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ABSTRACT: We investigate grand unified theories (GUTSs) in scenarios where electroweak
(EW) symmetry breaking is triggered by a light composite Higgs, arising as a Nambu-
Goldstone boson from a strongly interacting sector. The evolution of the standard model
(SM) gauge couplings can be predicted at leading order, if the global symmetry of the
composite sector is a simple group G that contains the SM gauge group. It was noticed
that, if the right-handed top quark is also composite, precision gauge unification can be
achieved. We build minimal consistent models for a composite sector with these properties,
thus demonstrating how composite GUTs may represent an alternative to supersymmetric
GUTs. Taking into account the new contributions to the EW precision parameters, we
compute the Higgs effective potential and prove that it realizes consistently EW symmetry
breaking with little fine-tuning. The G group structure and the requirement of proton sta-
bility determine the nature of the light composite states accompanying the Higgs and the
top quark: a coloured triplet scalar and several vector-like fermions with exotic quantum
numbers. We analyse the signatures of these composite partners at hadron colliders: dis-
tinctive final states contain multiple top and bottom quarks, either alone or accompanied
by a heavy stable charged particle, or by missing transverse energy.
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1 Introduction

Two paradigms have been proposed to account for the stability of the electroweak (EW)

scale against quantum corrections, the so-called gauge hierarchy problem. One is a weakly

coupled theory where the mass of the elementary scalar responsible for electroweak sym-
metry breaking (EWSB), that is the Higgs boson, is protected from ultraviolet scales by



supersymmetry. The other involves a new strongly coupled sector, which generates the
EW scale dynamically, in analogy with the origin of the QCD scale. The latter idea has
been realized in several ways. A particularly attractive possibility is to achieve EWSB
thanks to a Higgs-like composite field, emerging as a Nambu-Goldstone boson (NGB) from
the strongly interacting sector: this is known as the composite-Higgs scenario [1-7]. It is
generically favoured by precision measurements with respect to the simplest form of tech-
nicolour [8-10] or Higgsless models [11], and it has a more economical particle content with
respect to little-Higgs models [12, 13].

Whatever solution of the hierarchy problem is adopted, there are several robust indi-
cations for the unification of the gauge interactions at a scale MgyT, close but definitely
smaller than the Planck scale Mp, where gravitational interactions become strong. As a
matter of fact, grand unified theories (GUTSs) [14-18] elegantly account for the quanti-
zation of the electric charge, the quantum numbers of quarks and leptons and the basic
relations between their Yukawa couplings, the cancellation of the gauge anomalies, the
evidence for non-zero neutrino masses. While GUTs have been intensively studied mostly
in the supersymmetric framework [19-25], the above-listed virtues of GUTs do not rely on
the existence of low-energy supersymmetry. It is therefore sensible to try to realize precise
gauge coupling unification in other extensions of the standard model (SM) that provide a
natural explanation of the EW-GUT hierarchy.

In comparison with supersymmetric scenarios, strongly coupled models suffer from
the obstruction to perturbative computations. Moreover, at first sight they do not share
the striking prediction of precise gauge coupling unification, which pertains to the mini-
mal supersymmetric SM. This gap has been significantly reduced over the years, thanks
to the modern understanding of strongly coupled systems via the AdS/CFT correspon-
dence [26-28], and in particular through the study of extra-dimensional scenarios of the
Randall-Sundrum type [29], which permitted to extract both qualitative and quantitative
information on EWSB, electroweak precision tests (EWPTs) and phenomenology. Fol-
lowing such developments, the investigation of gauge coupling unification has been pur-
sued [30-38]. Actually, it turned out that some key features of strongly coupled models
can be studied with no need to specify a dual extra-dimensional construction and indepen-
dently from the details of the strong dynamics. In particular, a proposal for precise gauge
coupling unification in the composite-Higgs scenario was advanced [39].

In this paper we further investigate composite-Higgs scenarios which exhibit gauge
coupling unification, from a purely four-dimensional perspective. We will make use of two
basic properties of the strongly interacting sector. The first is an approximate conformal
symmetry, spontaneously broken at low energies, around A. ~ few TeV, thus generating
a mass gap in the spectrum of composite resonances. For energies above A. and up to
the unification scale MguT, the composite sector alone is well described by a strongly
interacting conformal field theory (CFT). The conformal symmetry fixes the behaviour
of the correlators of the composite sector, in particular those that affect the propagators
of weakly coupled external fields. In the case of interest, these are the SM gauge fields,
with the corresponding gauge couplings. It can be shown that the contribution of such
composite sector to their running is logarithmic [40].



The second crucial ingredient is the invariance of the composite sector under a set G
of global symmetry transformations, analogous to the approximate SU(3)r, x SU(3)r chiral
symmetry of QCD. If the SM gauged group, Gsm = SU(3)c x SU(2), x U(1)y, is embedded
in a simple group G, then gauge coupling unification becomes independent from the strong
dynamics at leading order. This is because the one loop contribution of the composite sector
to the gauge coupling beta functions is universal, that is to say b; "+ —b:""" =0 for ¢,j =
1,2,3. Moreover, the universal coefficient b°°™P is constant between A, and MguyT because
of the conformal symmetry.! At this point one is in the position to study quantitatively
gauge unification, and subsequently undertake the construction of composite GUTs.

