations, Fat =

Y7', i=1,---,p. The p = 0 theory is the basic chiral theory, free of gauge
anomalies by virtue of cancellation between the antisymmetric tensor and
the N + 4 conjugate fundamentals. The additional p pairs of fundamentals
and conjugate fundamentals, in a real representation of the gauge group,
lead to no gauge anomalies.

The global symmetry group is

Gy =SU(N +4+p) x SU(p) x Uy (1) x Us(1). (4.229)
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Two U(1)s are the linear combination of the original U(1)s generated by
S — efsS  F — " F and F — €F F that are left invariant by instantons,
namely that for which ), Ng,T(R;)Qpr; = 0, where Qp; is the U(1) charge
of R; and Ng; denotes the number of copies of R;.

Thus the fermionic content of the theory is where the first SU(NV) is the
gauge group, indicated by the square brackets.

TABLE VIII
The Bars—Yankielowicz (BY) model.
Fields | [SU(N)] SUN +4+p) SU(p) U1(1) Ua(1)
s ] 1 1 N 44 2
F O O 1 —(N+2) —p
F d 1 O N +2 —(N —-p)

The perturbative beta function (trivially related to the one defined via
the derivative of g) is

d 2 3
g = Mi =—h <gﬂ> = B2 (;;) +0 (a%), (4.230)

where the terms of order a* and higher are scheme-dependent. For the
present model, we have 3; = 3N —2—(2/3)p and 3 = (1/4){13N2 - 30N +
14+12/N —2p((13/3)N —1/N)}. Thus the theory is asymptotically free for

p<3IN-3. (4.231)

We shall restrict p so that this condition is satisfied.

Because of asymptotic freedom, the thermodynamic free-energy may be
computed in the T' — oo limit. An enumeration of the degrees of freedom
leads to

7T[N(N+1)

fov=2(N*-1) + 1Tt (NN £ 2pN| (4.232)

The infrared realization of this theory will vary depending on the number
p of conjugate fundamental-fundamental pairs. We begin by discussing the
p = 0 theory and then map out the phase structure as function of p.

The p = 0 case

For p = 0, the fermions are in complex representations of the SU(N)
gauge group and the global symmetry group is Gy = SU(NN +4) x Uy(1).
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The theory is strongly coupled at low energies, so it is expected either to
confine or to break some of the symmetries, consistent with global anomaly
matching.

All the global anomalies of the underlying theory may be matched at low
energies providing that the massless spectrum is composed of gauge singlet
composite fermions transforming according to the antisymmetric second-
rank tensor representation of SU(N +4). They are described by the compos-
ite operators Fi S F ;) and have charge —N under the U1(1) global symmetry.

With only these massless composites in the low energy spectrum, there
are no dimension-four interactions, so the composites are noninteracting in
the infrared. Therefore the thermodynamic free energy may be computed
in the limit 7' — 0. Enumerating the degrees of freedom gives

S = 0) = 1(N+4)2(N+3)’

where the superscript indicates that the full global symmetry is intact.
Clearly fi¥™(p = 0) < fuv(p = 0), satisfying the inequality of Eq. (4.120)
[180].

While the formation of confined massless composite fermions and the
preservation of Gy is consistent with anomaly matching and the thermal
inequality, the same can be seen to be true of broken symmetry channels.
We consider first the Higgs phase corresponding to the maximally attractive
channel.

(4.233)

MxO—0, (4.234)
leading to the formation of the SF condensate

e S Fraiys s (4.235)
where v, = 1,2 are spin indices and a,i = 1,--- , N are gauge and flavor

indices. This condensate breaks U;(1) and all the gauge symmetries, and
it breaks SU(N + 4) to SU(4). But the SU(N) subgroup of SU(N + 4)
combines with the gauge group, leading to a new global ; symmetry SU’(N).
For this group, F, <y is reducible, to the symmetric FS = = Flq4) and the

anti-symmetric F4 = F la,i] Tepresentations.
The broken SU(N + 4) generator

4

Q(N+4) = -_N )
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combines with @1 giving a residual global symmetry U/ (1) = ﬁ(QQl -
Q(n+4))- The breakdown pattern thus is

[SU(N)] x SU(N +4) x Uy (1) — SU'(N) x SU4) x UJ(1).  (4.236)

The gauge bosons have become massive as have some fermions. The
fermionic spectrum, with respect to the residual global symmetry is

SU/(N) SU(4) Ul’(l)
S [ 1 2
Massive
FS EN 1 -2
A H 1 —2
Massless B

This breaking pattern gives N? + 8N Goldstone bosons, N? — 1 of which
are eaten by the gauge bosons. So only 8 N 4 1 remain as part of the mass-
less spectrum along with the massless fermions. The global anomalies are
again matched by this spectrum. Those associated with the unbroken group
SU’(N) x SU(4) x U{(1) are matched by the massless fermions, while those
associated with the broken global generators are matched by the Goldstone
bosons. Since the Goldstone bosons do not couple singly to the massless
fermions (no dimension-four operators), the effective zero-mass theory is
free at low energies.

It follows that the thermodynamic free energy may be computed at
T — 0 by counting the degrees of freedom. The result is

fRES(p=0)= (BN +1)+ ] [AN(N 1) +4N] , (4.237)

where the superscript indicates that the gauge symmetry is (partially) bro-
ken. Just as in the case of the symmetric phase, the inequality Eq. (4.120)
is satisfied: lenggS(p =0) < fuv(p=0).

As an aside, we note that according to the idea of complementarity
this low energy phase may be thought of as having arisen from confining
gauge forces rather than the Higgs mechanism. Confinement then would
partially break the global symmetry to the above group forming the neces-
sary Goldstone bosons. It would also produce gauge singlet massless com-
posite fermions to replace precisely the massless elementary fermions in the
above table.
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We have identified [181] two possible phases of this theory consistent
with global anomaly matching and the inequality Eq. (4.120). One confines
and breaks no symmetries. The other breaks the chiral symmetry according
to Eq. (4.236). For any finite value of N, fi™(p = 0) < fiz®(p = 0).
The symmetric phase is thus favored if the number of degrees of freedom,
or the entropy of the system near freeze-out, is minimized. In the limit
N — oo, the Goldstone bosons do not contribute to leading order, and
¥ (p = 0) — fiR%*(p = 0). We return to a discussion of the infinite N
limit after describing the general (p > 0) model.

What about other symmetry breaking phases of the p = 0 theory corre-
sponding to bilinear condensate formation? In addition to SF condensates,
there are also SS and F'F possibilities. Several of these correspond to at-
tractive channels, although not maximally attractive, due to gluon exchange.
We have considered all of them for the case N = 3, and have shown that
the effective low energy theory is infrared free and that the number of low
energy degrees of freedom is larger than the symmetric phase.

The general case

We next consider the full range of p allowed by asymptotic freedom: 0 <
p < (9/2)N —3. For p near (9/2)N — 3, an infrared stable fixed point exists,
determined by the first two terms in the @ function. This can be arranged
by taking both N and p to infinity with the difference (9/2)N — p fixed, or
at finite N by continuing to nonintegral p. The infrared coupling is then
weak and the theory neither confines nor breaks symmetries. The fixed point
leads to an approximate, long-range conformal symmetry. As p is reduced,
the screening of the long range force decreases, the coupling increases, and
confinement and/or symmetry breaking set in. We consider three strong-
coupling possibilities, each consistent with global anomaly matching.

Confinement with no symmetry breaking

It was observed by Bars and Yankielowicz [217| that confinement with-
out chiral symmetry breaking is consistent with global anomaly matching
provided that the spectrum of the theory consists of massless composite
fermions transforming under the global symmetry group as follows:

Fields | [SUN)] SUN+4+p) SU(p) Ui(1) Us()
Fs*F | 1 B 1 =N 0
FrStF| 1 0 o N -N
F+SF+| 1 1 OO0 -N 2N
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The effective low-energy theory is free. In Ref. [180], the thermodynamic
free energy for this phase was computed, giving

S = TILUN+4+p)(N+3+p) +p(N+4+p)+ipp+1)] . (4.238)

The inequality flsl—,{m < fuv was then invoked to argue that this phase is pos-
sible only if p is less than a certain value (less than the asymptotic freedom
bound). For large N, the condition is p < (15/14)'/2N.

Chiral symmetry breaking
Since this theory is vector-like with respect to the p FF pairs, it may
be anticipated that these pairs condense according to

OxO—1, (4.239)

leading to a partial breaking of the chiral symmetries. The gauge-singlet
bilinear condensate (fermion mass) is of the form

eV FS Fy Natis (4.240)

where i =1,...,p.

This leads to the symmetry breaking pattern SU(N + 4 + p) x SU(p) x
Uy (1)xUg(1) — SU(N+4)xSUy (p)x U{(1)x U4(1), producing 2pN +p*+8p
gauge singlet Goldstone bosons. The U’(1)’s are combinations of the U(1)’s
and the broken generator of SU(N + 4 + p)

-p

Q(N+14p) = T . (4.241)

N +4

At this stage, the remaining massless theory is the p = 0 theory described
above, together with the 2pN + p? + 8p gauge-singlet Goldstone bosons.
Since the Goldstone bosons are associated with the broken symmetry, there
will be no dimension-four interactions between them and the p = 0 theory.
This theory may therefore be analyzed at low energies by itself, leading
to the possible phases described above. Two possible phases of the p =
0 theory were discussed in detail. One corresponds to confinement and
massless composite fermion formation with no chiral symmetry breaking.
For the general theory, this corresponds to
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e Partial chiral symmetry breaking but no gauge symmetry breaking.
The vector-like p pairs of F' and F' condense, and others form composite
fermions.

The massless spectrum consists of the 2pN + p? + 8p Goldstone bosons
together with the (N +4)(N + 3)/2 composite fermions of the p = 0 sector.
All are confined. The final global symmetry is SU(N +4) x SUy (p) x U{(1) x
Uj(1). Global anomalies are matched partially by the massless composites
and partially by the Goldstone bosons. Since both theories are infrared free,
the free energy may be computed in the T"— 0 limit to give

Y = (2pN 4 p7 4 8p) + T [F(N +4)(N +3)] . (4.242)

The inequality Eq. (4.120) thus allows this phase for p less than a certain
value below the asymptotic freedom bound but above the value at which the
symmetric phase becomes possible. For large N, the limit is p/N less than
~ 2.83.

The other phase of the p = 0 theory considered above, corresponds to
the MAC for symmetry breaking and the Higgsing of the gauge group with
a further breaking of the chiral symmetry. For the general theory (p > 0),
it leads to

e Further chiral symmetry breaking and gauge symmetry breaking.

The final global symmetry is SU’(N) x SU(4) x SUy (p) x U{(1) x Us(1).
The massless spectrum consists of the 2pN + p? + 8p Goldstone bosons
associated with the p F-F pairs, together with the 8 N + 1 Goldstone bosons
and N(N + 1)/2 + 4N massless elementary fermions of the p = 0 sector.
Global anomalies are matched partially by Goldstone bosons and partially
by the remaining massless fermions. The effective low energy theories are
infrared free, and we have

FrRs e = (2pN +p? + 8p) + (8N + 1) + I[AN(N—1)+4N] . (4.243)

Three possible phases of the general Bars—Yankielowicz model have now
been identified. In Fig. 37, we summarize the computation of fir/N? for
each phase and compare with fuyy for the choice N = 3. Other choices are
qualitatively the same. Each phase satisfies the inequality Eq. (4.120) for
p/N small enough. As p is reduced, the first phase allowed by the inequality
corresponds to confinement with condensation of the p fermions in the real
representation of the gauge group and the breaking of the associated chiral
symmetry, along with unbroken chiral symmetry and massless composite
fermion formation in the p = 0 sector. The degree of freedom count is
denoted by feit™,
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Fig.37. BY model: Degree of freedom count f (normalized to N?) for different

sym

phases as function of the number p of F-F pairs for the choice N = 3. R

indicates confinement with intact chiral global symmetry while fﬁ{kﬂym indicates

fIbPikJrnggS indicates partial chi-

ral symmetry breaking with gauge symmetry breaking. fyy counts the underlying
degrees of freedom. As N increases, the fﬁgkﬁym and ff’ngrnggs curves approach

each other.

confinement with partial chiral symmetry breaking.

The two other phases are also allowed by the inequality as p is reduced
further. But for any finite value of N and for any value of p > 0, the curve
for flbékﬁym is the lowest of the fir curves. Thus the lowest infrared degree-
of-freedom count corresponds to a complete breaking of the chiral symmetry
associated with the p F~F pairs (the vector-like part of the theory with the
fermions in a real representation of the gauge group), and no breaking of
the chiral symmetry associated with the p = 0 sector (the part of the theory
with the fermions in complex representations).

It is instructive to examine this model in the infinite /V limit. If the limit
is taken with p/N fixed, the curves for fia™ ™ /N2 and fn< 1885 /N2 be-
come degenerate for all values of p/N, and are below the curve for ffﬁ{m
If the limit N — oo is taken with p fixed, all the curves become degenerate,
and the phases are not distinguished by the number of degrees of freedom.
The authors of Ref. [218] analyzed the model in the N — oo limit with con-
finement assumed and noted that the Uy (1) symmetry cannot break because
no appropriate order parameter can form in this limit. This is consistent
with the above discussion since each of the phases preserves the Uy (1) for
any N.
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As with the p = 0 theory, there are other possible symmetry breaking
phases corresponding to bilinear condensate formation. Some of these are
attractive channels, although not maximally attractive, due to gluon ex-
change. We have considered several possibilities. Each leads to an effective
low energy theory that is infrared free, and each gives a larger value of fir
than the phase corresponding to the lowest curve in Fig. 37: complete break-
ing of the chiral symmetry associated with p additional F~F pairs and no
breaking of the chiral symmetry associated with the sector of the theory
with the fermions in complex representations.

Generalized BY — conformal window from the chiral beta function

From the numerator of the chiral beta function and the knowledge of
the one-loop coefficient of the BY perturbative beta function the predicted
conformal window is:

LN —2)

<p<3(3N -2 4.244
2_{_7* _p_g( )a ( )

with v* the largest possible value of the anomalous dimension of the mass.
The maximum value of the number of p flavors is obtained by setting v* = 2:

3BN-2)<p<3BN-2), =2, (4.245)
while for v* = 1 one gets:
(BN —2) <p<3(3N —2), v=1. (4.246)

The chiral beta function predictions for the conformal window are compared
with the thermal degree of freedom investigation provided above as shown
in the left panel of Fig. 38. In order to derive a prediction from the ACS
method we augmented it with the Appelquist-Duan—Sannino [181] extra
requirement that the phase with the lowest number of massless degrees of

freedom wins among all the possible phases in the infrared a chiral gauge
brk+sym

theory can have. We hence used the condition fip = fuv to determine
this curve. The thermal critical number is:
1
pherm = 2|16+ 3N + /208 — 106N + 69N2] . (4.247)

4.13. The Generalized Georgi-Glashow (GGG) model

This model is similar to the BY model just considered. It is an SU(NN >5)
gauge theory, but with fermions in the anti-symmetric, rather than sym-

metric, tensor representation. The complete fermion content is A = w%b],



3640 F. SANNINO

y=1,-" |
20 /1/
S s Y2
15
10 g
/ BY
< T 10 2 4 1
N N

Fig. 38. Left panel: Phase diagram of the BY generalized model. The upper solid
(blue) line corresponds to the loss of asymptotic freedom; the upper dashed (blue)
curve corresponds to the chiral beta function prediction for the breaking/restoring
of chiral symmetry. The lower dashed (black) line corresponds to the ACS bound
stating that the conformal region should start above this line. We have augmented
the ACS method with the Appelquist-Duan—Sannino [181] extra requirement that
the phase with the lowest number of massless degrees of freedom wins among all
the possible phases in the infrared a chiral gauge theory can have. We hence
used flbék'ksym and fyv to determine this curve. According to the all orders beta
function (BF) the conformal window cannot extend below the lower solid (blue)
line, as indicated by the arrows. This line corresponds to the anomalous dimension
of the mass reaching the maximum value of 2. Right panel: The same plot for the
GGG model.

a,b=1,---,N; an additional N — 4 + p fermions in the conjugate funda-

mental representations: F,; = v¢¢ .;,1=1,--- ,N — 4+ p; and p fermions

in the fundamental representations, F%! = w%i, i=1,---,p.
The global symmetry is

Gy =SU(N — 4+ p) x SU(p) x Uy(1) x Uy(1), (4.248)

where the two U(1)s are anomaly free. With respect to this symmetry, the
fermion content is the one in the table below:

TABLE IX
The Generalized Georgi-Glashow (GGG) model.
Fields | [SU(NV)] SU(N —4+p) SU(p) Uq(1) Ua(1)
A H 1 1 N -4 2p
F 0 0 1 —(N-2) —p
F O 1 O N -2 —(N —p)
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For the two-loop (-function, we have 51 = 3N + 2 — (2/3)p and (2 =
(1/4){13N? + 30N + 1 + 12/N — 2p((13/3)N — 1/N)}. Thus the theory is
asymptotically free if

p<(9/2)N +3. (4.249)

We restrict p so that this condition is satisfied. Because of asymptotic
freedom, the thermodynamic free-energy may be computed in the T" — oo
limit. We have

7T[N(N-1)

_ 2 _ !
fuv=2(N 1)+4 5

+ (N —4)N +2pN| . (4.250)
As with the BY model, we first discuss the p = 0 theory and then consider
the general case.

The p = 0 case

The global symmetry group is Gy = SU(N — 4) x Uy(1). The theory
is strongly coupled at low energies, so it is expected either to confine or to
break some of the symmetries, consistent with global anomaly matching [28].

In the case of complete confinement and unbroken symmetry, to sat-
isfy global anomaly matching the massless spectrum consists of gauge sin-
glet composite fermions Fl; AF} transforming according to the symmetric
second-rank tensor representation of SU(N — 4) with charge —N under the
Ui (1) global symmetry [217|. The composites are noninteracting in the in-
frared. Therefore the thermodynamic free energy may be computed in the
limit 7" — 0. Enumerating the degrees of freedom gives

7 (N — 4)(N — 3)

i =0) =7 ; . (4.251)

Clearly fiz™(p =0) < fuv(p = 0), satisfying the inequality Eq. (4.120).
We next consider symmetry breaking due to bilinear condensate forma-
tion by first examining the maximally attractive channel:

HxO-0O, (4.252)
leading to the formation of the AF condensate
e AYF, 5, (4.253)

where 7,0 = 1,2 are spin indices, a = 1,--- , N, is a gauge index and
i=1,---,N —4is a flavor index. This condensate breaks the U;(1) sym-
metry and breaks the gauge symmetry SU(NN) to SU(4). The broken gauge
subgroup SU(N ) combines with the flavor group, leading to a new global
symmetry SU’(N — 4), while the broken gauge SU(N) generator
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4—-N

combines with U; (1) to form a residual global symmetry U’(1). The remain-
ing symmetry is thus [SU(4)] x SU’(N —4) x U{(1). All Goldstone bosons
are eaten by gauge bosons.

We have

)

Aij Aic

ab __

A _<+AT>’ (4.255)
1

where a,b=1,--- N, i,5=1,--- /N—4 and ¢c,d =N —3,--- ,N. The
AF condensate pairs F[j,i] with AY and F,; with A%. This leaves only Acd,
which is neutral under U’(1), as the fermion content of the SU(4) gauge
theory.

This SU(4) theory is also strongly coupled in the infrared and we expect
it to confine. The most attractive channel for condensate formation, for

example, is
HxH-—1, (4.256)

leading to the bilinear condensate

= Fji — Fya + Fiy
Qiz(ﬂ”ﬁbﬁ “3> (4.254)

and

EvéAg/bAngI---(N74)abcd ) (4.257)

a singlet under the gauge group. Thus, in the infrared, the only massless
fermions are the F{jﬂ-}s in the symmetric two-index tensor representation of
SU’(N — 4). Interestingly, the massless fermion content and the low energy
global symmetry are precisely the same for the symmetric and Higgs phases.
Therefore,

rPP=0=f"P=0=F W -HWV-3]. (4259

The fermions are composite in the first case and elementary in the second.
This is another example of the complementarity idea. While the two phases
are not distinguished by the low energy considerations used here, they are
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different phases. However, other ideas involving energies on the order of the
confinement and/or breaking scales will have to be employed to distinguish
them.

A general study of the phases of chiral gauge theories should include
higher dimensional as well as bilinear condensate formation. We have done
this for one case, the p = 0 SU(N = 5) model, which possesses only a
U(1) global symmetry. Among the various phases that may be considered
is one that confines but breaks the global U(1). This corresponds to the
formation of gauge invariant higher dimensional condensates, for example

of the type (FAF’)2. There is no bilinear condensate for this breaking
pattern. Global anomaly matching is satisfied by the appearance of a single
massless Goldstone boson and no other massless degrees of freedom. This
phase clearly minimizes the degree of freedom count (the entropy near freeze-
out), among the phases described by infrared free effective theories. The
unbroken phase, by contrast, must include a massless composite fermion
for anomaly matching, and therefore gives a larger fir. This suggests that
higher dimensional condensate formation may indeed be preferred in this
model. It will be interesting to study this possibility in more detail and
to see whether higher dimensional condensate formation plays an important
role in the larger class of chiral theories considered here and in other theories.

The general case

The full range of p allowed by asymptotic freedom may be considered just
as it was for the BY model. For p near (9/2)N + 3, an infrared stable fixed
point exists, determined by the first two terms in the 8 function. The in-
frared coupling is then weak and the theory neither confines nor breaks sym-
metries. As p decreases, the coupling strengthens, and confinement and/or
symmetry breaking set in. We consider two possibilities consistent with
global anomaly matching.

Confinement with no symmetry breaking

It is known [217] that confinement without chiral symmetry breaking is
consistent with global anomaly matching provided that the spectrum of the
theory consists of gauge singlet massless composite fermions transforming
under the global symmetry group as follows:

Fields | [SU(N)] SUN—4+p) SU(p) Ui(l) Uy(1)
FTAF 1 EE 1 -N 0
FtATF 1 O O N -N
FAF+ 1 1 H -~ 2N
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The effective low energy is free. Thus the thermodynamic free energy
may be computed in the limit T — 0 to give

= TILN =44 p)(N =3+p)+p(N —4+p)+ 3pp—1)] . (4259)

The inequality Eq. (4.120) allows this phase when p/N is less than ~ 2.83,
for large N.

Chiral symmetry breaking

As in the BY model it may be expected that the fermions in a real
representation of the gauge group (the p F—F pairs) will condense in the
pattern

OxO— 1. (4.260)
The gauge-singlet bilinear condensate (fermion mass) is of the form
SOy i (4.261)
where i = 1,...,p, leading to the symmetry breaking pattern

SU(N — 4—i—p) X SU(p) X Ul(l) X Ug(l)
— SU(N —4) x SUy(p) x Uj(1) x Usy(1), (4.262)

and producing 2pN + p? — 8p gauge singlet Goldstone bosons.
The U’(1)’s are combinations of the U(1)’s and the broken generator of
SU(N — 4+ p)

Q(Nf4+p) = N — 4 : (4.263)

N -4

The remaining massless theory is the p = 0 theory described above,
together with the 2pN + p? — 8p gauge-singlet Goldstone bosons. Since the
Goldstone bosons are associated with the broken symmetry, there will be no
dimension-four (Yukawa) interactions between them and the p = 0 fields.
The p = 0 theory may therefore be analyzed by itself, leading to the possible
phases described above. Two phases were considered, one symmetric and the
other broken by the maximally attractive bilinear condensate, and they were
seen to lead to identical low energy theories.
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Thus, in either case, the degree-of-freedom count for the general theory,
corresponding to the breaking of the chiral symmetry associated with the p
F—F pairs, gives

= (20N +p” = 8p) + 1 [3(N —4)(N -3)] . (4.264)

To summarize, two possible phases of the general GGG model have been
considered. In Fig. 39, we plot the two computations of fir /N? for the choice
N = 6 and compare them with fyy. Each phase satisfies the inequality
Eq. (4.120) for p below some value. As p is reduced, the first phase allowed
by the inequality corresponds to partial chiral symmetry breaking. For any p,

IbP{k is the lower of the fig curves. Thus the lower infrared degree-of-freedom
count corresponds to a complete breaking of the chiral symmetry associated
with p additional F—F pairs (the vector like part of the theory) and no
breaking of the chiral symmetry associated with the fermions in a complex
representation of the gauge group. Whether the latter behavior is due to
confinement or the Higgsing of the gauge group has not been determined.
These conclusions remain valid in the infinite N limit with p/N fixed. If the
limit N — oo, is taken with p fixed, the two curves become degenerate.

20 - T 7 T T

fIN2

15 | o/ .

ik
o AR

Fig.39. GGG model: Degree of freedom count f (normalized to N?) for different
phases as function of the number p of F—F pairs for the choice N = 6. Other choices
are qualitatively the same. fi}" indicates confinement with intact chiral global
group while fP¥ indicates either confinement or gauge symmetry breaking, with

partial chiral symmetry breaking. fuy counts the underlying degrees of freedom.

As we have already noted, for the p = 0 SU(5) theory there is a still lower
degree of freedom count when higher dimensional condensates are consid-
ered. This will therefore also be true of the general-p case for SU(5). This
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even lower count corresponds to complete confinement along with breaking
of the chiral symmetry associated with the p F—F pairs and breaking of the
remaining global U(1) symmetry. It will be interesting to see whether a pref-
erence for this phase can be confirmed by a dynamical study of this model
and whether similar higher dimensional condensate formation is favored in
a more general class of models.

GGG-conformal window from the chiral beta function

From the numerator of the chiral beta function and the knowledge of the
one-loop coefficient of the GGG perturbative beta function the predicted

window is:
(3N +2)

2+ ¥
It maximum lower bound is obtained setting v* = 2 and one obtains:

<p<3(BN+2). (4.265)

SBN+2)<p<3BN+2), =2, (4.266)
while for v* = 1 one gets:
(BN+2)<p<3BN+2), A =1. (4.267)

The chiral beta function predictions for the conformal window are com-
pared with the thermal degree of freedom investigation provided above and
the result is shown in the right panel of Fig. 38.

As for the BY case, in order to derive a prediction from the ACS method
we augmented it with the Appelquist-Duan—Sannino [181] extra requirement
that the phase with the lowest number of massless degrees of freedom wins
among all the possible phases in the infrared a chiral gauge theory can have.
We hence used the condition fIbP{k = fuv to determine this curve. We expect
that chiral symmetry should break below this black-dashed line according
to this method. The thermal critical number is:

pher = 116+ 3N + /56 + 63N + 69N?] . (4.268)

Interestingly in this case we have not yet reached v = 1 while the opposite
is true for the generalized BY model. At large N we expect the two models
to lead to identical results.

4.14. Two chiral SUSY models

Although this review is devoted principally to non-SUSY chiral mod-
els, we briefly describe two chiral SUSY models [181]: the supersymmetric
generalization of the one generation SU(5) Georgi-Glashow model [219] and
the related (3 — 2) model (see [216] for a review of this model and relevant
references).
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The SU(5) model contains a single antisymmetric tensor chiral superfield
A and an antifundamental chiral superfield F. The vector superfield Wy,
includes the standard vector boson and the associated gluino in the adjoint
representation of SU(5). The global symmetry is the anomaly-free Ur(1) x
Ua(1), and the charge assignments are:

[SUGB)  Ur(l) Ua(1)
A H ~1 -1
F 0 +9 +3
Wo | Adj ~1 0

A special feature of this model is that the classical vacuum is unique.
The absence of flat directions is due to the fact that there exists no holo-
morphic gauge invariant polynomial constructed out of the supersymmetric
fields. This feature guarantees that when comparing phases through their
degree-of-freedom count, we know that we are considering a single underlying
theory. By contrast, in SUSY gauge theories with flat directions, non-zero
condensates associated with the breaking of global symmetries correspond
to different points in moduli space and therefore to different theories.

This model was studied long ago [219] and various possible phases were
seen to be consistent with global anomaly matching. One preserves su-
persymmetry along with the global symmetries. This requires composite
massless fermions to saturate the global anomalies. It was shown that there
are several, rather complicated, solutions, with at least five Weyl fermions
(which for supersymmetry to hold must be cast in five chiral superfields).
The charge assignments for one of them is [219]:

(—5,—26), (5,20), (5,24), (0,—1), (0,9), (4.269)

where the first entry is the U4(1) charge and the second is the Ug(1) charge
of each chiral superfield.

Other possibilities are that SUSY breaks with the global symmetries
unbroken or that one or both of the global symmetries together with su-
persymmetry break spontaneously. It is expected [219]| that in a super-
symmetric theory without classical flat directions, the spontaneous breaking
of global symmetries also signals spontaneous supersymmetry breaking. In
these cases, the only massless fields will be the Goldstone boson(s) associated
with the broken global symmetries and/or some massless fermions trans-
forming under the unbroken chiral symmetries, together with the Goldstone
Weyl fermion associated with the spontaneous supersymmetry breaking.
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In Ref. [219] it was suggested on esthetic grounds that the supersym-
metric solution seems less plausible. Additional arguments that supersym-
metry is broken are based on investigating correlators in an instanton back-
ground [220]. However a firm solution to this question is not yet available.

Since all the above phases are non interacting in the infrared we may
reliably compute fir and note that the phase that minimizes the degree-
of-freedom count is the one that breaks supersymmetry and both of the
global symmetries. This phase consists of two U(1) Goldstone bosons and
a single Weyl Goldstino associated with the breaking of SUSY. Thus fig =
15/4. SUSY preserving phases and those that leave one or both of the
U(1)s unbroken lead to more degrees of freedom. It will be interesting to
see whether further dynamical studies confirm that the maximally broken
phase is indeed preferred

This phase is similar to the minimal- fijg phase in the nonsupersymmet-
ric SU(5) model in that both correspond to higher dimensional condensate
formation. In the SUSY case, one can construct two independent order pa-
rameters. The one for Ur(1) is the gluino condensate (scalar component of
the chiral superfield W*W,,) while the one for U4 (1) can be taken to be the
scalar component of the chiral superfield F, [}, A% (W*W,,)2.

Finally we comment on a well known and related chiral model for dy-
namical supersymmetry breaking: the (3 — 2) model. Unlike the models
considered so far, this model involves multiple couplings, i.e. two gauge cou-
plings and a Yukawa one. Without the Yukawa interaction the theory posses
a run-away vacuum. The model has an SU(3) x SU(2) gauge symmetry and
a Uy (1) x Ug(1) anomaly free global symmetry. As above, the low en-
ergy phase that minimizes the number of degrees of freedom is the one that
breaks supersymmetry along with both of the global symmetries. The mass-
less spectrum is the same as in the parent chiral SU(5) case. In the (3 — 2)
model, however, the low energy spectrum has been computed [221] in a self-
consistent weak-Yukawa coupling approximation, where it was noted that
the Ug(1) breaks along with supersymmetry, leaving intact the Uy (1). The
spectrum consists of two massless fermions (a Goldstino and the fermion as-
sociated with the unbroken Uy (1)) and the Ug(1) Goldstone boson. If this
is indeed the ground state, then the number of infrared degrees of freedom
is not minimized in this weak coupling case.

GGG and BY in brief

We have considered the low energy structure of two chiral gauge theo-
ries, the Bars—Yankielowicz (BY) model and the generalized Georgi-Glashow
(GGG) model. Each contains a core of fermions in complex representa-
tion of the gauge group, along with a set of p additional fundamental-anti-
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fundamental pairs. In each case, for p near but not above the value for which
asymptotic freedom is lost, the model will have a weak infrared fixed point
and exist in the non-Abelian Coulomb phase.

As p drops, the infrared coupling strengthens and one or more phase
transitions to strongly coupled phases are expected. Several possible phases
have been identified that are consistent with global anomaly matching, and
that satisfy the inequality Eq. (4.120) for low enough p. One is confine-
ment with the gauge symmetry and additional global symmetries unbroken.
Another is confinement with the global symmetry broken to that of the
p = 0 theory. Still another is a Higgs phase, with both gauge and chiral
symmetries broken. Both symmetry breaking phases correspond to bilinear
condensate formation. The infrared degree of freedom count figr for each
of these phases is shown in Figs. 37 and 39, along with the corresponding
ultraviolet count fyv.

In [181] we suggested that at each value of p, these theories will choose
the phase that minimizes the degree of freedom count as defined by fig, or
equivalently the phase that minimizes the entropy near freeze-out (S(7T') ~
(272 /45)T3 fir). As may be seen from Figs. 37 and 39, this idea leads to the
following picture. As p drops below some critical value, the p fundamental—
anti-fundamental pairs condense at some scale A, breaking the full global
symmetry to the symmetry of the p = 0 theory and producing the associated
Goldstone bosons. For the remaining theory with fermions in only complex
representations, the phase with the global symmetry unbroken and the global
anomalies matched by massless fermions is preferred to phases with further
global symmetry breaking via bilinear condensates. We have not yet shown
that this is true relative to all bilinear condensate formation. Also, this does
not exclude the possibility that some strongly coupled infrared phase (such
as a strong non-Abelian coulomb phase) leads to the smallest value for fig
and is still consistent with global anomaly matching.

We extended our discussion to include general condensate formation for
one simple example, the SU(5) Georgi—-Glashow model with fermions in only
complex representations and a single U(1) global symmetry. This symmetry
can be broken via only a higher dimensional condensate. For this model,
interestingly, we noted that the breaking of the U(1) with confinement and
unbroken gauge symmetry leads to the minimum value of fig among phases
that are infrared free. This highlights the important question of the pattern
of symmetry breaking in general chiral theories (or any theories for that
matter) when arbitrary condensate formation is considered. Higher dimen-
sional condensates could play an important role in the dynamical breaking
of symmetries in extensions of the SM [222]. The enumeration of degrees
of freedom in the effective infrared theory is a potentially useful guide to
discriminate among the possibilities.
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Finally, we commented on two supersymmetric chiral models: the su-
persymmetric version of the SU(5) Georgi—Glashow model and the closely
related (3 —2) model. Both have a Ug(1) x Uy (1) global symmetry. In each
case, the phase that minimizes the number of massless degrees of freedom
corresponds to the breaking of SUSY and both of its global symmetries. In
the case of the (3 — 2) model, however, an analysis in the case of a weak
Yukawa coupling (see [216] for a discussion and relevant references) leads
to the conclusion that the Uy (1) is not broken. If this truly represents the
ground state in the case of weak coupling, then the degree of freedom count
is not the minimum among possible phases that respect global anomaly
matching.

For the nonsupersymmetric chiral gauge theories discussed here, we iden-
tified a variety of possible zero-temperature phases and conjectured [181]
that the theories will choose from among them the one that minimizes the
infrared degree of freedom count.

However the degree of freedom count is not sufficient to provide a com-
plete insight on the conformal window of chiral gauge theories. We have,
hence, introduced a novel all orders chiral beta function which naturally
extends the one for vector like theories we introduced earlier.

We note that the determination of the conformal window of the general-
ized BY and GGG models should be taken into account when constructing
ETC models featuring chiral gauge theories given that the these theories will
not be able to break any symmetry if the number of vector-like fermions is
within the window determined above.

4.15. Comparison chart

We investigated the conformal windows for SU, SO and Sp nonsupersym-
metric gauge theories with fermions in any representation of the underlying
gauge group using four independent analytic methods. One observes a uni-
versal value, i.e. independent of the representation, of the ratio of the area
of the maximum extension of the conformal window, predicted using the
all orders beta function, to the asymptotically free one, as defined in [158].
It is easy to check from the results presented that this ratio is not only
independent on the representation but also on the particular gauge group
chosen.

The four methods we used to unveil the conformal windows are the all
orders beta function (BF), the SD truncated equation, the thermal degrees
of freedom method and least but not the last gauge-duality. Have vastly
different starting points and there was no, a priori, reason to agree with
each other.

In the table below we compare directly the various analytical methods.
The three plus signs in the second column indicate that the three analytic
methods do constrain the conformal window of SU, Sp and SO gauge theories
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with fermions in the fundamental representation. Only BF and SD provide
useful constraints in the case of the higher dimensional representations as
summarized in the third column. When multiple representations participate
in the gauge dynamics the BF constraints can be used directly [21,130] to
determine the extension of the conformal (hyper)volumes while extra dy-
namical information and approximations are required in the SD approach.
Since gauge theories with fermions in several representations of the underly-
ing gauge group must contain higher dimensional representations the ACS is
expected to be less efficient in this case!®. These results are summarized in
the fourth column. The all orders beta function reproduces the supersym-
metric exact results when going over the super Yang—Mills case, the ACS
conjecture was proved successful when tested against the supersymmetric
conformal window results [162]. However the SD approximation does not
reproduce any supersymmetric result [223]. The results are summarized in
the fifth column. Finally, it is of theoretical and phenomenological interest
— for example to construct sensible UV completions of models of dynamical
electroweak symmetry breaking and unparticles — to compute the anoma-
lous dimension of the mass of the fermions at the (near) conformal fixed
point. Only the all orders beta function provides a simple closed form ex-
pression as it is summarized in the sixth column.

TABLE X

Direct comparison among the various analytic methods.

Method | Fund. | Higher | Multiple SUSY 5y AMC | x
BF + + + + + + +
SD + + — — — — | —

ACS + — — + — — +

We have also suggested that it is interesting to study the SU(2) gauge
theory with Ny = 5 Dirac flavors via first principles lattice simulations since
it will discriminate between the two distinct predictions, the one from the
ACS conjecture and the one from the all orders beta function.

We have presented a comprehensive analysis of the phase diagram of
non-supersymmetric vector-like and strongly coupled SU(N) gauge theories
with matter in various representations of the gauge group.

Other approaches, such as the instanton-liquid model [224] or the one de-
veloped in [225-227] have also been used to investigate the QCD chiral phase
transition as function of the number of flavors. According to the instanton-
liquid model one expects for QCD the transition to occur for a very small
number of flavors. This result is at odds with the bound for the conformal
window found with our novel beta function [21] as well lattice data [105].

19 We do not consider super QCD a theory with higher dimensional representations.
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A more recent approach makes use of certain topological excitations [211,
228|, whose link to the conformal window is yet to be proved, leads to
predictions very close to the ones of the all orders beta function. However
within this approach there is no prediction for the anomalous dimension at
the fixed point.

The all orders beta function method represents, however, a much more
direct way to estimate the conformal window and to capture some of its
salient properties. Besides, the form of the beta function is highly con-
sistent with the exact results stemming from the solutions of the 't Hooft
Anomaly conditions leading to interesting possible gauge duals. In the table
above the 't Hooft Anomaly matching conditions have been abbreviated via
(AMC). We have seen that is even possible to predict the conformal window
of phenomenologically relevant chiral gauge theories. In the table we have
used the symbol x to refer to these kind of theories.

Several questions remain open such as what happens on the right-hand
side of the infrared fixed point as we increase further the coupling. Does a
generic strongly coupled theory develop a new UV fixed point as we increase
the coupling beyond the first IR value [229]7 If this were the case our beta
function would still be a valid description of the running of the coupling
of the constant in the region between the trivial UV fixed point and the
neighborhood of the first IR fixed point. One might also consider extending
our beta function to take into account of this possibility as done in [230].
It is also possible that no non-trivial UV fixed point forms at higher values
of the coupling constant for any value of the number of flavors within the
conformal window. Gauge-duals seem to be in agreement with the simplest
form of the beta function. The extension of the all orders beta function to
take into account fermion masses has appeared in [231].

We briefly summarize the current status of the lattice results. The SU(2)
gauge theory with four adjoint Weyl fermions, known as Minimal Walking
Technicolor, seems to be (near) conformal [168,170,189,203,204,232,233| as
predicted using the all orders beta function. There are also interesting early
results for the anomalous dimension of the mass of these theories [112,113,
232|. However the uncertainties on this quantity are still quite large with a
quoted result of 0.05 < v < 0.56. It is worth mentioning that the predicted
value of v from the all orders beta function is v = 3/4 = 0.75 was already
known to be less then one. This of course does not diminish the value of
Minimal Walking Theories nor renders them less relevant for particle physics
phenomenology. In fact, the relevant point is that near conformal behavior
reduces the corrections to the precision data and it was already pointed out
in [184] that another mechanism for the generation of the fermion masses is
needed along the lines of the one presented in [40].

Next to Minimal Walking Technicolor, i.e. SU(3) gauge theory with 2
Dirac flavors in the two-index symmetric representation has also been in-
vestigated in [108,207,234| and there are very preliminary indications that
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this theory is (near) conformal. Searches for the conformal window in SU(3)
gauge theories with fundamental representation quarks have also received
recent attention [107,174,208, 235, 236].

Our analysis substantially increases the number of asymptotically free
gauge theories which can be used to construct SM extensions making use
of (near) conformal dynamics. Current Lattice simulations can test our
predictions and lend further support or even disprove the emergence of a
universal picture possibly relating the phase diagrams of gauge theories of
fundamental interactions.

5. Minimal conformal models

The simplest technicolor model has Nry Dirac fermions in the funda-
mental representation of SU(N). These models, when extended to accom-
modate the fermion masses through the extended technicolor interactions,
suffer from large flavor changing neutral currents. This problem is alleviated
if the number of flavors is sufficiently large such that the theory is almost con-
formal. This is estimated to happen for Nyy ~ 4N [58] as also summarized
in the section dedicated to the Phase Diagram of strongly interacting theo-
ries. This, in turn, implies a large contribution to the oblique parameter S
(within naive estimates) [155]. Although near the conformal window [63,67]
the S parameter is reduced due to non-perturbative corrections, it is still
too large if the model has a large particle content. In addition, such models
may have a large number of pseudo Nambu—Goldstone bosons. By choosing
a higher dimensional technicolor representation for the new technifermions
one can overcome these problems [16,155].

To have a very low S parameter one would ideally have a technicolor
theory which with only one doublet breaks dynamically the electroweak
theory but at the same time being walking to reduce the S parameter. The
walking nature then also enhances the scale responsible for the fermion mass
generation.

According to the phase diagram exhibited earlier the promising candidate
theories with the properties required are either theories with fermions in the
adjoint representation or two index symmetric one. In Table XI we present
the generic S-type theory.

The relevant feature, found first in [16] using the ladder approximation,
is that the S-type theories can be near conformal already at Nty = 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. This last
statement is supported by the all order beta function results [21] as well as
lattice simulations [105,108,168|. 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.
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TABLE XI

Schematic representation of a generic nonsupersymmetric vector like SU(N) gauge
theory with matter content in the two-index representation. Here Qp gy are Weyl
fermions.

SU(N) SUL(Nrs) SUg

—~

Nry)  Uy(1) Ua(l)

QL o 0 1 1 1
Qr | @O 1 m| 1 1
G, Adj 0 0 0 0

The situation is different for the theory with A-type matter. Here the
critical number of flavors increases when decreasing the number of colors.
The maximum value of about Nry = 12 is obtained — in the ladder approx-
imation — for N = 3, i.e. standard QCD. In Ref. [155] it has been argued
that the nearly conformal A-type theories have, already at the perturbative
level, a very large S parameter with respect to the experimental data. These
theories can be re-considered if one gauges under the electroweak symmetry
only a part of the flavor symmetries as we shall see in the section dedicated
to partially gauged technicolor.

5.1. Minimal Walking Technicolor (MWT)

The dynamical sector we consider, which underlies the Higgs mechanism,
is an SU(2) technicolor gauge theory with two adjoint technifermions [16].
The theory is asymptotically free if the number of flavors Ny is less than 2.75
according to the ladder approximation. Lattice results support the confor-
mal or near conformal behavior of this theory. In any event the symmetries
and properties of this model make it ideal for a comprehensive study for
LHC physics. The all order beta function prediction is that this gauge the-
ory is, in fact, conformal. In this case we can couple another non-conformal
sector to this gauge theory and push it away from the fixed point.

The two adjoint fermions are conveniently written as

Q‘i:<ga>, Ug, DY, a=123, (5.270)
L

with a being the adjoint color index of SU(2). The left-handed fields are
arranged in three doublets of the SU(2) weak interactions in the standard
fashion. The condensate is (UU + DD) which correctly breaks the elec-
troweak symmetry as already argued for ordinary QCD in (2.18).

The model as described so far suffers from the Witten topological anoma-
ly [148]|. However, this can easily be solved by adding a new weakly charged
fermionic doublet which is a technicolor singlet [17]. Schematically:
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LL:< ]g > . Ng, Eg. (5.271)
L

In general, the gauge anomalies cancel using the following generic hyper-
charge assignment

+1y—1
Y(QL) :g’ Y(UR,DR) = <y2, y2> , (5.272)
—3y+1 —3y—1
Y(Lp) :_3%, Y(Ng, Eg) = < y2 , 3/2 ) . (5.273)

where the parameter y can take any real value [17]. In our notation the
electric charge is Q@ = T3 + Y, where T3 is the weak isospin generator.
One recovers the SM hypercharge assignment for y = 1/3. In Fig. 40 we
summarize the fields of the MWT extension of the SM. To discuss the sym-

The standard model
Elementary particles
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D
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Fig. 40. Cartoon of the Minimal Walking Technicolor Model extension of the SM.

metry properties of the theory it is convenient to use the Weyl basis for the
fermions and arrange them in the following vector transforming according
to the fundamental representation of SU(4)

Ur
_ Dy
Q - _7;0.20'}*2 5
—1'02D}k2

(5.274)

where U, and Dy, are the left handed techniup and technidown, respectively,
and Ur and Dg are the corresponding right-handed particles. Assuming the
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standard breaking to the maximal diagonal subgroup, the SU(4) symmetry
spontaneously breaks to SO(4). Such a breaking is driven by the following
condensate

<Q?QfeaﬁE”> — —2(UgUy, + DgDy), (5.275)

where the indices i,j = 1,...,4 denote the components of the tetraplet of
@, and the Greek indices indicate the ordinary spin. The matrix F is a 4 x 4
matrix defined in terms of the 2-dimensional unit matrix as

E—< i ) . (5.276)

Here e, = —iaiﬁ and <UE‘UR*ﬁea5> = —(URUL). A similar expression
holds for the D techniquark. The above condensate is invariant under an
SO(4) symmetry. This leaves us with nine broken generators with associated
Goldstone bosons.

Replacing the Higgs sector of the SM with the MWT the Lagrangian
now reads:

Ly — —1F5,F* +iQuy"DuQr + iUpy*DyUg + iDpy* Dy Dy
+iI_/L’yuDuLL + iNR’y“D“NR + iER’y“DMER (5.277)
with the technicolor field strength
F, = 0u AL — 0, A% + gree™ ALAS, abe=1,....3.

For the left-handed techniquarks the covariant derivative is:
DuQs = (80 + groAle™ —iSW, - 76° — ig/ S Buo™) Q5. (5.278)

A, are the techni gauge bosons, W, are the gauge bosons associated to
SU(2)r, and B, is the gauge boson associated to the hypercharge. 7% are
the Pauli matrices and €€ is the fully antisymmetric symbol. In the case of
right-handed techniquarks the third term containing the weak interactions
disappears and the hypercharge y/2 has to be replaced according to whether
it is an up or down techniquark. For the left-handed leptons the second
term containing the technicolor interactions disappears and y/2 changes to
—3y/2. Only the last term is present for the right-handed leptons with an

appropriate hypercharge assignment.

5.1.1. Low energy theory for MWT

We construct the effective theory for MWT including composite scalars
and vector bosons, their self interactions, and their interactions with the
electroweak gauge fields and the SM fermions.
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5.1.2. Scalar sector

The relevant effective theory for the Higgs sector at the electroweak scale
consists, in our model, of a composite Higgs and its pseudoscalar partner, as
well as nine pseudoscalar Goldstone bosons and their scalar partners. These
can be assembled in the matrix

o+1i6
2

M= { +V2 (ma + ﬁa) X“} E, (5.279)

which transforms under the full SU(4) group according to

M — uMu®,  with  w e SU4). (5.280)

The X%, a =1,...,9 are the generators of the SU(4) group which do not
leave the vacuum expectation value (vev) of M invariant

(M) =JE. (5.281)

v
2
Note that the notation used is such that o is a scalar while the II%s are
pseudoscalars. It is convenient to separate the fifteen generators of SU(4)
into the six that leave the vacuum invariant, S%, and the remaining nine
that do not, X*. Then the S® generators of the SO(4) subgroup satisfy the
relation

S*E+FEST =0, with a=1,...,6, (5.282)

so that uEuT = E, for u € SO(4). The explicit realization of the generators
is shown in Appendix B. With the tilde fields included, the matrix M is
invariant in form under U(4) = SU(4) x U(1)a, rather than just SU(4).
However the U(1) 4 axial symmetry is anomalous, and is therefore broken at
the quantum level.

The connection between the composite scalars and the underlying tech-
niquarks can be derived from the transformation properties under SU(4),
by observing that the elements of the matrix M transform like techniquark
bilinears:

Mij ~ Q¥Qleap,  with  ij=1...4. (5.283)
Using this expression, and the basis matrices given in Appendix B, the scalar

fields can be related to the wavefunctions of the techniquark bound states.
This gives the following charge eigenstates:
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v+H = o~UU+ DD, QNi(U'yE’U—f—E'yE’D),
A" = I ~TU -DD, 1° =1 ~i (Uy°U - Dy°D) ,
ot —im? mt—im?
At =5 DUy, nt=—""" ~iDyU,
V2 V2
It +ir? ot +im?
A- = LNUD, I~ ;LNiUfD, (5.284)

V2

for the technimesons, and
T4 +4I1° + 1% 44107

V2

HUU = B ~ UTCU,
H4 'HS o H6 o ’H7

Ilipp = l 5 iy DTcD,
78 +411° T

17 = ——~U'CD,

UD \/§

~ I 40115 + 116 + 4117

yy = Rl ;r R iUtc~ U,

_ T4 G0 — IS —iII7

IIpp = R 5 ‘ ~ Z'DTC'75D,

IIyp = ———— ~iU Cy’D, (5.285)

V2

for the technibaryons, where U = (Up,Ug)"* and D = (Dy, Dgr)T are Dirac
technifermions, and C' is the charge conjugation matrix, needed to form
Lorentz-invariant objects. To these technibaryon charge eigenstates we must
add the .corresp(?nding chgrge conjugate states (e.9.) lyy — Izg).

It is instructive to split the scalar matrix into four two by two blocks as

follows: ¥ o
M = ((’)T Z> , (5.286)

with X and Z two complex symmetric matrices accounting for six inde-
pendent degrees of freedom each and O is a generic complex two by two
matrix featuring eight real bosonic fields. O accounts for the SM like Higgs
doublet and a second copy as well as for the three Goldstones which upon
electroweak gauging will become the longitudinal components of the inter-
mediate massive vector bosons.

The electroweak subgroup can be embedded in SU(4), as explained in
detail in [237]. Here SO(4) is the subgroup to which SU(4) is maximally
broken. The generators S, with a = 1,2,3, form an SU(2) subgroup of
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SU(4), which we denote by SU(2)y, while S* forms a U(1)y subgroup. The
S generators, with a = 1,...,4, together with the X generators, with
a = 1,2,3, generate an SU(2)r, x SU(2)r x U(1)y algebra. This is easily
seen by changing generator basis from (5%, X%) to (L%, R*), where

SN (T0) eSS (00
V2 0 0 vz o %
(5.287)

with a = 1,2,3. The electroweak gauge group is then obtained by gauging
SU(2)y,, and the U(1),- subgroup of SU(2), x U(1)y,, where

La

Y =R + V2V 84, (5.288)

and Yy is the U(1)y charge. For example, from Eq. (5.272) and Eq. (5.273)
we see that Yy = y for the techniquarks, and Yy = —3y for the new lep-
tons. As SU(4) spontaneously breaks to SO(4), SU(2), x SU(2)p breaks
to SU(2),,. As a consequence, the electroweak symmetry breaks to U(l)Q,
where

Q=V28+V2Yy S*. (5.289)

Moreover the SU(2),, group, being entirely contained in the unbroken SO(4),
acts as a custodial isospin, which insures that the p parameter is equal to
one at tree-level.

The electroweak covariant derivative for the M matrix is

DM = 9,M —ig[Gu(y)M + MG (y)] , (5.290)
where
9Gu(Yv) = gWy L* +9'B,Y
— gWL+g¢'B, (—R3T V2V 54) . (5.291)

Notice that in the last equation G, (Yy) is written for a general U(1)y charge
Yy, while in Eq. (5.290) we have to take the U(1)y charge of the techni-
quarks, Yy = y, since these are the constituents of the matrix M, as explic-
itly shown in Eq. (5.283).

Three of the nine Goldstone bosons associated with the broken genera-
tors become the longitudinal degrees of freedom of the massive weak gauge
bosons, while the extra six Goldstone bosons will acquire a mass due to
extended technicolor interactions (ETC) as well as the electroweak interac-
tions per se. Using a bottom up approach we will not commit to a specific
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ETC theory but limit ourself to introduce the minimal low energy operators
needed to construct a phenomenologically viable theory. The new Higgs
Lagrangian is

Litiggs = 3Tr [ D MDMT| = V(M) + Liro, (5.292)

where the potential reads

2 2
V(M) = —%Tr (MM + 21& [MMT] T+ NTy [MMTMMT]
o\ [Det(M)—i—Det(MT )} : (5.293)

and Lgrc contains all terms which are generated by the ETC interactions,
and not by the chiral symmetry breaking sector. Notice that the determinant
terms (which are renormalizable) explicitly break the U(1)4 symmetry, and
give mass to @, which would otherwise be a massless Goldstone boson.
While the potential has a (spontaneously broken) SU(4) global symmetry,
the largest global symmetry of the kinetic term is SU(2)z x U(1)gr x U(1)y
(where U(1)g is the 73 part of SU(2)g), and becomes SU(4) in the g, g’ — 0
limit. Under electroweak gauge transformations, M transforms like

M (x) — u(z;y) M(z)u” (z;y), (5.294)
where

u(z; Yy ) = exp ia®(x)L* +if(z) (—R3T +V2Yy 54)} , (5.295)

and Yy = y. We explicitly break the SU(4) symmetry in order to pro-
vide mass to the Goldstone bosons which are not eaten by the weak gauge
bosons. We, however, preserve the full SU(2)z x SU(2)r x U(1)y subgroup
of SU(4), since breaking SU(2)r x U(1)y to U(1l)y would result in a po-
tentially dangerous violation of the custodial isospin symmetry. Assuming
parity invariance we write:

2
Liro = BTy [MBM'B+ MM!| + - (5.296)

where the ellipses represent possible higher dimensional operators, and B =
21/25% commutes with the SU(2) x SU(2)r x U(1)y generators.

The potential V(M) is SU(4) invariant. It produces a vev which pa-
rameterizes the techniquark condensate, and spontaneously breaks SU(4) to
SO(4). In terms of the model parameters the vev is

2 2 m?
V7= (0)" = eSS (5.297)
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while the Higgs mass is
M% =2m?. (5.298)

The linear combination A + A’ — A" corresponds to the Higgs self coupling
in the SM. The three pseudoscalar mesons II*, IT0 correspond to the three
massless Goldstone bosons which are absorbed by the longitudinal degrees
of freedom of the W* and Z boson. The remaining six uneaten Goldstone
bosons are technibaryons, and all acquire tree-level degenerate mass through,
not yet specified, ETC interactions:

2 a2 a2 .2
MHUU = MHUD = MHDD = MgrC - (5299)
The remaining scalar and pseudoscalar masses are

Mg = 40°\",
M3i: = M3 =202 (N +2"), (5.300)

for the technimesons, and

M%2 =M2 =M2 =mgpc+20° (N +X"), (5.301)

ﬁUU ﬁUD HDD

for the technibaryons. To gain insight on some of the mass relations one can
use [155].

5.1.3. Vector bosons

The composite vector bosons of a theory with a global SU(4) symme-
try are conveniently described by the four-dimensional traceless Hermitian
matrix

Al = AT (5.302)

where T® are the SU(4) generators: T® = S¢, for a = 1,...,6, and T%"6 =
X? for a =1,...,9. Under an arbitrary SU(4) transformation, A* trans-
forms like

AP — u APl where u € SU(4) . (5.303)

Eq. (5.303), together with the tracelessness of the matrix A,, gives the
connection with the techniquark bilinears:

AP Q?Ugﬁ_@m _ %524‘@;055@&’6. (5.304)
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Then we find the following relations between the charge eigenstates and the
wavefunctions of the composite objects:

O = ASH U~NPU — D’V“D, % = A% ~ UV”W5U - DV“’Y5D’

1 © A2 T _ ;A8
R 7AM_ZAM~D7“U, a+“57AM_ZAM~D’y“75U,
V2 V2
Ath A% ATH 4G A8R
vH = LNU’y“D, a*MELNUVM}ﬁD?
V2 V2
v = AW ~ UN*U + DA*D (5.305)

for the vector mesons, and

ALK AT AT 4 AR

Ty = 5 ~UTOyU,
Al()u 'Allu _ A12u _ 'A13M
oy = te 5 ! ~ DTCy5D
A14u + Z‘Alf),u
gt o= 2T Doy,
UD ﬂ Y
Abr — APk

- ~ UTom
syp = 7 U C+¥"D (5.306)
for the vector baryons.

There are different approaches on how to introduce vector mesons at the
effective Lagrangian level. At the tree level they are all equivalent. The
main differences emerge when exploring quantum corrections.

In Appendix C we will show how to introduce the vector mesons in a
way that renders the following Lagrangian amenable to loop computations.
Based on these premises, the minimal kinetic Lagrangian is:

Liinetic = ~3T0 [ W W | = 1B B = 3T [ F| +md Tr [
(5.307)

where W), and By, are the ordinary field strength tensors for the elec-
troweak gauge fields. Strictly speaking the terms above are not only kinetic
ones since the Lagrangian contains a mass term as well as self interactions.
The tilde on W% indicates that the associated states are not yet the SM
weak triplets: in fact these states mix with the composite vectors to form
mass eigenstates corresponding to the ordinary W and Z bosons. F},, is the
field strength tensor for the new SU(4) vector bosons,

Fn = 0,A, —0,A, —ig[Au A, (5.308)
and the vector field C), is defined by

Cu= A, — %Gu(y). (5.309)
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As shown in Appendix C this is the appropriate linear combination to take
which transforms homogeneously under the electroweak symmetries:

Cu(x) — u(z;y) Culz) u(z;y)T, (5.310)

where u(z;Yy) is given by Eq. (5.295). (Once again, the specific assign-
ment Yy = y, due to the fact that the composite vectors are built out of
techniquark bilinears.) The mass term in Eq. (5.307) is gauge invariant (see
Appendix C), and gives a degenerate mass to all composite vector bosons,
while leaving the actual gauge bosons massless. (The latter acquire mass
as usual from the covariant derivative term of the scalar matrix M, after
spontaneous symmetry breaking.)

The C), fields couple with M via gauge invariant operators. Up to dimen-
sion four operators the Lagrangian is (see Appendix C for a more general
treatment):

Ly = 2 T [C’MC“MMT} 4+ Py Tr [CHMC“TMT}
+igrs Tr {Cu (M(D“M)T - (DNM)MT)}
+§% s Tr [C,,C*) Tr [MMT} . (5.311)

The dimensionless parameters r1, 73, r3, s parameterize the strength of the
interactions between the composite scalars and vectors in units of g, and
are therefore naturally expected to be of order one. However, notice that
for r1 = ro = r3 = 0 the overall Lagrangian possesses two independent
SU(2)r x U(1)r x U(1)y global symmetries. One for the terms involving
M and one for the terms involving C), 20 The Higgs potential only breaks
the symmetry associated with M, while leaving the symmetry in the vector
sector unbroken. This enhanced symmetry guarantees that all r terms are
still zero after loop corrections. Moreover, if one chooses ri, ro, r3 to be
small the near enhanced symmetry will protect these values against large
corrections 237, 238|.

We can also construct dimension four operators including only C), fields.

5.1.4. Fermions and Yukawa interactions

The fermionic content of the effective theory consists of the SM quarks
and leptons, the new lepton doublet L = (N, E) introduced to cure the
Witten anomaly, and a composite techniquark—technigluon doublet.

We now consider the limit according to which the SU(4) symmetry is,
at first, extended to ordinary quarks and leptons. Of course, we will need
to break this symmetry to accommodate the SM phenomenology. We start

20 The gauge fields explicitly break the original SU(4) global symmetry to SU(2)r x
U(1)rxU(1)v, where U(1)r is the T? part of SU(2)r, in the SU(2)z xSU(2)rx U(1)v
subgroup of SU(4).
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by arranging the SU(2) doublets in SU(4) multiplets as we did for the tech-
niquarks in Eq. (5.274). We therefore introduce the four component vectors
q" and [,

i i
ur VL
. db . et
i L 1 L
q = .9 ok 5 l = .9k s (5312)
—i0u’y —10°Vp,
—to*dy, —io“ehy

where i is the generation index. Note that such an extended SU(4) symme-
try automatically predicts the presence of a right-handed neutrino for each
generation. In addition to the SM fields, there is an SU(4) multiplet for the
new leptons,

Np

Er
—iU2NR* ’
—iUQER*

L= (5.313)

and a multiplet for the techniquark—technigluon bound state,
UL
~ Dy
@= —io2U?
YR
—iU2DE

(5.314)

With this arrangement, the electroweak covariant derivative for the fermion
fields can be written

Dy = 8, — igGu(Yy), (5.315)

where Yy = 1/3 for the quarks, Yyy = —1 for the leptons, Yy = —3y for
the new lepton doublet, and Yy = y for the techniquark—technigluon bound
state. Omne can check that these charge assignments give the correct elec-
troweak quantum numbers for the SM fermions. In addition to the covariant
derivative terms, we should add a term coupling @ to the vector field C,,,
which transforms globally under electroweak gauge transformations. Such
a term naturally couples the composite fermions to the composite vector
bosons which otherwise would only feel the week interactions. Based on
this, we write the following gauge part of the fermion Lagrangian:

Liermion = 1750 Dyugly + 15" Dyl + i Lao" " Dy, L

+i Qe D,Qp + x Qs 0, Q5 . (5.316)
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The terms coupling the SM fermions or the new leptons to C, are in general
not allowed. In fact, under electroweak gauge transformations any four-
component fermion doublet v transforms like

Y = ulz; Yv) 9, (5.317)

and from Eq. (5.310) we see that a term like waag BCMEﬁ is only invariant if
Yy =y. Then we can distinguish two cases. First, we can have y # 1/3 and
y # —1, in which case @DO‘UZBCMEB is only invariant for ¢ = @ Interaction
terms of the SM fermions with components of C), are still possible, but

these would break the SU(4) chiral symmetry even in the limit in which
the electroweak gauge interactions are switched off. Second, we can have

y=1/3 or y = —1. Then wo‘agﬁ.C’u@@ is not only invariant for ¢ = QV, but

also for either 1) = ¢* or 1 = I*, respectively. In the last two cases, however,
the corresponding interactions are highly suppressed, since these give rise to
anomalous couplings of the light fermions with the SM gauge bosons, which
are tightly constrained by experiments.

We now turn to the issue of providing masses to ordinary fermions. In
the first chapter the simplest ETC model has been briefly reviewed. Many
extensions of technicolor have been suggested in the literature to address
this problem. Some of the extensions use another strongly coupled gauge dy-
namics, others introduce fundamental scalars. Many variants of the schemes
presented above exist and a review of the major models is the one by Hill
and Simmons [13]. At the moment there is not yet a consensus on which
is the correct ETC. To keep the number of fields minimal we make the
most economical ansatz, i.e. we parameterize our ignorance about a com-
plete ETC theory by simply coupling the fermions to our low energy effec-
tive Higgs. This simple construction minimizes the flavor changing neutral
currents problem. It is worth mentioning that it is possible to engineer a
schematic ETC model proposed first by Randall in [239] and adapted for
the MWT in [184] for which the effective theory presented in the main text
can be considered a minimal description. Another non minimal way to give
masses to the ordinary fermions is to (re)introduce a new Higgs doublet as
already done many times in the literature [41,42,44,47,120,240,241].

Depending on the value of y for the techniquarks, we can write different
Yukawa interactions which couple the SM fermions to the matrix M. Let ¢
denote either ¢* or I*. If ¢ and the techniquark multiplets Q® have the same
U(1)y charge, then the Yukawa term

— T M* + hec., (5.318)

is gauge invariant, as one can check explicitly from Eq. (5.294) and
Eq. (5.317). Otherwise, if ¢ and Q® have different U(1)y charges, we can
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only write a gauge invariant Lagrangian with the off-diagonal terms of M,
which contain the Higgs and the Goldstone bosons:

"Mz +hec. (5.319)

In fact, Mog has no U(1)y charge, since

S Mg + MogS*" = 0. (5.320)

The last equation implies that the U(1)y charges of ¥* and 1 cancel in
Eq. (5.319). The latter is actually the only viable Yukawa Lagrangian for
the new leptons, since the corresponding U(1)y charge is Yy = —3y # v,
and for the ordinary quarks, since Eq. (5.318) contains gq terms which are
not color singlets.

We notice however that neither Eq. (5.318) nor Eq. (5.319) are phe-
nomenologically viable yet, since they leave the SU(2)g subgroup of SU(4)
unbroken, and the corresponding Yukawa interactions do not distinguish
between the up-type and the down-type fermions. In order to prevent this
feature, and recover agreement with the experimental input, we break the
SU(2)r symmetry to U(1)r by using the projection operators Py and Pp,

where
1 0 1 0
PU - ( 1+’T3> B PD - ( 1_T3> . (5.321)
0 == 0 —=5—

Then, for example, Eq. (5.318) should be replaced by
—pT (PyM*Py) 1y — " (PpbM*Pp) 1 + h.c. (5.322)

For illustration we distinguish two different cases for our analysis, y # —1
and y = —1, and write the corresponding Yukawa interactions:

(i) y # —1. In this case we can only form gauge invariant terms with the
SM fermions by using the off-diagonal M matrix. Allowing for both N — FE
and U — D mass splitting, we write

Lyuawa = — Y2 a7 (PuMigPy) ¢ — vy ¢ (PoMsPp) ¢
yI 1T (Py Mg Py) VP — 49 1'T (Pp M3 Pp) 19
—yn LY (PuMqPy) L — yg LT (PpMgPp) L
— y: Q" (PuM*Py) Q — y5Q" (PoM*Pp) Q + h.c., (5.323)

where y, 3/, v/, y¢ are arbitrary complex matrices, and yn, yE, ¥, U5
are complex numbers.
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Note that the underlying strong dynamics already provides a dynamically
generated mass term for ) of the type:

EQTM*Q + h.c., (5.324)

with k£ a dimensionless coefficient of order one and entirely fixed within the
underlying theory. The splitting between the up and down type techniquarks
is due to physics beyond the technicolor interactions?'. Hence the Yukawa
interactions for ) must be interpreted as already containing the dynamical
generated mass term.

(i) y = —1. In this case we can form gauge invariant terms with the SM
leptons and the full M matrix:

Lyuawa = —9i 4" (PuMiPy) ¢ — i ¢ (PoMigPp) ¢’
— I T (PyM*Py) V — y9 1T (PpM*Pp) I?
—yn LY (PyM¢Py) L — yp L (PpM 3 Pp) L
— ysQ" (PyM*Py) Q — y5Q" (PpM*Pp) @ +h.c. (5.325)

Here we are assuming Dirac masses for the neutrinos, but we can easily add
also Majorana mass terms. At this point one can exploit the symmetries of
the kinetic terms to induce a GIM mechanism, which works out exactly like
in the SM. Therefore, in both Eq. (5.323) and Eq. (5.325) we can assume
Yl yzlj /), y¢ to be diagonal matrices, and replace the diL and yi fields, in
the kinetic terms, with V,” djL and Vl” ui, respectively, where V, and V| are
the mixing matrices.

When y = —1 @ has the same quantum numbers of the ordinary lep-
tons, except for the technibaryon number. If the technibaryon number is
violated they can mix with the ordinary leptons behaving effectively as a
fourth generation leptons (see Eq. (5.325)). However this will reintroduce,
in general, anomalous couplings with intermediate gauge bosons for the or-
dinary fermions and hence we assume the mixing to be small.

5.2. Constraining the MW'T effective Lagrangian via WSRs
and S parameter

In our effective theory the S parameter is directly proportional to the
parameter rg via:

8 022

S = 7 x2-x), with X = mrg, (5.326)

21 Small splittings with respect to the electroweak scale will be induced by the SM
corrections per se.
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where we have expanded in ¢g/g and kept only the leading order. The full
expression can be found in Appendix D of [19] and it is also reported in
Appendix C here. We can now use the sum rules to relate r3 to other
parameters in the theory for the running and the walking case. Within the
effective theory we deduce:

2M?%  2M? M?

F2 = <1—X”> TA_ SV g2 9 A \)2 F2 — 2 (1—y ).

\% rs 92 92 A 92 ( ) T ( )
(5.327)

Hence the first WSR reads:

1+7r9—2r3=0, (5.328)

while the second:

1672

mtﬂ (1—xr3)?.  (5.329)

(ro —rs) (U2§2(7‘2 +r3) — 4Mi) =a

To gain analytical insight we consider the limit in which g is small while
g/g is still much smaller than one. To leading order in § the second sum
rule simplifies to:

4% o2
rs —T9 = amm . (5330)

Together with the first sum rule we find:

ro =1—2t, rg=1-—t, (5.331)
with
472 2
t=0——= . 5.332
“d(R) M (5.:332)

The approximate S parameter reads.

,02

S =8 M—iu —1). (5.333)

A positive a renders S smaller than expected in a running theory for a
given value of the axial mass. In the next subsection we will make a similar
analysis without taking the limit of small g.
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5.2.1. Axial-vector spectrum via WSRs

It is is interesting to determine the relative vector to axial spectrum as
function of one of the two masses, say the axial one, for a fixed value of the
S parameter meant to be associated to a given underlying gauge theory.

For a running type dynamics (i.e. a = 0) the two WSRs force the vector
mesons to be quite heavy (above 3 TeV) in order to have a relatively low
S parameter (S ~ 0.1). This can be seen directly from Eq. (5.326) in the
running regime, where r9 = r3 = 1. This leads to

8 2
Mj 2 o

(5.334)

which corresponds to M4 2 3.6 TeV, for S ~ 0.11. Perhaps a more physical
way to express this is to say that it is hard to have an intrinsically small
S parameter for running type theories. By small we mean smaller than the
scaled up technicolor version of QCD with two techniflavors, in which § ~
0.3. In Fig. 41 we plot the difference between the axial and vector mass as
function of the axial mass, for S ~ 0.11. Since Eq. (5.334) provides a lower
bound for M4, this plot shows that in the running regime the axial mass
is always heavier than the vector mass. In fact, the Mi — M‘Q/ difference is
proportional to r9, with a positive proportionality factor (see Appendix C),
and ro = 1 in the running regime.
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Fig.41. In the picture above we have set 1038 = 1, corresponding to S ~ 0.11.
Here we have imposed the first and the second WSR. for a = 0. This corresponds
to an underlying gauge theory with a standard running behavior of the coupling
constant.

When considering the second WSR modified by the walking dynamics,
we observe that it is possible to have quite light spin one vector mesons
compatible with a small S parameter. We numerically solve the first and
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second WSR in presence of the contribution due to walking in the second
sum rule. The results are summarized in figure 42. As for the running
case we set again S ~ 0.11. This value is close to the estimate in the
underlying MWT?2. The different curves are obtained by varying § from
one (the thinnest curve) to eight (the thickest curve). We plot the allowed
values of M4 — My, as function of M4 in the left panel, having imposed only
the first sum rule. In the right panel we compute the corresponding value
that a should assume as function of M, in order for the second WSR to
be satisfied in the walking regime as well. Our computation shows that it
is possible to have walking theories with light vector mesons and a small S
parameter. Such a scenario, however, needs a positive value of a, together
with an exotic vector spectrum according to which the axial is lighter than its
associated vector meson?®. However for spin one fields heavier than roughly
2.5 TeV and with still a positive a one has an axial meson heavier than the
vector one. A degenerate spectrum allows for a small S but with relatively
large values of @ and spin one masses around 2.5 TeV. We observe that a
becomes zero (and eventually negative) when the vector spectrum becomes
sufficiently heavy. In other words we recover the running behavior for large
masses of spin-one fields. Although in the plot we show negative values of a
one should stop the analysis after having reached a zero value of a. In fact,
for masses heavier than roughly 3.5 TeV the second WSR for the running
behavior, i.e. a = 0, is enforced.

Our results are general and help elucidating how different underlying
dynamics will manifest itself at LHC. Any four dimensional strongly inter-
acting theory replacing the Higgs mechanism, with two Dirac techniflavors
gauged under the electroweak theory, is expected to have a spectrum of the
low lying vector resonances like the one presented above. We note that the
resonance inversion does not imply a negative or zero S parameter.

5.2.2. Reducing S via new leptons

We have studied the effects of the lepton family on the electroweak pa-
rameters in [17], we summarize here the main results in Fig. 43. The ellipses
represent the one standard deviation confidence region for the S and T pa-
rameters. The upper ellipse is for a reference Higgs mass of the order of

22 For the MWT we separate the contribution due to the new leptonic sector (which
will be dealt with later in the main text) and the one due to the underlying strongly
coupled gauge theory which is expected to be well represented by the perturbative
contribution and is of the order of 1/27. When comparing with the S parameter from
the vector meson sector of the effective theory we should subtract from the underlying
S the one due to the new fermionic composite states U and D. This contribution is
very small since it is 1/67 in the limit when these states are degenerate and heavier
than the Z gauge boson.

23 The sum rules do not contain sufficient information to predict the relative spectral
ordering of the vector and axial-vector mesons. We have hence studied both orderings.
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Fig. 42. In the two pictures above we have set 1038 = 1, corresponding to S ~ 0.11,
and the different curves are obtained by varying § from one (the thinnest curve)
to eight (the thickest curve). We have imposed the first WSR. Left panel: We plot
the allowed values of M4 — My as function of M 4. Right panel: We compute the
value that a should assume as function of M4 in order for the second WSR to be
satisfied in the walking regime. Note that a is expected to be positive or zero.

1 TeV while the lower curve is for a light Higgs with mass around 114 GeV.
The contribution from the MW theory per se and of the leptons as func-
tion of the new lepton masses is expressed by the dark gray region. The
left panel has been obtained using a SM type hypercharge assignment while
the right-hand graph is for y = 1. In both pictures the regions of overlap
between the theory and the precision contours are achieved when the upper
component of the weak isospin doublet is lighter than the lower component.
The opposite case leads to a total S which is larger than the one predicted
within the new strongly coupled dynamics per se. This is due to the sign
of the hypercharge for the new leptons. The mass range used in the plots,
in the case of the SM hypercharge assignment is 100-1000 GeV for the new
electron and 50-800 GeV for the new Dirac neutrino, while it is 100-800
and 100-1000 GeV, respectively, for the y = 1 case. The plots have been
obtained assuming a Dirac mass for the new neutral lepton (in the case of a
SM hypercharge assignment). The range of the masses for which the theory
is in the ellipses, for a reference Higgs mass of a TeV, is 100-400 GeV for the
new neutrino and about twice the mass of the neutrino for the new electron.

The analysis for the Majorana mass case has been performed in [138|
where one can again show that it is possible to be within the 68% contours.

The contour plots we have drawn take into account the values of the
top mass which has dropped dramatically since our first comparison of our
model theory in [17] to the experimental data.
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Fig. 43. The ellipses represent the 68% confidence region for the S and T param-
eters. The upper ellipse is for a reference Higgs mass of the order of a TeV, the
lower curve is for a light Higgs with mass around 114 GeV. The contribution from
the MWT theory per se and of the leptons as function of the new lepton masses is
expressed by the dark gray region. The left panel has been obtained using a SM
type hypercharge assignment while the right-hand graph is for y = 1.

We have provided a comprehensive extension of the SM which embod-
ies (minimal) walking technicolor theories and their interplay with the SM
particles. Our extension of the SM features all of the relevant low energy
effective degrees of freedom linked to our underlying minimal walking the-
ory. These include scalars, pseudoscalars as well as spin one fields. The
bulk of the Lagrangian has been spelled out in [19]. The link with underly-
ing strongly coupled gauge theories has been achieved via the time-honored
Weinberg sum rules. The modification of the latter according to walking
has been taken into account. We have also analyzed the case in which the
underlying theory behaves like QCD rather than being near an infrared fixed
point. This has allowed us to gain insight on the spectrum of the spin one
fields which is an issue of phenomenological interest. In Appendix B and C
we have: (i) provided the explicit construction of all of the SU(4) genera-
tors, (i1) shown how to construct the effective Lagrangian in a way which
is amenable to quantum corrections, (4ii) shown the explicit form of the
mass matrices for all of the particles, (iv) provided a summary of all of the
relevant electroweak parameters and their explicit dependence on the coefhi-
cients of our effective theory. The vacuum alignment problem associated to
the weak corrections has been investigated in [242| and the results support
the breaking pattern envisioned here.
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We have introduced the model in a format which is useful for collider
phenomenology, as well as for computing corrections due to (walking) tech-
nicolor for different observable of the SM, even in the flavor sector.

5.2.3. Beyond S and T: New constraints for walking technicolor

In [243| we investigated the effects of the electroweak precision measure-
ments beyond the time honored S and T" ones. Once the hypercharge of the
underlying technifermions is fixed all of the derived precision parameters de-
fined in [36] are function solely of the gauge couplings, masses of the gauge
bosons and the first excited spin-one states and one more parameter :

. 2 — 2
g (2 —x)xg

92 Mgv 2 2172

W = ——— (M — 1)*My;) , 5.336
o2 aa (Mat (= 17Mp) (5.336)
9’2 Mv2v 2 2 2172

Y = 1+4 M —1)*My7) , 5.337
2&2 MiM‘Q/(( +4y ) A+(X ) V) ( )

/ 2

g9 MW 2 212

X = =2 (M7 — (x —1)°My). (5.338)
242 MflM‘Q/

A~

T=U=V=0. g and g’ are the weak and hypercharge couplings,
My the gauge boson mass, y the coefficient parameterizing different hy-
percharge choices of the underlying technifermions [19], § the technistrong
vector mesons coupling to the Goldstones in the technicolor limit, i.e. a = 0.
It was realized in [237,244] and further explored in [19] that for walking the-
ories, i.e. a # 0, the WSRs allow for a new parameter xy which in the tech-
nicolor limit reduces to xo = §*v?/2M3 with FZ = v?(1 — x?/x0) the elec-
troweak vacuum expectation value and M 4.y the mass of the axial(vector)
lightest spin-one field. To make direct contact with the WSRs and for the
reader’s convenience we recall the relations:

2ME

7

M2
FZ = Fi=2—2(1-x)?. (5.339)
g

We have kept the leading order in the electroweak couplings over the tech-
nistrong coupling g in the expressions above while we used the full expres-
sions [19] in making the plots.

How do we study the constraints? From the expressions above we have
four independent parameters, g, x, My and M4 at the effective Lagrangian
level. Imposing the first WSR and assuming a fixed value of S leaves two
independent parameters which we choose to be g and M 4. From the modified
second WSR we read off the value of a/d(R).
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In [243]| we first constrained the spectrum and couplings of theories of
WT with a positive value of the S parameter compatible with the associated
precision measurements at the one sigma level. More specifically we will take
S ~ 0.0004 which is the highest possible value compatible with precision data
for a very heavy Higgs [36]. Of course the possible presence of another sector
can allow for a larger intrinsic 5. We are interested in the constraints coming
from W and Y after having fixed S. The analysis can easily be extended to
take into account sectors not included in the new strongly coupled dynamics.

A light spin-one spectrum can be achieved only if the axial is much
lighter than the associated vector meson. The second is that WT models,
even with small S , are sensitive to the W—Y constraints as can be seen from
the plots in Fig. 44. Since X is a higher derivative of S it is not constraining.
We find that WT dynamics with a small § coupling and a light axial-vector
boson is not preferred by electroweak data. Only for values of g larger than
or about 8 the axial-vector meson can be light, i.e. of the order of 200 GeV.
However WT dynamics with a small intrinsic S parameter does not allow
the spin-one vector partner to be degenerate with the light axial but predicts
it to be much heavier Fig. 45. If the spin-one masses are very heavy then the

15 15¢ 15
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Fig.44. The ellipses in the WY plane corresponds to the 95% confidence level
obtained scaling the standard error ellipse axis by a 2.447 factor. The three seg-
ments, meant to be all on the top of each other, in each plot correspond to different
values of g. The solid line corresponds to g = 8, the dashed line to g = 4 and the
dotted one to g = 2. The lines are drawn as function of M 4 with the point closest
to the origin obtained for M4 = 600 GeV while the further away corresponds to
M4 =150eV. We assumed S =0.0004 for WT while S is 0 in CT by construction.



Conformal Dynamics for TeV Physics and Cosmology 3675

spectrum has a standard ordering pattern, i.e. the vector meson lighter than
the axial meson. We also show in Fig. 45 the associated value of a. We were
the first to make the prediction of a very light axial-vector mesons in [19]
on the base of the modified WSRs, even lighter than the associated vector
mesons. Eichten and Lane put forward a similar suggestion in [245]. We find
that a WT dynamics alone compatible with precision electroweak data can
accommodate a light spin-one axial resonance only if the associated vector
partner is much heavier and in the regime of a strong g coupling a. We
find tension with the data at a level superior to the 95% confidence level for:
(i) WT models featuring M4 ~ My spectrum with a common and very light
mass; () WT models with an axial-vector meson lighter than 300 GeV and
g smaller than 4, an axial-vector meson with a mass lighter than or around
600 GeV and g smaller than 2.

a/d(R)

; S 0.0z, - ‘ -
500 1000 1500 2000 500 1000 1500 2000
M(GeV) MAGeV)

Fig.45. In the left panel we plot the ratio of the vector over axial mass as function
of the axial mass for a WT theory with an intrinsic small S parameter. The vector
and axial spectrum is close only when their masses are of the order of the TeV
scale and around 2 TeV and onwards the vector is lighter than the axial. The right
panel shows the value a/d(R) as function of the axial mass. In both plots the solid,
dashed and dotted lines corresponds respectively to g = 8,4, 2.

5.2.4. Introducing and constraining custodial technicolor

We now constrain also models proposed in [237,244] which, at the ef-
fective Lagrangian level, possess an explicit custodial symmetry for the S
parameter. We will refer to this class of models as custodial technicolor
(CT) [243]. The new custodial symmetry is present in the BESS mod-
els [238,246,247| which will therefore be constrained as well. In this case we
expect our constraints to be similar to the ones also discussed in [248].

Custodial technicolor corresponds to the case for which M4 = My = M
and x = 0. The effective Lagrangian acquires a new symmetry, relating a
vector and an axial field, which can be interpreted as a custodial symmetry
for the S parameter [237,244|. The only non-zero parameters are now:
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2M2

W o= %Wvg, (5.340)
9” MI%V 2

Y = 2§2W(2—|—4y ) (5.341)

A CT model cannot be achieved in walking dynamics and must be inter-
preted as a new framework. In other words CT does not respect the WSRs
and hence it can only be considered as a phenomenological type model
in search of a fundamental strongly coupled theory. To make our point
clearer note that a degenerate spectrum of light spin-one resonances (i.e.
M < 47nF;) leads to a very large S = g*F2/4M?. We needed only the
first sum rule together with the statement of degeneracy of the spectrum to
derive this S parameter. This statement is universal and it is true for WT
and ordinary technicolor. The Eichten and Lane [245] scenario of almost
degenerate and very light spin-one states can only be achieved within a near
CT models. A very light vector meson with a small number of technifla-
vors fully gauged under the electroweak can be accommodated in CT. This
scenario was considered in [103,249] and our constraints apply here.

We find that in CT it is possible to have a very light and degenerate
spin-one spectrum if g is sufficiently large, of the order say of 8 or larger as
in the WT case.

We constrained the electroweak parameters intrinsic to WT or CT, how-
ever, in general other sectors may contribute to the electroweak observables,
an explicit example is the new heavy lepton family introduced above [17].

To summarize we have suggested in [243| a way to constrain WT theories
with any given S parameter. We have further constrained relevant models
featuring a custodial symmetry protecting the S parameter. When increas-
ing the value of the S parameter while reducing the amount of walking we
recover the technicolor constraints [31]. We found bounds on the lightest
spectrum of WT and CT theories with an intrinsically small S parameter.
Our results are applicable to any dynamical model of electroweak symmetry
breaking featuring near conformal dynamics ¢ la walking technicolor.

5.2.5. An ETC example for MWT and the top mass

It is instructive to present a simple model [184] which shows how one
can embed MWT in an extended technicolor model capable of generating
the top quark mass.

When the techniquarks are not in the fundamental representation of the
technicolor group it can be hard to feed down the electroweak symmetry
breaking condensate to generate the SM fermion masses [157,250]. Here,
following [184], we wish to highlight that the minimal model can be recast as
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an SO(3) theory with fundamental representation techniquarks. The model
can therefore rather easily be enlarged to an extended technicolor theory
[157] in the spirit of many examples in the literature. We will concentrate
on the top quark sector — the ETC gauge bosons in this sector violate
weak isospin and one must be careful to compute their contribution to the
T parameter [251].

We start by recognizing that adjoint multiplets of SU(2) can be written as
fundamental representations of SO(3). This trick will now allow us to enact
a standard ETC pattern from the literature — it is particularly interesting
that for this model of higher dimensional representation techniquarks there
is a simple ETC model. We will follow the path proposed in [239] where we
gauge the full flavor symmetry of the fermions.

If we were simply interested in the fourth family then the enlarged ETC
symmetry is a Pati-Salam type unification. We stack the doublets

[( gz )L’ ( g )L] Uk N&l, (D%, ER] (5.342)

into 4 dimensional multiplets of SU(4). One then invokes some symmetry
breaking mechanism at an ETC scale (we will not speculate on the mecha-
nism here though see Fig. 1)

SU4)grc — SO(3)rc x U(1)y . (5.343)

The technicolor dynamics then proceeds to generate a techniquark con-
densate (UU) = (DD) # 0. The massive gauge bosons associated with the
broken ETC generators can then feed the symmetry breaking condensate
down to generate fourth family lepton masses

({ou)
my = mpg >~ A%Tc‘

(5.344)

One could now naturally proceed to include the third (second, first)
family by raising the ETC symmetry group to SU(8) (SU(12), SU(16)) and
a series of appropriate symmetry breakings. This would generate masses
for all the SM fermions but no isospin breaking mass contributions within
fermion doublets. The simplest route to generate such splitting is to make
the ETC group chiral so that different ETC couplings determine the isospin
+1/2 and —1/2 masses. Let us only enforce such a pattern for the top
quark and fourth family here since the higher ETC scales are far beyond
experimental probing.

We can, for example, have the SU(7) multiplets

[( gz )L’ (g)L (Z)J Uk, Nr, tgl,  (5.345)
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here a will become the technicolor index and ¢ the QCD index. We also
have a right-handed SU(4) ETC group that only acts on

D%, Eg] . (5.346)

The right-handed bottom quark is left out of the ETC dynamics and
only has proto-QCD SU(3) dynamics. The bottom quark will thus be left
massless. The symmetry breaking scheme at, for example, a single ETC
scale would then be

SU(7) x SU(4) x SU(3) — SO(3)rc x SU(3)qep - (5.347)

The top quark now also acquires a mass from the broken gauge generators
naively equal to the fourth family lepton multiplet. Walking dynamics has
many features though that one would expect to overcome the traditional
small size of the top mass in ETC models. Firstly the enhancement of the
techniquark self energy at high momentum enhances the ETC generated
masses by a factor potentially as large as Agpc/X(0). In [118] it is argued
that this effect alone may be sufficient to push the ETC scale to 4 TeV and
still maintain the physical top mass.

The technicolor coupling is near conformal and strong so the ETC dy-
namics will itself be quite strong at its breaking scale which will tend to
enhance light fermion masses [252]. In this ETC model the top quark will
also feel the effects of the extra massive octet of axial gluon-like gauge fields
that may induce a degree of top condensation & la top color models [253].
We conclude that a 4-8 TeV ETC scale for generating the top mass is pos-
sible. In this model the fourth family lepton would then have a mass of the
same order and well in excess of the current search limit Mz /2.

5.2.6. The Next to Minimal Walking Technicolor Theory (NMWT)

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

(o) [ ULOLC)
L - D{C1,Ca}

Y

Q}LCLCQ} _ (U1'~{%C'17C2}7 Dl{l%Cl,Cz}) '

Here C; = 1,2, 3 is the technicolor index and Q,(g) is a doublet (singlet) with
respect to the weak interactions. Since the two-index symmetric represen-
tation of SU(3) is complex the flavor symmetry is SU(2)z, x SU(2)g x U(1).
Only three Goldstones emerge and are absorbed in the longitudinal compo-
nents of the weak vector bosons.



Conformal Dynamics for TeV Physics and Cosmology 3679

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

U+1/2)
(@ — ( D-1/2) ) . (5.348)
L

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

Q) _ (+1/2)  =1/2
R (UR ’ DR ) ’

— 1 1
All of these states will be bound into hadrons. There is no need for an asso-
ciated fourth family of leptons, and hence it is not expected to be observed
in the experiments.

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

C1,C: C3,C. C5,C
Bf17f27f3;o¢ = Qi;iff}Qi;g7f24}Qé;i,f36}€ﬁ760103056020406 ) (5'349)

where f; = 1, 2 corresponds to U and D 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. «, 8, and v 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.

5.3. Beyond Minimal Walking Technicolor (BMWT)

When going beyond MW one finds new and interesting theories able to
break the electroweak symmetry while featuring a walking dynamics and yet
not at odds with precision measurements, at least when comparing with the
naive S parameter. A compendium of these theories can be found in [20].
Here we will review only the principal type of models one can construct.

5.3.1. Partially gauged technicolor

A small modification of the traditional technicolor approach, which nei-
ther involves additional particle species nor more complicated gauge groups,
allows constructing several other viable candidates. It consists in letting
only one doublet of techniquarks transform non-trivially under the elec-
troweak symmetries with the rest being electroweak singlets, as first sug-
gested in [17] and later also used in [250]. Still, all techniquarks transform
under the technicolor gauge group. Thereby only one techniquark doublet
contributes directly?? to the oblique parameter which is thus kept to a min-
imum for theories which need more than one family of techniquarks to be

24 Via Technicolor interactions all of the matter content of the theory will affect physical
observables associated to the sector coupled to the electroweak symmetry.
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quasi-conformal. It is the condensation of that first electroweakly charged
family that breaks the electroweak symmetry. The techniquarks which are
uncharged under the electroweak gauge group are natural building blocks
for components of dark matter.

Among the partially gauged cases one of the interesting candidates [20]
is the theory with eight techniflavors in the two-index antisymmetric repre-
sentation of SU(4). The techniquarks of one of the four families carry elec-
troweak charges while the others are electroweak singlets. Gauge anomalies
are avoided if the two electrically charged techniquarks possess half-integer
charges. The technihadron spectrum contains technibaryons made of only
two techniquarks because in the two-index antisymmetric representation of
SU(4) a singlet can already be formed in that case. Otherwise technisinglets
can also be formed from four techniquarks. All technihadrons formed from
techniquarks without electrical charges can contribute to dark matter. Due
to the special charge assignment of the electrically charged particles (oppo-
site half-integer charges) certain combinations of those can also be contained
in electrically uncharged technibaryons. For instance we can construct the
following completely neutral technibaryon:

6t1t2t3t4Q%t27th[?t47f,Eff’ ) (5350)
where ef 4 saturates the SU(2), indices of the two gauged techniquarks and
the first antisymmetric tensor € is summed over the technicolor indices. We
have suppressed the spin indices. This particle is an interesting candidate for
dark matter and it is hardly detectable in any earth based experiment [131].

Since the two index antisymmetric representation of SU(4) is real the
model’s flavor symmetry is enhanced to SU(2Ny = 16)2, which, when it
breaks to SO(16), induces 135 Goldstone bosons?.

It is worth recalling that the centre group symmetry left invariant by
the fermionic matter is a Zs symmetry. Hence there is a well defined order
parameter for confinement [163] which can play a role in the early Universe.

5.3.2. Split technicolor

We summarize here also another possibility [17] according to which we
keep the technifermions gauged under the electroweak theory in the fun-
damental representation of the SU(N) technicolor group while still reduc-
ing the number of techniflavors needed to be near the conformal window.
Like for the partially gauged case described above this can be achieved by

25 1t is slightly explicitly broken by the electroweak interactions. Here, additionally,
there is a difference, on the electroweak level, between gauged and ungauged techni-
quark families.

26 Obviously the Goldstone bosons must receive a sufficiently large mass. This is usually
achieved in extended technicolor. Still, they could be copious at LHC.
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adding matter uncharged under the weak interactions. The difference to
Section 5.3.1 is that this part of matter transforms under a different repre-
sentation of the technicolor gauge group than the part coupled directly to
the electroweak sector. For example, for definiteness let us choose it to be a
massless Weyl fermion in the adjoint representation of the technicolor gauge
group. The resulting theory has the same matter content as Ny-flavor super
QCD but without the scalars; hence the name “split technicolor.” We expect
the critical number of flavors above which one enters the conformal window
NJICI to lie within the range

3 N o1
5 N < 5 - (5.351)
The lower bound is the exact supersymmetric value for a non-perturbative
conformal fixed point [165], while the upper bound is the one expected in
the theory without a technigluino. The matter content of “split technicolor”
lies between that of super QCD and QCD-like theories with matter in the
fundamental representation.

For two colors the number of (techni)flavors needed to be near the con-
formal 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
for theories with fermions in the two-index symmetric representation. 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 technicolor-like theory has been used in [254], to
investigate the strong CP problem.

Split technicolor shares some features with theories of split supersym-
metry advocated and studied in [255,256] as possible extensions of the SM.
Clearly, we have introduced split technicolor — differently from split su-
persymmetry — to address the hierarchy problem. This is why we do not
expect new scalars to appear at energy scales higher than the one of the
electroweak theory.

5.4. Ultra minimal walking technicolor

Here we provide an explicit example [130] of (near) conformal (NC) tech-
nicolor with two types of technifermions, ¢.e. transforming according to two
different representations of the underlying technicolor gauge group [20,157].
The model possesses a number of interesting properties to recommend it
over the earlier models of dynamical electroweak symmetry breaking:

e Features the lowest possible value of the naive S parameter (31, 32]
while possessing a dynamics which is NC.
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e Contains, overall, the lowest possible number of fermions.
e Yields natural DM candidates.

Due to the above properties we term this model Ultra Minimal near con-
formal Technicolor (UMT). It is constituted by an SU(2) technicolor gauge
group with two Dirac flavors in the fundamental representation also carrying
electroweak charges, as well as, two additional Weyl fermions in the adjoint
representation but singlets under the SM gauge groups.

By arranging the additional fermions in higher dimensional represen-
tations, it is possible to construct models which have a particle content
smaller than the one of partially gauged technicolor theories. In fact, in-
stead of considering additional fundamental flavors we shall consider adjoint
flavors. Note that for two colors there exists only one distinct two-indexed
representation.

How many adjoint fermions are needed to build the above NC model?
Information on the conformal window for gauge theories containing fermions
transforming according to distinct representations is vital. We used the
all orders beta-function [21] extended to the multiple representation case
presented in the Conformal House section and found that for a two color
theory with two fundamental flavors the critical number of adjoint Weyl
fermions above which one looses asymptotic freedom is 4.50. Second, we
noted that at the zero of the beta function we have

k
2
> T TN (ri) (2 +3) = Co(G). (5.352)
i=1

Therefore, specifying the value of the anomalous dimensions at the infrared
fixed point yields the last constraint needed to construct the conformal win-
dow. Having reached the zero of the beta function the theory is conformal in
the infrared. For a theory to be conformal the dimension of the non-trivial
spinless operators must be larger than one in order to not contain negative
norm states [95,176,177]. Since the dimension of the chiral condensate is
3 — ; we see that v; = 2, for all representations r;, yields the maximum
possible bound

k
> %T(”)Nf(ﬁ) = (2(G). (5.353)

=1

This implies, for example, that for a two technicolor theory with two funda-
mental Dirac flavors the critical number of adjoint Weyl fermions needed to
reach the bound above on the conformal window is 1.75. Naively then a two
technicolor theory with two fundamental Dirac flavors and one adjoint Weyl
fermion would be a good candidate for a NC technicolor theory. However this
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is hardly the case since the theory equals two flavor supersymmetric QCD
but without the scalars. For two colors and two flavors supersymmetric QCD
is known to exhibit confinement with chiral symmetry breaking [165|. Since
the critical number of flavors above which one enters the conformal window
is three it will most likely not exhibit NC dynamics. Throwing away the
scalars only drives it further away from the NC scenario. The actual size of
the conformal window can be smaller than the one determined by the bound
above. It may happen, in fact, that chiral symmetry breaking is triggered
for a value of the anomalous dimension less than two. If this occurs the
conformal window shrinks. Within the ladder approximation [159,160| one
finds that chiral symmetry breaking occurs when the anomalous dimension
is close to one. Picking ~; = 1 we find:

k
) %T(Ti)Nf(m) = Cy(@). (5.354)
=1

In this case when considering a two color theory with two fundamental Dirac
flavors the critical number of adjoint Weyl flavors is 2.67. Hence, our can-
didate for a NC theory with a minimal S parameter has two colors, two
fundamental Dirac flavors charged under the electroweak symmetries and
two adjoint Weyl fermions. This is the Ultra Minimal NC Technicolor model
(UMT).

If it turns out that the anomalous dimension above which chiral sym-
metry breaking occurs is larger than one we can still use the model just
introduced. We will simply break its conformal dynamics by adding masses
(anyway needed for phenomenological reasons) for the adjoint fermions.

The fermions transforming according to the fundamental representation
are arranged into electroweak doublets in the standard way and may be
written as:

T, = ( g > . Ugr, Dg. (5.355)
L

The additional adjoint Weyl fermions needed to render the theory quasi
conformal are denoted as Af with f = 1,2. They are not charged under the
electroweak symmetries. Also we have suppressed technicolor indices. The
theory is anomaly free using the following hypercharge assignment

Y(Ty)=0, Y{Ugr) =3, YDr =-3, YQ)=0.(5356)

Our notation is such that the electric charge is Q = T5 + Y. Replacing the
Higgs sector of the SM with the above technicolor theory the Lagrangian
reads:

Ly — —1F5,F™ +iT~"D, Ty +iUry"D,Ur
+iDrYy* D, DR + iX6" Dy, (5.357)
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with the technicolor field strength
Ff, = 0,A% — 0,A% + gree™ AL AS abc=1,...,3.

The covariant derivatives for the various fermions are

DTy = <a# ~igrods T~ igng;) T, (5.358)
: ™
D, Ur = <a“ - ngcAfL? - 12B#> Ugr, (5.359)
: ™ g
D,Dr = <5’u - lchAfL? + 7’2BM> Dg, (5.360)
DA = (5acau +chAZG“bC) Aol (5.361)

Here gc is the technicolor gauge coupling, g is the electroweak gauge
coupling and ¢ is the hypercharge gauge coupling. Also W, are the elec-
troweak gauge bosons while B, is the gauge boson associated to the hyper-
charge. Both 7® and L® are Pauli matrices and they are the generators of
the technicolor and weak gauge groups respectively.

The global symmetries of the theory are most appropriately handled by
first arranging the fundamental fermions into a quadruplet of SU(4)

UL

Dy,
Q= —2'(I2U;:2
—io? D%

(5.362)

Since the fermions belong to pseudo-real and real representations of the
gauge group the global symmetry of the theory is enhanced and can be
summarized as

SU(4) SU(2) U(1)
Q O 1 —1
A 1 O 5

The Abelian symmetry is anomaly free. Following Ref. [215] the character-
istic chiral symmetry breaking scale of the adjoint fermions is larger than
that of the fundamental ones since the dimension of the adjoint represen-
tation is larger than the dimension of the fundamental representation. We
expect, however, the two scales to be very close to each other since the
number of fundamental flavors is rather low. In the two-scale technicolor
models [157] the dynamical assumption is instead, that the different scales
of the condensates are very much apart from each other.
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Fig.46. Cartoon of the Ultra Minimal Walking Technicolor extension of the SM.

The global symmetry group G = SU(4) x SU(2) x U(1) breaks to H =
Sp(4) x SO(2) x Za. The stability group H is dictated by the (pseudo)reality
of the fermion representations and the breaking is triggered by the formation
of the following two condensates

<Q?~“CQF' faﬁecc’EfF/> = —2(UrUL + DrDy), (5.363)
(AN capn BLT) = —2(A107) (5.364)

where
By = ( Voa (e > . By= ( v ) (5.365)
The flavor indices are denoted with F, F’ = 1,...,4 and f, f/ = 1,2, the
spinor indices as «,3 = 1,2 and the color indices as ¢,/ = 1,2 and

k,k' = 1,...,3. Also the notation is such that UgU;feag = —UgrU;, and
AaNZOe, 5 = A2, Under the U(1) symmetry @ and A transform as

Q— e Q, and A= e i), (5.366)
and the two condensates are simultaneously invariant if

a = 2k, with k& an integer . (5.367)
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Only the A fields will transform nontrivially under the remaining Zs, i.e.
A— =

The relevant degrees of freedom are efficiently collected in two distinct
matrices, My and M5, which transform as My — g4M4gE and My — ggMggQT
with g4 € SU(4) and g2 € SU(2). Both My and M, consist of a composite
iso-scalar and its pseudoscalar partner together with the Goldstone bosons
and their scalar partners:

o) . ~ . .
M, = [0‘“;1 4+ﬁ(iﬂi+ﬂi)X}1] Ey, i=1,...,5,(5.368)
- 02+i92 JR— =i i .
M2 = |:\/§+\/§<ZH2+H2> X2:| EQ: 7’*172' (5369)

The notation is such that X4 and X are the broken generators of SU(4)
and SU(2) respectively. An explicit realization can be found in Appendix
of [130]. Also o4 and 6y are the composite Higgs and its pseudoscalar
partner while II} and IT} are the Goldstone bosons and their associated
scalar partners. For SU(2) one simply substitutes the index 4 with the
index 2. With the above normalization of the M matrices the kinetic term
of each component field is canonically normalized. Under an infinitesimal
global symmetry transformation we have:

SM =ia® (T°M + MT°T) . (5.370)

Here T is the full set of generators of the unbroken group (either SU(4)
or SU(2)). With the © and II* states included the matrices are actually
form invariant under U(4) and U(2) with the Abelian parts being broken
by anomalies. We construct our Lagrangian by considering only the terms
preserving the anomaly free U(1) symmetry. As we will see this implies that
O, and @y are not mass eigensates. In the diagonal basis we will find one
massless and one massive state. The massless state corresponds to the U(1)
Goldstone boson.

The relation between the composite scalars and the underlying degrees
of freedom can be found by first noting that My and M transform as:

MEF ~QFQY, Ml ~ NN (5.371)
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where both color and spin indices have been contracted. It then follows that
the composite states transform as:

v+ Hy = o4 NUU—FED, ~94 ~ ’L'~(U’}/5U—|—E’75D) ,
1I° = 1I* ~ i (Uy°U = Dy°D) , 1I° = II*~UU - DD,
b oo =il a5 7+ — I'—=ill?
I+ = Tlﬁng 1DyU , ]NY = ﬁlﬂﬁ2 DU,
- _ HO'%il? 775 - — I'wir? 77
v H4ﬁn5 ZUT7 . ~H _ 1“74\/?175 UZ’ 5
= U+ul” = -+
Ilyp = N Z C}% ]?UD = e Zg C’Yili,
Hmzﬂ&%n ~UCD HWE%WUC%D ,
(5.372)
and
vo+Hy = o3~ApAp, 62 ~ iApy°Ap,
6__ ;777 ~ 76 _ 777 .
H)\)\ = H6 ;H7 ~ /\%C)\,?7 H)\)\ = % ~ Z)\%C’)%/\’?,
- I%+in SUVaIN v — IS4l N Y

(5.373)

Here U = (U,Ug)T, D = (Dz,Dg)T and A\p = (A, —io?X?")T. An-
other set of states are the composite fermions
A= vlotvES, f=12, a=1,23, (5.374)
where Fj, is the technicolor field strength.
To describe the interaction with the weak gauge bosons we embed the

electroweak gauge group in SU(4) as done in [237]. First we note that the
following generators

a xa e XaT_ al
ptE (7)) eSS (M) e

with a = 1,2, 3 span an SU(2)r, x SU(2)g subalgebra. By gauging SU(2)y,
and the third generator of SU(2)r we obtain the electroweak gauge group
where the hypercharge is Y = —R3. Then as SU(4) breaks to Sp(4) the
electroweak gauge group breaks to the electromagnetic one with the electric
charge given by Q = v/255.

Due to the choice of the electroweak embedding the weak interactions
explicitly reduce the SU(4) symmetry to SU(2)z, x U(1)y x U(1)rp which is
further broken to U(1)em X U(1)pp via the technicolor interactions. U(1)rp
is the technibaryon number and its generator corresponds to the S§ diagonal
generator. The remaining SU(2) x U(1) spontaneously break, only via the
(techni)fermion condensates, to SO(2) x Zs. We prefer to indicate SO(2)

2
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with U(1)7y. We summarize some of the relevant low-energy technihadronic
states according to the final unbroken symmetries in Table XII. We have
arranged the composite fermions into a Dirac fermion

Al

TABLE XII

Summary table of the relevant low-energy technihadronic states for UMT. We
display their SU(2);, weak interaction charges together with their electromagnetic
ones. We also show the remaining global symmetries.

SU(Q)L U(].)em U(I)TB U(I)T)\ Z2
Hy, 64 1 0 0 0 0
o, I 3 41,0,—1 0 0 0
Illyp, Hyp 1 0 % 0 0
g, Iy 1 0 ~75 0 0
Ha, 6 1 0 0 0 0
IIxx, 1Ixx 1 0 0 1 0
I, T 1 0 0 ~1 0
Ap 1 0 0 3 -1

Except for the triplet of Goldstone bosons charged under the electroweak
symmetry the rest of the states are electroweak neutral. In the unitary gauge
the IT states become the longitudinal components of the massive electroweak
gauge bosons. IIyp (IIyp) is a pseudoscalar(scalar) diquark charged un-
der the technibaryon number U(1)g while ITyy (IIyy) is charged under the
U(1)7x. Ap is the composite fermionic state charged under both U(1)ry
and Zs.

The technibaryon number U(1)Tp is anomalous due to the presence of
the weak interactions:

L g S— 1 ,
GMJ%B = Tﬂmﬁuypgwu we , and J%B = ﬁ (UfyMU + D,.Y,UD) )
(5.377)

With the above discussion of the electroweak embedding the covariant
derivative for My is:

wez 0
DyMy = 0,My —i [G.My+ MsG)], G, = (g 6‘ 2 B )
H2

(5.378)
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We are now in a position to write down the effective Lagrangian. It
contains the kinetic terms and a potential term:

£ = 1T [DHM4D“MI] + 1T [(%MQWMH —V (My, Ms) , (5.379)
where the potential is:
mi f] 4 M Y A
V(My,My) = —ZTr M) + s M|+ Xy | My ] b

2 A 12
—%Tr [MzMg] + [MQMQT + ATy [MQMgMzMg]

+gTr [M4Mﬂ Tr [MQMQT} + 48" [ (det M)? PEM, + h.c.} .
' (5.380)

Once My develops a vacuum expectation value the electroweak symmetry
breaks and three of the eight Goldstone bosons — II%, IT*T and IT~ — will
be eaten by the massive gauge bosons. One can find the actual minimization
of the potential and mass spectrum in [130].

It is also useful to show hot to construct the non-linear effective theory
of the associated Goldstone bosons. We shall consider the elements of the
global symmetry G as 6 x 6 matrices. The generators of SU(4) sit in the
upper left corner while the generators of SU(2) sit in the lower right corner.
The generator of U(1) is diagonal. We divide the nineteen generators of
G into the eleven that leave the vacuum invariant S and the eight that do
not X. An explicit realization of S and X can be found in Appendix of
Ref. [130].

An element of the coset space G/H is parameterized by

V(¢) =exp (i€'X") E, (5.381)
where
7 . .
E o D¢ H’XZ 7 X8
E:( 4E2>, ngZ:Z +)° = . (5.382)
i=1 P i=6 ™ Fr

The Goldstone bosons are denoted as IT*, i = 1,...,8 and Fy, F and F,
are the related Goldstone boson decay constants. Since the entire global
symmetry G is expected to break approximately at the same scale we also
expect the three decay constants to have close values. The element V of the
coset space transforms non-linearly

V(&) — gV(©RT (&, g), (5.383)
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where g is an element of G and h is an element of H. To describe the
Goldstone bosons interaction with the weak gauge bosons we embed the
electroweak gauge group in SU(4) as done above and also in [237]. With
the embedding of the electroweak gauge group in hand it is appropriate to
introduce the hermitian, algebra valued, Maurer—Cartan one-form

w, =iVID,V, (5.384)
where the electroweak covariant derivative is

IV
D,V =09,V —-iG,YV, G,= 4B, . (5.385)

0

From the above transformation properties of V it is clear that w, transforms
as

wy — W&, g)wuhT (€, g) + h(E, 9)duhT (€, 9). (5.386)

With w,, taking values in the algebra of G we can decompose it into a part

wﬂ parallel to H and a part wlf orthogonal to H
wh =28"Tr[S%w,] ,  wp =2X"Tr [X'w,] . (5.387)

It is clear that wﬂ (wﬁ) is an element of the algebra of H (G/H) since it

is a linear combination of S* (X?%). They have the following transformation
properties

wl = h(& g)wlh (&, g) + (& 9)0uhT(€,9),  wiy — h(E gwiihl (£, g).
(5.388)
We are now in a position to construct the non-linear Lagrangian. We
shall only consider terms containing at most two derivatives. By noting that
the generator X® corresponding to the broken U(1) is not traceless we can
also write a double-trace term besides the standard one-trace term:

L="Tr [awiw’”‘] + bTr [wﬂ Tr [w’”‘} , (5.389)

. : o - £ 2
The coefficients a = diag <F§,F3,F§,F3,F§,F3) and b = 5+ — —5* — 1§
are chosen such that the kinetic term is canonically normalized:
18
I LU 7T
L=5) 0,0 + ... (5.390)

i=1
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We conclude this section by connecting the linear and non-linear theories

2
v . |
2= ?4 F2=12, 2= 5 (40F +v3) . (5.391)

For this model much is still left to be done. For example one should in-
clude the massive vector states and provide a detailed computation of the
higher-loop corrections on the effective Lagrangians introduced above simi-
lar to what has been done for the case of a single representation [257]. The
interest here resides in the fact that the interplay between the two sectors
will inevitably lead to interesting effects never explored before.

The UMT provided a nowvel type of TIMP, i.e. a di-techniquark, with the
following unique features:

e [t is a quasi-Goldstone of the underlying gauge theory receiving a mass
term only from interactions not present in the technicolor theory per se.

e The lightest technibaryon is a singlet with respect to weak interactions.

e [ts relic density can be related to the SM lepton number over the
baryon number if the asymmetry is produced above the electroweak
phase transition.

In Appendix of [130] we provided a much detailed model computation of
the ratio T'B/B making use of the chemical equilibrium conditions and the
sphaleron processes active around the electroweak phase transition.

In the approximation where also the top quark is considered massless
around the electroweak phase transition (we have also checked that the ef-
fects of the top mass do not change our results) the TB/B is independent
of the order of the electroweak phase transition and reads

V2-TB

= =26+, (5.392)

where ¢ = oy = op is the statistical function for the techniquarks. The
U and D constituent-type masses are assumed to be dynamically generated
and equal. £ = L/B is the SM lepton over the baryon number.

If DM is identified with the lightest technibaryon in our model the ratio
of the dark to baryon mass of the Universe is

QTB_mTB@
2 m, B’

(5.393)

with mrp the technibaryon mass and TB = —v/2T B the technibaryon num-

ber normalized in such a way that it is minus one for the lightest state.
The bulk of the mass of the lightest technibaryon is not due to the

technicolor interactions as it was in the original proposal [128,134]. This



3692 F. SANNINO

is similar to the case studied in [131]. The interactions providing mass to
the techibaryon are the SM interactions per se and ETC. The main effect of
these interactions will be in the strength and the order of the electroweak
phase transition as shown in [139].

What it was found is that, differently from the case in which the techni-
baryon acquires mass only due to technicolor interactions, one achieves the
desired phenomenological ratio of DM to baryon matter with a light tech-
nibaryon mass with respect to the weak interaction scale. In fact, the mass
can be even lower than 100 GeV. This DM candidate can be produced at
the Large Hadron Collider experiment. A general investigation of the TIMP
detection properties and LHC phenomenology can be found in [135].

This TIMP is a template for a more general class of models according
to which the lightest one is neutral under the SM interactions. Models
belonging to this class are, for example, partially gauged technicolor.

A comment

We have shown above several of the still many available models for dy-
namical electroweak symmetry breaking. If any of the theories above are
actually conformal rather than near conformal then one can couple it to
yet another sector which is not conformal and this interaction will lift the
conformality in a manner similar to the one we outlined in the Naturalized
Unparticle section. As for the anomalous dimension of the mass of some
of these theories, if it turns out not to be very large, we will then require
another mechanism to give mass to the SM fermions. Some of these mech-
anisms exists and have been already hinted to in the S parameter section.

The models provide concrete examples of models of dynamical elec-
troweak symmetry breaking with small corrections to the precision observ-
ables and having a chance to be observed at the LHC. It would certainly be
interesting, in the near future, to extend the number of possible models and
investigate their experimental signatures [102,103, 149,258, 259].

6. Electroweak phase transition for technicolor

The experimentally observed baryon asymmetry of the Universe may be
generated at the electroweak phase transition (EWPT) [142,260-265|. For
the mechanism to be applicable it requires the presence of new physics be-
yond the SM [266-271|. An essential condition for electroweak baryogenesis
is that the baryon-violating interactions induced by electroweak sphalerons
are sufficiently slow immediately after the phase transition to avoid the de-
struction of the baryons that have just been created. This is achieved when
the thermal average of the Higgs field evaluated on the ground state, in the
broken phase of the electroweak symmetry, is large enough compared to the
critical temperature at the time of the transition (see for example Ref. [272]
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and references therein),
be/Te > 1. (6.394)

In the SM, the bound (6.394) was believed to be satisfied only for very
light Higgs bosons [273-277]. However, this was before the mass of the
top quark was known. With m; = 175 GeV, nonperturbative studies of
the phase transition [143,278,279] show that the bound (6.394) cannot be
satisfied for any value of the Higgs mass (see also [280,281]). In addition
to the difficulties with producing a large enough initial baryon asymmetry,
the impossibility of satisfying the sphaleron constraint (6.394) in the SM
provides an incentive for seeing whether the situation improves in various
extensions of the SM [282-285].

In [139-141] we explored the electroweak phase transition in models in
which the electroweak symmetry is broken dynamically [11,12].

As mentioned earlier, on the astrophysical side, technicolor models are
capable of providing interesting dark matter candidates, since the new strong
interactions confine techniquarks in technimeson and technibaryon bound
states. Technibaryons are therefore natural dark matter candidates [128,
131,134]. In fact, it is possible to naturally understand the observed ratio
of the dark to luminous matter mass fraction of the Universe if the techni-
baryon possesses an asymmetry [128,131,134]. If the latter is due to a net
B-L generated at some high energy scale, then this would be subsequently
distributed among all electroweak doublets by fermion-number violating pro-
cesses in the SM at temperatures above the electroweak scale [286-288], thus
naturally generating a technibaryon asymmetry as well.

The order of the EWPT depends on the underlying type of strong dynam-
ics and plays an important role for baryogenesis [272,289|. The technicolor
chiral phase transition at finite temperature is mapped onto the electroweak
one. Attention must be paid to the way in which the electroweak symme-
try is embedded into the global symmetries of the underlying technicolor
theory. An interesting preliminary analysis dedicated to earlier models of
technicolor has been performed in [290].

Here we wish to briefly review recent investigations on the EWPT in a
class of realistic and viable technicolor models. An explicit phenomenological
realization of walking models consistent with the electroweak precision data
is the MWT model or alike [19].

The effective theory contains composite scalars and spin-one vectors.
Compatibility between the electroweak precision constraints and tree-level
unitarity of WW-scattering was demonstrated in [291].

The study of longitudinal WW scattering unitarity versus precision mea-
surements within the effective Lagrangian approach demonstrated that it is
possible to pass the precision tests while simultaneously delaying the onset
of unitarity [291,292].

The tree-level effective potential is obtained by evaluating the potential
in (5.293) and (5.296) in the background where the (composite) Higgs fields
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assumes the vacuum expectation value o, i.e., M = oFE/2. It has the SM
form

2

VO =} (X =) (07 - o) =

(0> —v?)* . (6.395)
The effective potential at one loop can be naturally divided into zero- and
nonzero-temperature contributions.

We begin by constructing the one-loop effective potential at zero tem-
perature. We fix the counterterms so as to preserve the tree-level definitions
of the vev and the Higgs mass, i.e., M = 2Xv? with A = A+ A’ — X", The
one loop contribution to the potential then reads:

17rz Z ni fi(Mi(o)) + Ves (6.396)

0
Vs = 5

where the index ¢ runs over all of the mass eigenstates, except for the Gold-
stone bosons (GB), and n; is the multiplicity factor for a given scalar particle
while for Dirac fermions is —4 times the multiplicity factor of the specific
fermion. The function f; is:

2 g
]\1\222@; _ 2] 2M2 (o) M2(v) (6.397)

Fi = Mo [1og

where Mf(a) is the background dependent mass term of the i-th particle.
This prescription would lead to infrared divergences in the 't Hooft—-Landau
gauge for Vgp, the GB contribution, when evaluated at the tree-level vev,
due to the vanishing of the GB masses. Different ways of dealing with this
problem have been discussed in the literature. One possibility is to regularize
the infrared divergence by replacing M?(v) with some characteristic mass
scale. However with this prescription the tree-level vev and Higgs mass get
shifted by the presence of the one-loop correction. A simpler approach is to
neglect the GB contribution, since in practice it never has a strong effect
on the phase transition. We tried both methods and found that they give
essentially indistinguishable results.

To explicitly evaluate the potential above it is useful to split the scalar
matrix into four 2 x 2 blocks as follows:

M= ((;(T g) , (6.398)

with X and Z two complex symmetric matrices accounting for six indepen-
dent degrees of freedom each and O a generic complex 2 x 2 matrix repre-
senting eight real bosonic fields. O accounts for the SM-like Higgs doublet,
a second doublet, and the three GBs absorbed by the longitudinal gauge
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bosons. We find ny = nz = 6 while the two weak doublets split into two
SU(2)y isoscalars, i.e., the Higgs (ny = 1) and @ (ng = 1) with different
masses and two independent triplets, i.e., ngg = 3 and ny = 3.

For the contribution of the gauge bosons we have ny = 6 and ny = 3.
In the fermionic sector we will consider only the heaviest particles, i.e., the
top for which np = —12 and the two new leptons ny = ng = —4.

The one-loop, ring-improved, finite-temperature effective potential can
be divided into fermionic, scalar and vector contributions,

1 1 1 1
v = v v v (6.399)
The fermionic contribution at high temperature reads:
2 Mg (o)
1 _ oL 2 1 4 f
Vil = QQ Ef nfo(J)+167r2 Ef nyM; (o) [log —Cf] , (6.400)

where ¢y ~ 2.63505, ntop, = 3, ny = ng = 1, and we have neglected
(@) (1 / TQ) terms. The field-dependent masses are

ag g g
Mrop(0) = MTop My(o) = MmN Mg = mE_ (6.401)

with m1,p, my and mpg the physical masses. Notice that the logarithmic
term in (6.400) combines with a similar term in the zero-temperature po-
tential (6.396) so that their sum is analytic in the masses M]%(U).

For the scalar part of the thermal potential one must resum the con-
tribution of the ring diagrams. Following Arnold and Espinosa [275] we
write

ny T T
Vil = 55 2o mME(o) = 5= D m M (o, T)
b b

1 M (o
_M?anMf(a) [log ;é ) _ cb] , (6.402)
b

where ¢, ~ 5.40762 and M;(o,T) the thermal mass which follows from the
tree-level plus one-loop thermal contribution to the potential. For the gauge
bosons,

Vj{l)gaUge - Z 3M 127T Zb [QM%,gb(U) + Mg,gb(aa T)]
g
)

1 M2b(
~oi Z nng;b(O') [log %12 —Cp
gb

(6.403)
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Here My g, (Mp g ) is the transverse (longitudinal) mass of a given gauge
boson and we have My g(0) = My, gp(0, T = 0) = Mg (o). Only the longi-
tudinal gauge bosons acquire a thermal mass squared at the leading order,
O(g*>T?). The transverse bosons acquire instead a magnetic mass squared
of order ¢*T? which we have neglected.

The explicit form of the transverse and longitudinal gauge boson mass
matrix is given in Appendix of [139].

We used the one-loop high temperature approximation together with the
summation of the ring-diagrams to evaluate the effective potential in our nu-
merical calculations. The full expression of the finite temperature potential
is given as a sum of the tree level potential (6.395), the zero-temperature
one-loop contribution (6.396), and the one-loop thermal corrections at high
temperature, (6.400), (6.402), and (6.403). We assumed that the phase tran-
sition takes place when the two minima are degenerate. This then defines the
critical value of the thermal average of the composite Higgs field ¢, in the
broken phase, at the critical temperature T.. Above the critical temperature
the ground state is the one at the origin of the Higgs field. For convenience
we subtracted from the potential a temperature-dependent constant which
is defined in such a way that V(o,7") = 0 for ¢ = 0.

The relevant input parameters are the zero-temperature masses of the
Higgs (M) and its pseudoscalar partner @ (Mg). The phase transition also
depends on the masses of the scalar partners of the Goldstone bosons A%
(M), on the mass scale of the scalar baryons mgrc, and on the masses of
the heavy fermions. For simplicity, we chose the masses of the new fermions
to be equal,

Mg = My = M;. (6.404)

This choice does not seem to have a strong effect on the phase transition;
for example we checked that using instead Mg ~ 2Mp, very similar results
were obtained. We have neglected the heavy composite vectors of MW'T
since they are expected to decouple at the scale of the EWPT. At this scale,
the couplings to the SM gauge bosons are simply g, g’. We set the parameter
y to y = 1/3 so that the MWT hypercharge assignment equals the SM one.
Notice that y appears only in the longitudinal Debye mass of the Z boson.
Since the effective potential terms are proportional to M2 (o) or M(o), the
contributions of the fermions and the composite scalars typically dominate
over that of the relatively light Z boson, whence the dependence of the phase
transition on y is negligible.

The details of the investigation and results can be found in [139] here we
briefly summarize the general results. We find that in the parameter region
where a strong first order transition is observed the composite Higgs and its
pseudoscalar partner @ are light enough to be produced at the LHC. More-
over one expects, for this range of parameters of the effective Lagrangian,
sizable deviations from the SM predictions at the LHC [102]. We emphasize
that the spectrum is completely fixed by the underlying gauge theory and
that first principle lattice simulations can test our results.
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6.1. Electroweak deconfinig and chiral phase transitions

As suggested in [14], an intriguing possibility can emerge in that one
can have two independent phase transitions at nonzero temperature in tech-
nicolor theories, whenever the theory possesses a nontrivial center symme-
try. The two phase transitions are the chiral one, directly related to the
electroweak phase transition, and a confining one at lower temperatures.
During the history of the Universe one predicts a phase transition around
the electroweak scale and another one at lower temperatures with a jump
in the entropy proportional to the number of degrees of freedom liberated
(or gapped) when increasing (decreasing) the temperature (see [293] for a
simple explanation of this phenomenon and a list of relevant references).
This may have very interesting cosmological consequences. Here we have
concentrated on the chiral one alone. The interplay with the confining one,
expected to occur at lower temperatures, can be studied by coupling the
effective Lagrangian presented here to the Polyakov-loop effective degree of
freedom as done in [293].

6.2. Extra electroweak chiral phase transitions

In [140] were presented generic models of DEWB possessing a surpris-
ingly rich finite temperature phase diagram structure. The basic ingredients
are: (i) At least two different composite Higgs sectors; (ii) One charged
under the EW symmetry; (4i) An underlying strong dynamics mixing the
two sectors. An explicit realization is UMT [130].

Consider an asymptotically free gauge theory having sufficient matter
to posses, at least, two independent non-Abelian global symmetries spon-
taneously breaking, in the infrared, to two subgroups. One of the initial
symmetries (or both) must contain the EW one in order to drive EW sym-
metry breaking. The Goldstones which are not eaten by the longitudinal
components of the weak gauge bosons receive masses from other, unspeci-
fied, sectors. The analysis done in [140] is sufficiently general that one needs
not to specify such sectors.

Let us denote with I and II the two non-Abelian global symmetries. They
are broken at low temperatures and restored at very high temperatures. The
restoration of each symmetry will typically happen at two different critical
temperatures. We indicate with (Hy) and (Hyy) the thermal average of the
two condensates. The zero temperature physical masses My and Myt of the
two composite Higgses together with 5 (measuring the mixing between the
two), as well as the collection of all the other couplings mixing the two
sectors constitute the parameters allowing us to make a qualitative picture
of the complex phase structure.

In Fig. 47 we present three possible versions of the two-dimensional phase
diagram as function of the temperature as well as one of the zero-temperature
masses of one of the Higgses (holding fixed the other). The three plots are
meant for three different strengths 3 of the mixing while keeping the other
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relevant parameters fixed. Four distinct regions are classified via the broken
versus unbroken number of global symmetries. To simplify the discussion
we are taking 3 to be the parameter controlling the mixing between the two
sectors. In fact, one should use the entire ensemble of parameters whose
associated operators mix the different sectors.

Let us describe the situation before embedding the EW symmetry within
any of the two non-Abelian global symmetries. We envision the following
possibilities: (i) The two sectors do not talk to each other (5 = 0). In this
case the two PTs happen at different temperatures and do not interfere (left
panel). (i) The two sectors do feel each other when 3 # 0. Possible phase
diagrams are depicted in the central and right panel of Fig. 47. In a generic

MA MA MA
{ X 1I { X 1l l‘
' X 11
X I II xruw ;! 11 X
! E— 3_\__>
M1
1 - I 0 o I 0 -
T T T

Fig.47. Possible Phase Diagrams: Left panel: The two transitions do not feel each
other (8 = 0). Central and right panels: The two transitions do interfere with each

other (3 # 0).

strongly coupled theory the two global symmetries are bound to talk to each
other and hence the second possibility is the one expected. A new line can
develop (the dashed one depicted in the central and right panel) entirely
due to the interactions between the two sectors. This line allows several
new possible PTs. For example, according to the central phase diagram the
transition between two broken to two unbroken phases can occur at the same
critical temperature along the dashed line in the M7 —T plane. What strikes
us as a very intriguing possibility is the pattern of PTs one can encounter
following the right panel phase diagram. Along the horizontal dashed arrow
line we have three subsequent PTs constituted by the first condensate being
melted twice and re-generated once while the second one melts only once.
We could also plot a diagram similar to the one in the right panel but with
the first vertex lower than the second one (with respect to Mj). In fact,
more sophisticated PTs can occur.

Let us turn on the EW fields by gauging the relevant symmetries within,
for definitiveness, the first sector. There is no elementary SM Higgs but we
require the new strong dynamics to drive EW symmetry breaking. The units
of the dynamically generated scale of the new strong dynamics are now fixed
by the mass of the weak gauge bosons. Would the extra transition associated
to the right-panel diagram survive? What are the main effects of the SM on
the phase diagram? It would be very interesting if a complex PT structure
appears in technicolor-like extensions of the SM when the Universe reaches
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temperatures near the EW scale. Similar possibilities have been investigated
earlier in the case of the two Higgs doublet model [294]. The EW fields
will impinge on the PTs and the relevant degrees of freedom are the weak
gauge bosons and the SM fermions. The gauge fields couple via covariant
derivatives while the fermions communicate by means of effective Yukawa-
type interactions as proposed in Minimal Walking Technicolor (MWT) [16,
19]. In fact, the top quark has the major impact on the phase diagram due
to its very large Yukawa coupling.

Interestingly these generic feature are seen to appear when tested again
specific TC models of the type envisioned above [141].

Future analysis include the possible experimental observation of the new
type of electroweak phase transitions proposed above via, for example, grav-
itational waves experiments as well as first principle lattice simulations.

7. Conclusion

We introduced different topics related to the dynamical breaking of the
electroweak symmetry. We have also reported on the status of the phase
diagram for generic nonsupersymmetric gauge theories with fermionic mat-
ter obtained via analytic methods. We have also provided a novel analysis
of chiral gauge theories relevant for particle physics phenomenology mak-
ing use of a newly introduced chiral beta function. As a relevant example
for breaking the electroweak symmetry dynamically we introduced differ-
ent types of minimal conformal models of dynamical electroweak symmetry
breaking. We have also summarized a simple model of unparticle physics.
We discussed possible astroparticle physical applications and discussed the
electroweak phase transition in technicolor theories. A number of appen-
dices have been added to support the reader with group theoretical results,
notation and some needed technical information.

I thank the organizers of the LIX Cracow School of Theoretical Physics,
the Yukawa Institute for Theoretical Physics in Kyoto and the XXX
Elementary Particles and Fields Meeting in Brasil for providing a very nice
scientific environment. [ am deeply indebted to M. Antola, S. Catterall,
L. Del Debbio, S. Di Chiara, D.D. Dietrich, R. Foadi, J. Giedt, M. Heikin-
heimo, M.T. Frandsen, C. Kouvaris, M. Jarvinen, I. Masina, T.A. Ryttov,
J. Schechter, K. Tuominen and R. Zwicky, for pleasant fruitful collabora-
tions on the various topics presented in this review, comments and /or careful
reading of the manuscript.
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Appendix A
Ezxploring unification within technicolor

Although it is not a fundamental prerequisite of any specific extension
of the SM, it is a fact that unification of the SM couplings is an attractive
feature. It is, hence, instructive to investigate what happens to the SM
couplings when the Higgs sector is replaced with a new strongly coupled
theory a la technicolor [120].

We start by investigating the one-loop evolution of the SM couplings
once the SM Higgs is replaced by the MWT model. The evolution of the
coupling constant a,,, at the one-loop level, of a gauge theory is controlled
by

bn,
() = o 01z) ~ g (7). (A1)
Z
where n refers to the gauge group being SU(n), for n > 2 or U(1), forn =1.
The first coefficient of the beta function b,, is

bu = 3T(1)Nus + 5T(")Ney = C2(G). (4.2)

where T'(r) is the Casimir of the representation r to which the fermions
belong, T'(r') is the Casimir of the representation 7’ to which the bosons
belong. N, and N, are respectively the number of Weyl fermions and the
number of complex scalar bosons. C3(G) is the quadratic Casimir of the
adjoint representation of the gauge group.

The SM gauge group is SU(3) x SU(2) x U(1). We have three associated
coupling constants which one can imagine to unify at some very high energy
scale Mgur. This means that the three couplings are all equal at the scale
MGUT; i.€. Ozg(MGUT) = O[Q(MGUT) = (1 (MGUT) with a1 = a/(02 COS2 Hw)
and ap = a/sin? 0, where c is a normalization constant to be determined
shortly.

Assuming one-loop unification using Eq. (A.1) for n = 1,2,3, one finds
the following relation

b3 —by 0451 — a1sin?6,
by — by (14 c2)a™! sin? 6, — 2a~1’

In the above expressions the Weinberg angle 6,,, the electromagnetic cou-
pling constant o and the strong coupling constant ag are all evaluated at the
Z mass. For a given particle content we shall denote the LHS of Eq. (A.3)
by Biheory and the RHS by Bey,. Whether Bipeory and Beyp, agree is a simple
way to check if the coupling constants unify. We shall use the experimen-
tal values sin® 0,,(Mz) = 0.23150 & 0.00016, o' (M) = 128.936 + 0.0049,
ag(Mz) =0.119 £ 0.003 and Mz = 91.1876(21) GeV [295]. The unification
scale is given by the expression

(A.3)

2 (Mgz) — oy (Myg)

A4
—— (A.4)

MGUT MZ exXp 27T
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While the normalizations of the coupling constants of the two non-
Abelian gauge groups are fixed by the appropriately normalized generators
of the gauge groups, the normalization of the Abelian coupling constant is
a priori arbitrary. The normalization of the Abelian coupling constant can
be fixed by a rescaling of the hypercharge Y — ¢Y along with ¢ — g/c.
The normalization constant c¢ is chosen by imposing that all three coupling
constants have a common normalization

Tr (*Y?) = Tr (T3) , (A.5)

where T3 is the generator of the weak isospin and the trace is over all the
relevant fermionic particles on which the generators act. It is sufficient to fix
it for a given fermion generation (in a complete multiplet of the unification
group).

The previous normalization is consistent with an SU(5)-type normaliza-
tion for the generators of U(1) of hypercharge, SU(2)z, and SU(3)..

As well explained in the paper by Li and Wu [296]: At one-loop a contri-
bution to bs — bs or bo — by emerges only from particles not forming complete
representations®’ of the unified gauge group. For example the gluons, the
weak gauge bosons and the Higgs particle of the SM do not form complete
representations of SU(5) but ordinary quarks and leptons do. Here we mean
that these particles form complete representations of SU(5), all the way from
the unification scale down to the electroweak scale. The particles not form-
ing complete representations will presumably join at the unification scale
with new particles and together then form complete representations of the
unified gauge group. Note, that although there is no contribution to the
unification point of the particles forming complete representations, the run-
ning of each coupling constant is affected by all of the particles present at
low energy.

Dis-unification in SM
As a warm up, we consider the SM with IV, generations. In this case we

find ¢ = /3/5, which is the same value one finds when the hypercharge is
upgraded to one of the generators of SU(5), and therefore the beta function
coefficients are

by = SN, —11, (A.6)
by = %Ng*%Jf

H
b= (BN, + 1) = 4, +

o

(A.8)

2T Such as the five and the ten dimensional representation of the unifying gauge group

SU(5).
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Here N, is the number of generations. It is clear that the SM does not
unify since Bipeory ~ 0.53 while Beyp, ~ 0.72.

Note that the spectrum relevant for computing Bipeory is constituted by
the gauge bosons and the standard model Higgs. The contribution of quarks
and leptons drops out in agreement with the fact that they form complete
representations of the unifying gauge group which, given the present nor-
malization for ¢, is at least SU(5). Hence the predicted value of Bipeory is
independent of the number of generations. However the overall running for
the three couplings is dependent on the number of generations and in Fig. 48
we show the behavior of the three couplings with N, = 3.

60

50

40

20

10

2 4 6 8 10 12 14 16 18
logyg u [log;y(GeV)]

Fig.48. The running of the three SM gauge couplings.

Studying SU(3) x SU(2) x U(1) unification in MWT

Here we compare a few examples in which the SM Higgs is replaced
by a technicolor-like theory. A similar analysis was performed in [116]. In
this section we press on phenomenological successful technicolor models with
technimatter in higher dimensional representations and demonstrate that the
simplest model helps unifying the SM couplings while other more traditional
approaches are less successful. We also show that by a small modification
of the technicolor dynamics, all of the four couplings can unify?®.

We examine what happens to the running of the SM couplings when
the Higgs sector is replaced by the MW'T theory introduced earlier. This
model has technicolor group SU(2) with two techniflavors in the two-index
symmetric representation of the technicolor group. As already mentioned to
avoid Witten’s SU(2) anomaly, the minimal solution is to add a new lepton

28 Since the technicolor dynamics is strongly coupled at the electroweak scale the last
point on the unification of all of the couplings is meant to be only illustrative.
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family. We still assume an SU(5)-type unification leading to ¢ = 3/5. The
beta function coefficients will be those of the SM minus the Higgs plus the
extra contributions from the techniparticles, ergo

by = 3N, —11, (A.9)
b2:%Ng_%Jr%%(@H):g(NQH)_% (A.10)
b = 2 (2N, + D) =2(N,+1), (A.11)

where Ny is the number of ordinary SM generations. From this we see that
Biheory = 0.68 and Bey, = 0.72 and hence argue that we have a better
unification than in the SM with an elementary Higgs. The running of the
SM couplings is shown in Fig. 49 for three ordinary SM generations. Note
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Fig.49. The running of the SM gauge couplings in the presence of adjoint tech-
nifermions (the technicolor coupling is not included here).

that the increase in Bipeory With respect to the SM is due to the fact that,
typically, bosonic contributions are numerically suppressed with respect to
fermionic ones and that, while by — by = 22/3 receives only a contribution
from the gauge sector, by — b3 = 11/3 + 4/3 has two contributions, a gauge
one and a fermionic one. These results are a direct consequence of the fact
that we have no ordinary quarks related to the new leptonic family.

The technicolor coupling constant

Until now we have not discussed the technicolor coupling constant arc.
It is possible that the technicolor interaction does not unify with the other
three forces or unifies later. A single step unification is though esthetically
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more appealing to us. Remembering that the Casimir of the two-index
symmetric representation of SU(Ntc¢) is (Nrc + 2)/2 the first coefficient of
the beta function bp¢ is easily found to be

brc = %(NTC +2)Ny — %NTc, (A.12)

where Npc is the number of technicolors and Ny is the number of techni-
flavors. For two colors and two flavors we find bpc = —2. Observing that,
somewhat accidentally, also by = —2 for three ordinary SM generations, we
conclude that the technicolor coupling constant cannot unify with the other
three couplings at the same point. We are assuming, quite naturally, that
the low energy starting points of as and apc are different.

Insisting that the technicolor coupling constant must unify with the other
coupling constants at MgyT, we need to modify at a given scale X < Mgyt
either the overall running of the SM couplings or the one of technicolor. To
make less steep the running of the SM couplings one could add new gener-
ations. To avoid the loss of asymptotic freedom for the week coupling we
find that at most only one entire new SM like generation can be added at
an intermediate scale. If we, however, choose not to modify the running of
the SM coupling constants, the running of the technicolor coupling constant
must at some point X < Mgyt become steeper. This can be achieved by
enhancing the number of technigluons and lowering the contribution due to
the techniquarks at the scale X. An elegant way to implement this idea
is to imagine that the techniquarks — belonging to the three dimensional
two-index symmetric representation of SU(2) — are embedded in the fun-
damental representation of SU(3) at the scale X. At energies below X we
have b%g = —2 and for energies larger than X we have b%g = —29/3. If
we take the technicolor coupling to start running at the electroweak scale
Mgw ~ 246 GeV and unifying with the three SM couplings at the unification
scale we find an expression for the intermediate scale X

1

nX = b<Xb>X{27T (aTé(MEW) — OZT(lj(MGUT)>
TCc — 9TC

+b58 In Mpw — b7 In MGUT} : (A.13)

If we take the starting point of the running of the technicolor coupling to be
the critical coupling close to the conformal window we have arc(Mgw) =
7m/(3C2(03)) = 7/6. Also using the numbers arc(Mgur) = ai(Mgur) ~
0.026,i = 1,2,3, Mgyt ~ 9.45 x 10*? GeV we find the intermediate scale to
be X ~ 830 GeV.

Proton decay

Grand Unified Theories lead, generally, to proton decay. Gauge bosons
of mass My < Mqyur are responsible for the decay of the proton into 7¥ and
et. The lifetime of the proton is estimated to be [256]
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Af7 My,
mmpayr (1+ D+ F)2 a2 [A% (1 [Via|2)? A%}

M, 40zt \ 270015 GevE\ 2/ 2\ 2
- GUT GUT i =) 27 x10%yr,
1016 GeV 35 an A
(A.14)

where we have used f; = 0.131 GeV, the chiral Lagrangian factor 1+ D+ F =
2.25, the operator renormalization factors A = Ap, = Ar and the hadronic
matrix element is taken from lattice results [297] to be ay = —0.015 GeV3.
Following Ross [298], we have estimated A ~ 2 but a larger value ~ 5 is
quoted in [256] . The lower bound on the unification scale comes from the
Super Kamiokande limit 7 > 5.3 x 1033 yr [299]

1/2 1/2 1/2
Mgur > My > ?‘i’ (O‘Ng> (A) 3.7x 10" GeV .
agiT —0.015 GeV 2
(A.15)

In the MWT model extension of the SM we find O‘E;%IT ~ 37.5 and
Mgyt ~ 1013 GeV yielding too fast proton decay.

Constructing an unifying group

We provide a simple embedding of our matter content into a unifying
gauge group. To construct this group we first summarize the charge assign-
ments in Table XIII. For simplicity we have considered right transforming
leptons only for the charged ones. Also, the techniquarks are classified as
being fundamentals of SO(3) rather than adjoint of SU(2). Except for topo-
logical differences, linked to the center group of the two groups, there is no
other difference. This choice allows us to show the resemblance of the techni-
color fermions with ordinary quarks. We can now immediately arrange each
SM family within an ordinary SU(5) gauge theory. The relevant question is
how to incorporate the technicolor sector (here we mean also the new Lep-
ton family). An easy way out is to double the weak and hypercharge gauge
groups as described in Table XIV. This assignment allows us to arrange the
low energy matter fields into complete representations of SU(5)x SU(5). To
recover the low energy assignment one invokes a spontaneous breaking of the
group down to SO(3)rc x SU.(3) x SUL(2) x Uy (1) 2. We summarize in
Table XV the technicolor and SM fermions transformation properties with
respect to the grand unified group. Here the fields A and F' are standard

29 To achieve such as a spontaneous breaking of the gauge group one needs new matter
fields around or slightly above the grand unified scale transforming with respect to
both the gauge groups.
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TABLE XIII

Quantum numbers of the MWT + one SM family.

SOrc(3) | SU(3) | SUL(2) | Uy(1)
aL 1 3 2 1/6
uR 1 3 1 2/3
dg 1 3 1 ~1/3
L 1 1 2 —1/2
en 1 1 1 “1
oL 3 1 P 1/6
Un 3 1 1 2/3
Dp 3 1 1 ~1/3
Lr 1 1 2 ~1/2
(r 1 1 1 1

Weyl fermions and the gauge couplings of the two SU(5) groups need to be
the same. We have shown here that it is easy to accommodate all of the
matter fields in a single semi-simple gauge group. This is a minimal em-
bedding and others can be envisioned. New fields must be present at the
grand unified scale (and hence will not affect the running at low energy)
guaranteeing the desired symmetry breaking pattern.

We have not yet considered the problem of how the ordinary fermions
acquire mass. We parametrize our ETC, or better our ignorance about
a complete ETC theory, with the (re)introduction of a single Higgs type

TABLE XIV

MWT + one SM family enlarged gauge group.

SOrc(3) | SUL(2) | Ui(1) | SUL(3) | SU2(2) | Ug(1)
a 1 1 0 3 2 1/6
ur 1 1 0 3 1 2/3
dp 1 1 0 3 1 ~1/3
L 1 1 0 1 2 -1/2
eR 1 1 0 1 1 -1
QL 3 2 1/6 1 1 0
Ug 3 1 2/3 1 1 0
Dr 3 1 ~1/3 1 1 0
L 1 2 ~1/2 1 1 0
Cr 1 1 -1 1 1 0
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TABLE XV
GUT
SuU(5) | SU(5)
ASM 1 10
Fsum 1 5
Anwr 10 1
Fyvw 5 1

doublet on the top of the minimal walking theory whose main purpose is
to give mass to the ordinary fermions. This simple construction leads to
no flavor changing neutral currents and does not upset the agreement with
the precision tests which our MWT theory already passes brilliantly. We
are able to give mass to all of the fermions and the contribution to the beta
functions reads:

by = 3N, —11, (A.16)
by = 3(Ng+1)— 2 +1, (A.17)
by = 3(Ng+1)+ 5, (A.18)
leading to
Biheory = 0.71, (A.19)

a value which, at the one loop level, is even closer to the experimental value
of 0.72 than the original MWT theory alone. The unification scale is also
slightly higher than in MWT alone and it is of the order of 1.2 x 10'3 GeV.
The ETC construction presented above has already been used many times in
the literature [41,42,44,47,240,241]. We find the results very encouraging.
We wish to add that the need for walking dynamics in the gauge sector
is important since it helps reducing the value of the S parameter which
is typically large even before taking into account the problems due to the
introduction of an ETC sector.

We wish to improve on the unification point (before taking into account
of possible ETC type corrections) and delay it, energy-wise, to avoid the
experimental bounds on the proton decay.

We hence need a minimal modification of our extension of the SM with
the following properties: (i) it is natural, i.e. it does not reintroduce the
hierarchy problem, (ii) it does not affect the working technicolor sector, (iii)
it allows for a straightforward unification with a resulting theory which is
asymptotically free, (iv) it yields a phenomenologically viable proton decay
rate and possibly leads also to dark matter candidates.

Point (i) forces us to add new fermionic-type matter while (i) can be
satisfied by modifying the matter content of the SM per se. A simple thing to
do is to explore the case in which we consider adjoint fermionic matter for the
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strong and weak interactions. We will show that this is sufficient to greatly
improve the proton decay problem while also improving unification with
respect to the MWT theory. To be more specific, we add one colored Weyl
fermion transforming solely according to the adjoint representation of SU(3)
and a Weyl fermion transforming according to the adjoint representation
of SUL(2). These fermions can be identified with the gluino and wino in
supersymmetric extensions of the SM. The big hierarchy is still under control
in the present model.

Since our theory is not supersymmetric the introduced fermions need
not be degenerate with the associated gauge bosons. Their masses can be of
the order of, or larger than, the electroweak scale. Finally, naturality does
not forbid the presence of a fermion associated to the hypercharge gauge
boson and hence this degree of freedom may occur in the theory. Imagining
a unification of the value of the masses at the unification scale also requires
the presence of such a U(1) bino-type fermion.

In this case the one-loop beta function coefficients are

by = §N,—11+2, (A.20)
by = 3(Ng+1)—2+12, (A.21)
by = 3(Ng+1). (A.22)

This gives Biheory = 13/18 ~ 0.72(2) which is in excellent agreement with
the experimental value. Note also that the unification scale is Mgyt ~
2.65 x 10" GeV which brings the proton decay within the correct order of
magnitude set by experiments. In Fig. 50 we show the one loop running of
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Fig.50. The running of the three SM gauge couplings in the new model with also
adjoint fermionic matter for the SM gauge groups.
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Fig.51. Left panel: A zoom around the unification point of the running of the
three SM gauge couplings in the new model with extra fermionic adjoint matter
for the SM gauge groups. Right panel: A zoom around the unification point for
the couplings in the MSSM.

the SM couplings in this case. In Fig. 51 we compare the one loop unification
of the SM coupling with the one in the Minimal Supersymmetric Standard
Model (MSSM).

We can make the technicolor coupling unify with the SM couplings, as
done in the MWT section. Using Eq. (A.13), we find now X ~ 10% GeV. We
recall here that X is the scale above which our technicolor theory becomes
an SU(3) gauge theory with the fermions transforming according to the
fundamental representation.

It is phenomenologically appealing that the scale X is much higher than
the electroweak scale. This allows our technicolor coupling to walk for a
sufficiently large range of energy to allow for the introduction of extended
technicolor interactions needed to give masses to the SM particles.
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Fig.52. The running of the three SM gauge couplings as well as the technicolor
one. MWT is made to unify with the other three couplings by enhancing the gauge
group from SU(2) of technicolor to SU(3) while keeping the same fermionic matter
content. We see that the scale where this enhancement of the gauge group should
dynamically occur to obtain complete unification is around 10% GeV.
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Unification of the SM gauge couplings is considered one of the strongest
points in favor of a supersymmetric extension of the SM and hence it is
reasonable to compare our results with the SUSY ones. In SUSY, one finds
Biheory = 0.714 which is remarkably close to the experimental value Bey, ~
0.72 but it is not better than the value predicted in the present model which
is 0.72(2). Obviously this comparison must be taken with a grain of salt
since we still need to provide mass to the SM fermions and take care of the
threshold corrections.

There are three possible candidates for dark matter here, depending on
which one is the lightest one and on the extended technicolor interactions
which we have not yet specified: The chargeless fermion in the adjoint rep-
resentation of SU(2)z, i.e. the wino-like object as well as the bino-type one.
The third possibility is the heavy neutrino-like fermion whose dark matter
potential features are being currently investigated [138].

We have introduced a technicolor model which leads to the unification of
the SM gauge couplings. At the one-loop level the model provides a higher
degree of unification when compared to other technicolor models and to the
minimal supersymmetric extension of the SM.

The phenomenology, both for collider experiments and cosmology, of the
present extension of the SM is very rich and needs to be explored in much
detail.

The model has many features in common with split and non-split super-
symmetry [255,256] and also with models proposed in [300,301] while others
in common with technicolor.

Appendix B

Basic group theory relations

The Dynkin indices label the highest weight of an irreducible represen-
tation and uniquely characterize the representations. The Dynkin indices
for some of the most common representations are given in Table XVI. For
details on the concept of Dynkin indices see, for example [302,303].

TABLE XVI

Examples for Dynkin indices for some common representations.

Representation | Dynkin indices
singlet (000. .. 00)
fundamental (F) (100...00)
antifundamental (F) (000...01)
adjoint (G) (100...01)
n-index symmetric (Sy) (n00...00)
2-index antisymmetric (Az) (010...00)
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For a representation, R, with the Dynkin indices (ay, ag,...,an—2,an—-1)
the quadratic Casimir operator reads [304]
N-1
2N Co(R) = Y [N(N — m)may, + m(N —m)ay,*
m=1
m—1

+ ) 2n(N — m)anan), (B.1)

n=0

and the dimension of R is given by

N-1 ) N-1 p
aR =T[4 IL| X ara . (B.2)
p=1 " gq=p |r=q—p+1

which gives rise to the following structure
d(R) = (1 + al)(l + ag) ce (1 + aN_l)
><(1 + a1-5a2) o (1 + aN72‘5‘1N71)

» <1+a1+6;2+a3).“(1+a]v3+a1\;2+aN1)

NERED <

ar+---+an—1
1 . B.3
><< patot > (B.3)

The Young tableau associated to a given Dynkin index (a1,aq,...,
an—2,an—1) is easily constructed. The length of row i (that is the number
of boxes per row) is given in terms of the Dynkin indices by the expression

i = va -1 a;. The length of each column is indicated by c¢i; k can assume

any positive integer value. Indicating the total number of boxes associated

to a given Young tableau with b one has another compact expression for
Ca2(R),

2N Cy(R) = N

bN—l—er—Zc?—?\j] , (B.4)

and the sums run over each column and row.

Realization of the generators for MWT

It is convenient to use the following representation of SU(4)

(A B . /C D
S = <BT —AT> ) X' = <DT CT> ) (BB)
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where A is hermitian, C' is hermitian and traceless, B = —BT and D = DT,
The S are also a representation of the SO(4) generators, and thus leave the

vacuum invariant S®E + ES®T = 0. Explicitly, the generators read

1 T4 0
S =— oT | a=1,...,4, B.6
2\@<0 - T) Bo

where a = 1,2, 3 are the Pauli matrices and 7¢ = 1. These are the generators
of SUv(Q) X Uv(l).

1 0 B*
Sa:m(BaT 0> s CL:5,6, (B?)
with
B> =7%  BS=ir% (B.8)

The rest of the generators which do not leave the vacuum invariant are

Xt = 2\1/5 (B T?T) , i=1,2,3, (B.9)
and ‘
Xi:2\1/§<1;)iT 1:) , i=4,...,9, (B.10)
with 4 6 3 8 1
DhohIh BIh e

The generators are normalized as follows

Tr [s°8%] =20, Tr[X'XT] =46V, Tr [X's?]=0. (B12)

TABLE XVII

Field content.

G G’
M R 1
N O O
A, 1 Adj
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Appendix C

Vector mesons as gauge fields

We show how to rewrite the vector meson Lagrangian in a gauge invariant
way. We assume the scalar sector to transform according to a given but
otherwise arbitrary representation of the flavor symmetry group G. This
is a straightforward generalization of the Hidden Local Gauge symmetry
idea [305, 306|, used in a similar context for the BESS models [238]. At
the tree approximation this approach is identical to the one introduced first
in [307,308].

Introducing vector mesons

Let us start with a generic flavor symmetry group G under which a scalar
field M transforms globally in a given, but generic, irreducible representa-
tion R. We also introduce an algebra valued one-form A = A*dx, taking
values in a copy of the algebra of the group G, call it G’, i.e.

A, = AT, with 7% € A(G'). (C.1)

At this point the full group structure is the semisimple group G x G'. M
does not transform under G’. Given that M and A belong to two different
groups we need another field to connect the two. We henceforth introduce
a new scalar field N transforming according to the fundamental of G and
to the antifundamental of G’. We then upgrade A to a gauge field over G'.
The covariant derivative for N is:

D,N =0,N+igNA,. (C.2)
We now force N to acquire the following vev
<N;> :5§v/, (C.3)

which leaves the diagonal subgroup — denoted with Gy — of G x G invari-
ant. Clearly Gy is a copy of G. Note that it is always possible to arrange a
suitable potential term for IV leading to the previous pattern of symmetry
breaking. wv/v’ is expected to be much less than one and the unphysical
massive degrees of freedom associated to the fluctuations of N will have
to be integrated out. The would-be Goldstone bosons associated to N will
become the longitudinal components of the massive vector mesons.

To connect A to M we define the one-form transforming only under G
via N which — in the deeply spontaneously broken phase of N — reads:

Tr [NNT] ~ D,NN'- ND,N'
dim(F) ~* 2ig ’

P, — uP,u, (C.4)
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with u being an element of G and dim(F') the dimension of the fundamental
representation of G. When evaluating P, on the vev for N we recover A,:

(Pu) = Ay (C.5)

At this point it is straightforward to write the Lagrangian containing IV,
M and A and their self-interactions. Being in the deeply broken phase of
G x G' down to Gy we count N as a dimension zero field. This is consistent
with the normalization for P,.

The simplest®® kinetic term of the Lagrangian is:
Linetic = —5Tr [FL F*] + 3T [DNDNT } + 1T [aMaMT } . (C.6)

The second kinetic term will provide a mass to the vector mesons. Besides
the potential terms for M and N there is another part of the Lagrangian
which is of interest to us. This is the one mixing P and M. Up to dimension
four and containing at most two powers of P and M this is:

Lpoar = T [BPMMY| + g2y Te [P0 PP 0|
YigrsTr [Pu (M(DMM)T — (D*M)M? )}

+3% 5T [P, P! T [MM1] (C7)

The dimensionless parameters ry, ro, 73, s parameterize the strength of the
interactions between the composite scalars and vectors in units of g, and
are therefore expected to be of order one. We have assumed M to belong
to the two index symmetric representation of a generic G = SU(N). It is
straightforward to generalize the previous terms to the case of an arbitrary
representation R with respect to any group G. Further higher derivative
interactions including N can be included systematically.

Further gauging of G

In this case we add another gauge field G, taking values in the algebra
of G. We then define the correct covariant derivatives for M and N. For N,
for example, we have:

D,N =0,N —igG,N+igNA,. (C.8)
Evaluating the previous expression on the vev of N we recover the field C),

introduced in the text. To be more precise we need to use P, again but with
the covariant derivative for N replaced by the one in the equation above.

30 Another nonminimal term is Tr [NFNTM(NFNJf)TMT] .
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TABLE XVIII

Field content.

G G’
M R 1
N O |
A, 1 Adj
G Adj 1
Appendix D

The topological terms and massive spin one states

In the previous section we introduced the vector mesons as gauge bosons
of a fake new gauge symmetry and provided a mass term resorting to an
Higgsing procedure. In fact, this symmetry does not exist and there is no
notion of a minimal way to break it. If all the terms are included correctly
one recovers, de facto, a non-renormalizable Lagrangian for vector mesons
preserving only the correct global flavor symmetries of the problem. This, of
course, is true also for the terms involving vectors, pions and the space-time
€uvpo Structure. This correct way to proceed was already suggested some
time ago in [244]. We will review here the salient points on the analysis done
in [244].

The € terms for SU(Ny) x SU(Ny)

We construct an effective Lagrangian which manifestly possesses the
global symmetry SUp(Ny) x SUr(Ny) of the underlying theory. We as-
sume that chiral symmetry is broken according to the standard pattern
SUL(Ny) x SUR(Nf) — SUy(Ny). The Nf2 — 1 Goldstone bosons are en-

coded in the Ny x Ny matrix U transforming linearly under a chiral rotation

U—>uLUuE, (D.1)

with up p € SUp/r(Ny). U satisfies the non linear realization constraint

UUT = 1. We also require det U = 1. In this way we avoid discussing the
axial Ug (1) anomaly at the effective Lagrangian level (see Ref. [307-309] for
a general discussion of anomalies). We have

U=e?, (D.2)

with @ = V/2$*T® representing the NJ% — 1 Goldstone bosons. T are the
generators of SU(Ny), with a =1,.. .,N]% —1 and Tr [T“Tb} = %5“1’. v is
the vacuum expectation value.
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As done above we enlarge the spectrum of massive particles including

vector and axial-vector fields AZ JR= A‘i’/‘ZRT‘“l.

The Wess—Zumino [310] action is the first example of € term. It can be
compactly written using the language of differential forms. It is useful to
introduce the Maurer—Cartan one forms:

a=0,0)Utde = @)U, pB=U'aU=U"'aU. (D.3)

« and J are algebra valued one forms and transform, respectively, under the
left and right SU(Ny) flavor group. The Wess—Zumino effective action is

Iwz[U)=C / Tr [o”] . (D.4)
M5

The price to pay in order to make the action local is to augment by one
the space dimensions. Hence the integral must be performed over a five-
dimensional manifold whose boundary (M#*) is the ordinary Minkowski space.
The constant C' is fixed to be

. N
——
24072’

(D.5)

by comparing the current algebra prediction for the time honored process
7’ — 2v with the amplitude predicted using Eq. (D.4) once we gauge the
electromagnetic sector of the Wess—Zumino term, and N is the number of
colors.

We now consider € type terms involving the vector and axial-vector par-
ticles. As for the non e part of the Lagrangian we first gauge the WZ term
under the SUL(Ny) x SUr(Ny) chiral symmetry group. This procedure au-
tomatically induces new e terms [307-309,311,312], leading to the following
Lagrangian,

FWZ [U, AL, AR] = FWZ [U] +5Ci / Tr [ALOZ3 +ARB3]

M4
—50/ Tr [(dALAL+ALdAL)a—|—(dARAR—FARdAR)B]
M4
+5C / Tr [dALdUARU ™ — dARdU ' ALU]
M4

31 We rescale A by the coupling constant §.
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+5C/ Tr [ARUilALUﬂQ —ALUARUil(IQ]

M4
,5¢ .
2 [ 1 [(Are)? @%@ﬂ+&%/T[ 3o+ A%S]
M4 M4
+5C1 / Tr [(dArRAR + ArdAR)U ' ALU
M4

—(dALAL + ALdAL)UARUfl}
+5Ci/ Tr [ALUARU_IAL()(—{—ARU_IALUARB]

M4

+5C / Tr [ARUTALU — AJUARU™!

SHA T An?] s5cr [ [FUFU (D-6)

M4

Here the two-forms F, and Fgr are defined as Fj, = dAj, — zA and Fg =
dARr — ZA%z with the one form Ay /p = = A" L/ rdzy. The previous Lagranglan

when identifying the vector fields with true gauge vectors, correctly saturates
the underlying global anomalies.

The last term in Eq. (D.6) is a gauge covariant term which can always be
added if parity is not imposed. The last term in Eq. (D.6) is not invariant
under parity, so the parameter r must vanish. All the other terms are related
by gauge invariance.

Imposing just global chiral invariance, together with P and C', the pre-
vious Lagrangian has ten unrelated terms [244]:

T'wz [U, Ap, AR] = TIwz [U] +5cl7j/Tr [ALa® + AR
M4
+502/TI' [(dALAL—i—ALdAL)a—F(dARAR—i-ARdAR)ﬂ]
M4
—503/TI“ [dALdUARU_l —dARdU_lALU]

M4
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—5¢y / Tr [ARU 'ALUB? — ALUARU 1o

M4

—E);‘:’/Tr [(ALO[)2—(ARﬁ)2]+5CGZ'/TI' [A o+ A%B]
M4 M4

+5C7i/Tr [(dARAR+ARdAR)U_1ALU
M4

—(dALAL + ALdAL)UARU ]
+568i/TI“ [ALUARU_IAL(I—|—ARU_1ALUAR,B]

M4
—509/"& [ARUTTALU — ASUARU ™Y
M4

LI

5 | Tr (UARU ALY, (D.7)

M4

where the c-coefficients are imaginary. We see that while the gauging pro-
cedure of the Wess—Zumino term automatically generates a large number of
€ terms, it does not guarantee that we have uncovered all terms consistent
with chiral, P and C invariance. Indeed there is still one new single trace
term [244] to add to the action:

clli/Tr [A7 (UARU o — aUARU )+ AR (UT'ALUB — BUTTALU)]

M4
(D.8)
and cj; is an imaginary coeflicient. Imposing invariance under CP has been
very useful to reduce the number of possible € terms. For example it is easy

to verify that a term of the type Tr [dAL (UARU_l)ﬂ is CP odd.

In Appendix A of [244] we provided a general proof that all the dimension
four (i.e. 4-derivative) terms involving the Lorentz tensor €,,,,, which are
consistent with global chiral symmetries as well as C' and P invariance, are
the ones presented in Eq. (D.7) and Eq. (D.8).

The € terms for SU(2Ny)

We consider now fermions in a pseudoreal representation, for example
SU(2) technicolor with Ny fermions in the fundamental representation. The
global symmetry group is SU(2/Ny) and if chiral symmetry breaking occurs
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we expect it to break to Sp(2Ny). We divide the generators T of SU(2Ny),
normalized according to Tr [T“Tb] = %6“1’, into two classes. We call the
generators of Sp(2Ny) {S*} witha =1,..., 2NJ% + Ny, and the remaining
SU(2Ny) generators (parameterizing the quotient space SU(2Ny)/Sp(2Ny))
{X'} withi=1,...,2NF — Ny — 1.

This breaking pattern gives 2NJ% — Ny —1 Goldstone bosons, encoded in
the antisymmetric matrix U and 4,j = 1,...,2N; as follows:

rtxt

U=c5 B, (D.9)

where the Ny x Ny matrix E is

E:( R ) . (D.10)

U transforms linearly under a chiral rotation
U—uUu®, (D.11)
with u € SU(2N¢). The non linear realization constraint, UUT = 1, is auto-
matically satisfied.
The generators of the Sp(2Ny) satisfy the following relation,
STE+ES=0, (D.12)

while the X* generators obey,

X' =EXET, (D.13)

Using this last relation we can easily demonstrate that U7 = —U. We also
require

PfU =1, (D.14)

avoiding in this way to consider the explicit realization of the underlying
axial anomaly at the effective Lagrangian level.
We define the following vector field

Ay = AT, (D.15)
which formally transforms under a SU(2Ny) rotation as
A, — uAour — i@uuuT . (D.16)

We generate the € terms following the same procedure used for the
SUL(Nf) x SUR(NNf) global symmetry case. First we introduce the one
form
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a=dU)U?. (D.17)
It is sufficient to define only « since the analog of 3 = U~ 'dU = a’ is now
not an independent form. The Wess—Zumino action term is:
FWZ [Ul=C /Tr [045] , (D.18)
M5

where again we are integrating on a five dimensional manifold and C' =
—iﬁ for N = 2. We are considering here an SU(2) underlying gauge
theory with fermions in the fundamental representation.

We now gauge the Wess—Zumino action under the SU(2Ny) chiral sym-
metry group. This procedure provides single trace € terms involving vector,
axial and Goldstones with an universal coupling C. The gauged CP invariant
Wess—Zumino term is

Iwz [U, A] = DIwz[U] +10Ci / Tr [Aa®]

M4
—10C / Tr [(dAA + AdA)a]
M4
~5C / Tr [dAdUATU — dATdU ' AU
M4
—5C / Tr [UATU Y (Aa? + o A))
M4

+5C [ Tr [(Aa)2] +10C¢ | Tr [Aga}
/ /

+10C / Tr [(dAA + AdAYUATU ]

M4

—10Ci / Tr [AcAUATU ]
M4

+10C / Tr [AUATU + L{AUATUY)?] | (D.19)
M4

where A = A*dx,. The previous Lagrangian must be generalized to be only
globally invariant under a chiral rotation and invariant under CP and one
obtains [244].
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fwz [U, A] = j—'wz [U]+012/Tr [Aozg}

M4
G, / Tr [(dAA + AdA)a]
M4
—C; / Tr [dAdUATU — dATdU ' AU
M4
—Cy / Tr [UATU Y (Aa? + o A))
M4
—|—C’5/Tr [(Aoz)2] —|—C’6i/Tr [A3a]
M4 M4
+Cri / Tr [(dAA + AdAYUATU Y]
M4
—Cyi / Tr [AcdAUATU ] + Cy / Tr [A*UATU
M M4
+C1o / Tr [(AUATU)?]
M4
+Cni/Tr [A*(@UATU —UATU a)] (D.20)
M4

where C; are imaginary. The last term is a new term not generated by
gauging the Wess—Zumino effective action.

At this point the application to extensions of the SM featuring chiral
dynamics is straightforward. Summarizing, the SM gauge bosons, being
true gauge fields, must be introduced via the correct gauging of the Wess—
Zumino term. Any other spin one field which is not a gauge degree of freedom
must be introduced in the manner presented above, i.e. allowing for a very
general form of the interactions with the Goldstone bosons featuring an
e tensor. Often, in literature, spin-one non-gauge degrees of freedom are
introduced again as gauge degrees of freedom (see for example [313]). This
latter procedure can be considered as a simple phenomenological approach.
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Appendix E

Spectrum of strongly coupled theories: higgsless versus higgsful theories

Often, in the literature, a number of incorrect statements are made when
discussing the spectrum of technicolor theories. Here we will try to clarify
first the situation in QCD and then show how to use new analytic means to
gain control over the spectrum of strongly coupled theories with fermions in
higher dimensional representations.

One approach is based on studying the theory in the large number of
colors (N) limit [29,30]. At the same time one may obtain more information
by requiring the theory to model the (almost) spontaneous breakdown of
chiral symmetry [314,315|. A standard test case, for ordinary QCD, is pion
pion scattering in the energy range up to about 1 GeV. Some time ago,
an attempt was made [316,317] to implement this combined scenario. We
used pion pion scattering to provide some insight on the low lying hadronic
spectrum of QCD.

Before turning to the spectrum of the lightest composite states in QCD
we offer a simple definition of Higgsless theory: If the composite state with
the same quantum numbers of the Higgs is not the lightest particle in the
spectrum after the Goldstones then the theory is Higgsless. In practice we
will use the massive spin one states to compare the mass of the composite
Higgs with.

The lightest composite scalars in QCD

The scalar sector of QCD and any technicolor theory constitutes a com-
plicated sector. For QCD, in [318], using the 't Hooft large N limit, chiral
dynamics and unitarity constraints the fo(600) resonance mass was found
to be around 550 MeV. Other authors [319-321] have found similar results.
Such a low value would make it different from a p-wave quark—antiquark
state, which is expected to be in the 1000-1400 MeV range. We assume
then that it is a four quark state (glueball states are expected to be in the
1.5 GeV range from lattice investigations). Four quark states of diquark—
quark type [322,323] and meson—meson type [324] have been discussed in the
literature for many years. Accepting this picture, however, poses a problem
for the accuracy of the large NV inspired description of the scattering since
four quark states are predicted not to exist in the large N limit of QCD. We
shall take the point of view that a four quark type state is present since it
allows a natural fit to the low energy data. In practice, since the parameters
of the pion contact and rho exchange contributions are fixed, the sigma is
the most important one for fitting and fits may even be achieved [325] if the
vector meson piece is neglected. However the well established, presumably
four quark type, fy(980) resonance must be included to achieve a fit in the
region just around 1 GeV.

There is by now a fairly large literature on the effect of light “exotic”
scalars in low energy meson meson scattering. There seems to be a consen-
sus, arrived at using rather different approaches (keeping however, unitar-
ity), that the sigma exists.
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Here we use two large N limits of QCD as well as our information on
the low lying spectrum of QCD to extract information on the spectrum of
the lightest states for strongly coupled theories with fermions in various
representations of the underlying strongly coupled gauge group. Lifting the
strongly coupled scale to the electroweak one for theories with underlying
fermions in two index representations we will show that the light scalar with
the same quantum numbers of the Higgs is lighter than the lightest techni-
vector meson.

Scalars in the 't Hooft large N: Higgsless theories

We concentrate on the lightest scalar f,(600) and on the vector meson
p(770). The qq nature of the vector meson is clear. This means that its
mass does not scale with the number of colors while its width decrease as
1/N. We argued above that fy(600) is a multiquark state. In this case its
mass scales with a positive power of N and its width remains constant or
grows with N. In formulae:

1
mp o~ Mdon, Ty~ (B.1)
mf, ~ NPA{ep Iy, ~ N9, (E.2)

with p > 0 and ¢ > —1.

Scaling up these results to the electroweak theory is straightforward. We
first generalize the number of technidoublets gauged under the electroweak
theory as well the number of technicolors Npg, holding fixed the weak scale
we have:

\/ivweak \/g m
Fr  V/NpNrc

V2 N- b
Uweak TC 2
M = E.4
TfO Fﬂ- /ND < \/?: > me ? ( )

where Np is the number of doublets, vyeai is the electroweak scale and the
extra /2 is due to our normalization of the pion decay constant. Note that
for p =0 and ¢ = —1 the fy(600) would scale like the p and would then be
regarded as a quark—antiquark meson at large N. However, as we mentioned,
there are, by now, strong indications that this state is not of ¢¢g nature and
hence p > 0 and ¢ > —1.

Let us choose for definitiveness p = 1. Already for Npc ~ 6, for any
Np the scalar is heavier than the vector meson. Hence for fermions in the
fundamental representation of the technicolor theory we expect no scalars
lighter than the respective vector mesons for any Npc larger than or about
6 technicolors. It is hence fair to call these theories Higgsless. Note that the
previous statements may be altered if the theory features walking dynamics.

My, = (E.3)
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Alternative large N limits

The previous results are in agreement with the common lore about the
light spectrum of QCD-like theories. Interestingly even if for N = 3 one
has a scalar state lighter than the lightest vector meson it becomes heav-
ier already for N > 6. Clearly the reason behind this is that, due to its
multiquark nature, the lightest state possesses different scaling properties
than the vector meson. The situation changes when we consider alternative
extensions of QCD using higher dimensional representations. At large IV
different extensions capture different dynamical properties of QCD.

The two index antisymmetric fermions — link to QCD

Consider redefining the N = 3 quark field with color index A (and flavor
index not written) as

[B,C]

ga = %EABCQ ) Q[B’C] =

_q[C7B] ) (E5)

so that, for example, ¢; = ¢?* and similarly for the adjoint field, §' = g3
etc. This is just a trivial change of variables. However for N > 3 the
resulting theory will be different since the two index antisymmetric quark
representation has N(N — 1)/2 rather than N color components. As was
pointed out by Corrigan and Ramond [326], who were mainly interested in
the problem of the baryons at large N, this shows that the extrapolation of
QCD to higher N is not unique. Further investigation of the properties of
the alternative extrapolation model introduced in [326] was carried out by
Kiritsis and Papavassiliou [327].

It may be worthwhile to remark that gauge theories with two index
quarks have gotten a great deal of attention. Armoni, Shifman and Veneziano
[328] have proposed an interesting relation between certain sectors of the two
index antisymmetric (and symmetric) theories at large number of colors and
sectors of super Yang-Mills (SYM). Using a supersymmetric inspired effec-
tive Lagrangian approach 1/N corrections were investigated in [329].

Besides these two limits a third one for massless one-flavor QCD, which is
in between the 't Hooft and Corrigan Ramond ones, has been been proposed
in [330]. Here one first splits the QCD Dirac fermion into the two elementary
Weyl fermions and afterwards assigns one of them to transform according to
a rank-two antisymmetric tensor while the other remains in the fundamental
representation of the gauge group. For three colors one reproduces one-flavor
QCD and for a generic number of colors the theory is chiral. The generic N
is a particular case of the Generalized Georgi Glashow model (GGG) [331].
The finite temperature phase transition and its relation with chiral symmetry
has been investigated in [163| while the effects of a nonzero baryon chemical
potential were pioneered in [332]. More recent work in this direction has
appeared in the literature [333,334]. In particular in [334] the authors have
shown that one of the high density QCD phases investigated in [332], i.e.
the color superconductive one, seem to be favored at large N. This is a very
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interesting result which modifies and improves on the results in [332]. On
the validity of the large N equivalence between different theories we refer
the reader to [335,336].

To illustrate the large N counting when quarks are designated to trans-
form according to the two index antisymmetric representation of color SU(3)
one may employ [29] the mnemonic where each tensor index of this group
is represented by a directed line. Then the quark—quark gluon interaction
is pictured as in Fig. 53. The two index quark is pictured as two lines with

=

Fig.53. Two index fermion — gluon vertex.

arrows pointing in the same direction, as opposed to the gluon which has
two lines with arrows pointing in opposite directions. The coupling constant

representing this vertex is taken to be g;/v/N, where g; does not depend on
N and is kept fixed.

A “one point function”, like the pion decay constant, F; has as its simplest
diagram, Fig. 54.

Fig.54. Diagram for F}; for the two index quark.

The X represents a pion insertion and is associated with a normalization
factor for the color part of the pion’s wavefunction,

V2

Wit (E.6)

which scales for large NV as 1/N. The two circles each carry a quark index so

their factor scales as N2 for large IN; more precisely, taking the antisymmetry
into account, the factor is

N(N -1)
# . (E-?)
The product of Egs. (E.6) and (E.7) yields the N scaling for F:
N(N -1
vy = YD ) (E3)

For large N, F; scales proportionately to N rather than to v N as in the
case of the 't Hooft extrapolation.
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Using this scaling the w7 scattering amplitude, A scales as,

6

AN = v

A(3), (E.9)

which, for large N scales as 1/N? rather than as 1/N in the 't Hooft extrap-
olation. This scaling law for large N may be verified from the mnemonic in

Fig. 55, where there is an N? factor from the two loops multiplied by four
factors of 1/N from the Xs.

Fig. 55. Diagram for the scattering amplitude, A with the 2 index quark.

There is still another different feature with respect to the ’t Hooft ex-
pansion; consider the typical w7 scattering diagram with an extra internal
(two index) quark loop, as shown in Fig. 56.

-
]

Fig.56. Diagram for the scattering amplitude, A including an internal 2 index
quark loop.

In this diagram there are four Xs (factor from Eq. (E.6)), five index loops
(factor from Eq. (E.7)) and six gauge coupling constants. These combine to
give a large N scaling behavior proportional to 1/N? for the 77 scattering
amplitude. We see that diagrams with an extra internal 2 index quark loop
are not suppressed compared to the leading diagrams. This is analogous,
as pointed out in [327], to the behavior of diagrams with an extra gluon
loop in the 't Hooft extrapolation scheme. Now, Fig. 56 is a diagram which
can describe a sigma particle exchange. Thus in the 2 index quark scheme,
“exotic” four quark resonances can appear at the leading order in addition
to the usual two quark resonances. The possibility of a sigma-type state
appearing at leading order means that one can construct a unitary 7m am-
plitude already at N = 3 in the 2 antisymmetric index scheme. From the
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point of view of low energy w7 scattering, it seems to be unavoidable to say
that the 2 index scheme is more realistic than the 't Hooft scheme given the
existence of a four quark type sigma.

Of course, the usual 't Hooft extrapolation has a number of other things
to recommend it. These include the fact that nearly all meson resonances
seem to be of the quark—antiquark type, the OZI rule predicted holds to a
good approximation and baryons emerge in an elegant way as solitons in the
model.

A fair statement is that each extrapolation emphasizes different aspects
of N =3 QCD. In particular, the usual scheme is not really a replacement
for the true theory. That appears to be the meaning of the fact that the
continuation to N > 3 is not unique.

Quarks in two index symmetric color representation

Clearly the assignment of femions to the two index symmetric represen-
tation of color SU(3) is very similar to the previous case. We denote the
fields as,

4{AB} = 4{BA} - (E.10)

There will be N(N +1)/2 different color states for the two index symmetric
quarks. This means that there is no value of N for which the symmetric
theory can be made to correspond to true QCD. On the other hand, for
large N we can make the approximation

AN & ABSYE(N) (E.11)

for the 77 scattering amplitude.

As far as the large NV counting goes, the mnemonics in Figs. 53-56 are
still applicable to the case of quarks in the two index symmetric color rep-
resentation. For not so large N, the scaling factor for the pion insertion
is

V2

_— (E.12)
VN(N+1)
and the pion decay constant scales as
N(N +1
EY™(N) o (2+) : (E.13)

With the identification AQCP = A2%™(3) the use of Eq. (E.11) enables
us to estimate the large N scattering amplitude as,

AST(N) ~ %AQCD. (E.14)
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In applications to minimal walking technicolor theories this formula is
useful for making estimates involving weak gauge bosons via the Goldstone
boson equivalence theorem [337].

Finally we remark on the large N scaling rules for meson and glue-
ball masses and decays in either the two index antisymmetric or two index
symmetric schemes. Both meson and glueball masses scale as (N)?. Fur-
thermore, all six reactions of the type

a—b+ec, (E.15)

where a,b and ¢ can stand for either a meson or a glueball, scale as 1/N.
This is illustrated in Fig. 57 for the case of a meson decaying into two glue-
balls; note that the glueball insertion scales as 1/N and that two interaction
vertices are involved.

Fig.57. Diagram for meson decay into two glueballs.

Spectrum for higher dimensional representations: Higgsful theories

Combining our knowledge of the QCD spectrum together with the rules
above for the two index antisymmetric representation we deduce the follow-
ing large N scaling;:

2
2 2
m, ~ Ajep,  Ip~ NN =1) (E.16)
2
2 2
mfo ~ AQCD? Ffo ~ m . (El?)

The fact that in QCD the state fp(600) is not narrow indicates that the
unknown coefficient in the expression for the width, expected to be order one,
is large. However, as we increase the number of colors we expect this state
to become quickly narrow. Scaling up these results for a technicolor theory
with N7 colors and fermions in the two index antisymmetric representation
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we have:

204 3v2
MTp _ f’U eak \/>\/> m,, (E18)

Fr \/Np Nrc(Nrc — 1)
B \/§'Uweak \/g\/§
Mng = mg, - (E.lg)
Fr \/Np Nrc(Nrc — 1)

The input values here are the QCD masses for fp(600) and p(770). Differ-
ently from the 't Hooft case the scalar will remain lighter than the associate
technivector meson for any number of technicolors. Finally, increasing the
number of technicolors and techniflavors we can achieve a very light scalar,
lighter then its own technivector. Since in these theories one cannot differ-
entiate a fermion—antifermion state from a multi fermion states we map the
lightest scalar into the composite Higgs.

So, even without invoking walking dynamics, higher dimensional repre-
sentations provide a composite Higgs lighter than the technivector meson.
These theories are Higgsful for any number of colors.

One can pass from the two index antisymmetric to the two index sym-
metric by replacing Npc — 1 with Npc + 1 in the expressions above and
matching the result at infinite number of colors. In Fig. 58 the physical
spectrum of spin one vector bosons and the lightest scalar is reported in
TeV units in the case of two doublets (Np = 2) of technifermions for differ-
ent number of colors. At N = 3 we match the spectrum to QCD for the two
index antisymmetric representation. On the left panel we draw the spec-
trum for the two index antisymmetric extension of QCD while on the right
we consider the two index symmetric representation normalized at large N
with the two index antisymmetric one. For any Np and Npc the scalar
is always lighter than the associated vector meson. In the case of the two
index symmetric on approaches light masses a little faster when increasing
the number of colors.

Above we demonstrated that (i) It is possible to have composite theories
which are Higgsful (7i) the resulting composite Higgs is light with respect
to the TeV scale. The comparison with precision data must then be revised
for these theories since the associated S parameter constraint changes. Note
that in the proof we used only a straightforward geometrical scaling.

What happens to the mass of the composite Higgs in the case of walking?
By increasing the number of flavors all of the composite states from the
chiral-symmetric broken side become massless when reaching the fixed point
since the only invariant scale of the theory vanishes there [338]. This is
supported by lattice simulations [168]. We are, however, interested in the
ratio between the masses of the various states to the pion decaying constant
which is fixed to be the electroweak scale. Simple arguments suggest that if
the transition is second order then there will be a light composite Higgs or
else its mass to decay constant ratio will not vanish near the conformal point.
In any event one can write a low energy effective action for the composite
scalar with the quantum numbers of the Higgs — treating it as a dilaton —
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Fig.58. Mass of the lightest vector meson — higher curve, and scalar meson —
lower curve, as function of the number of colors in TeV units. At N = 3 we match
the spectrum to QCD for the two index antisymmetric representation. Here we use
Np = 2. On the left panel we draw the spectrum for the two index antisymmetric
extension of QCD while on the right we consider the two index symmetric repre-
sentation. Note that now for any Np and Nt¢ the scalar is always lighter than the
associated vector meson.

using trace and axial anomaly as well as chiral symmetry as done in [339].
A similar analysis using trace anomaly has been also discussed in [340].
The resulting action contains, by construction, non-analitc powers of the
composite Higgs field [339] and must be treated as generating functional for
the anomalous transformations of the underlying dynamics.

The possibility of a light composite Higgs in (walking) technicolor was
first advocated in [17,18,20,155| and also proposed in [340] and [341]. Since,
as shown above using standard scaling arguments, it is possible to construct
technicolor theories with a light composite Higgs it is relevant to study its
phenomenological signatures [103,342].
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