It is remarkable that both the conformal symmetry and the G-symmetry of the com-
posite sector are also instrumental to generate hierarchical Yukawa couplings, by an elegant
mechanism known as “partial compositeness” [41, 42]. The light SM fermions are taken to
be elementary particles external to the composite sector, weakly coupled to it by mixing
with composite fermionic operators. The Yukawa couplings arise from this mixing at low
energies, and the hierarchies between them are due to the different scaling dimensions of
the various operators (at least one for each SM chiral fermion). The required large anoma-
lous dimensions can be generated if the composite sector is strongly coupled over a large
range of energies, which naturally happens when it is close to an infrared-attractive fixed
point, indicating that it is approximately conformal. Since the composite sector is respon-
sible for generating the EW scale, it must carry EW charges. Now, in order to generate
quark masses, it must also contain operators charged under colour. Then, the composite
operators transform non-trivially under the full Ggyr, which of course must be a subgroup
of the global symmetry G of the composite sector. Therefore the only extra assumption to
move from the ordinary composite-Higgs scenario to the composite GUT scenario is the
requirement of G being simple.

Besides the breaking of the conformal symmetry at A., the strong dynamics does also
lead to the spontaneous breaking of part of the global symmetry, G — K. This is necessary
in order to obtain the Higgs as a Nambu-Goldstone boson (NGB), in analogy to the light
pseudo-scalar mesons of QCD, that are the approximate NGBs of SU(3);, x SU(3)gp —
SU(3)y. The unbroken subgroup K does not need to be simple, since this breaking is an
infrared effect, which does not modify the gauge coupling evolution at leading order over
the large hierarchy. Part of the global symmetries of the composite sector will be eventually
broken explicitly by the gauge and fermion couplings to the elementary fields. Since these
couplings are perturbatively small, the global symmetry G of the composite sector holds in
good approximation over the whole hierarchy between A. and Mauyr. Nonetheless, below
A, the explicit breaking generates a non-trivial effective potential for the NGBs of the
composite sector, leading to EWSB.

In composite GUTs, the Higgs will be generically accompanied by other pseudo Nambu-

n principle, the composite sector could exit the strong coupling regime before Mgur, thus modifying
b°™P_ This requires a breaking of the conformal symmetry at the intermediate scale where the transition
between the two regimes occurs. The universality of the beta function coefficients is maintained also in this
case, as long as G is preserved. However, this option would introduce an unnecessary model-dependence.
Therefore we will not consider it in this paper.



Goldstone bosons (pNGBs) that fill with it a complete multiplet of the global symmetry
K. These necessarily light extra scalar fields are a distinctive feature of composite GUTs,
to be contrasted with the usual weakly coupled GUTs, where the Higgs partners live at
the GUT scale. The set of light scalars typically includes a coloured triplet that can
potentially mediate proton decay. In supersymmetric GUTs the proton decay issue is
usually cured imposing R-parity and making the triplet super-heavy (~ Mgur), which
requires to implement a doublet-triplet splitting mechanism. In composite GUTs, instead,
the colour triplet (more in general, any operator generated by the strong dynamics) that
might mediate proton decay cannot be decoupled, since its mass scale is around or below
A, ~ few TeV. The remedy will be to forbid the triplet couplings to SM fermions, and
more in general to suppress baryon number violating operators, by imposing an appropriate
symmetry. Similarly, composite operators that mediate lepton number violation need to
be suppressed, not to generate too large neutrino masses.

The last important feature of composite GUTs is the presence of extra vector-like
fermions at the EW scale, that eventually are responsible for the correction to the SM gauge
coupling evolution, such that unification is achieved at Mgyt ~ 10'° GeV, with a precision
comparable to that of the MSSM. It is quite remarkable [39] that these extra fermions are
automatically predicted, once one implements in a straightforward way the attractive fea-
tures of the composite-Higgs scenario described above. Partial compositeness implies that
the larger the mass of a SM fermion, the stronger its coupling is to the composite sector,
and in turn the modification of its elementary properties. The degree of compositeness of
the light SM fermions is thus small, but that of the top quark has to be large. In fact, the
well-motivated possibility exists that the right-handed top quark is an entirely composite
chiral fermion.? In this case, it must be accompanied by a set of composite partners, filling
a complete multiplet of the global symmetry . In order to make these chiral top part-
ners massive and to cancel gauge anomalies, one is forced to introduce extra elementary
fermions. We will analyze in detail the impact of these new exotic particles on precise uni-
fication, EWPTs, and in EWSB, as well as their manifestation at the large hadron collider
(LHC). Their observation would constitute another crucial signature of composite GUTs.

In this paper we will not attempt to build an explicit ultraviolet completion for the
composite GUT scenario, that is to say, we will not construct a specific model at the scale
MguT. This definitely remains a very important task, in a territory that is presently largely
unexplored. At least one comment is in order to settle the ground and avoid confusions. The
full GUT must possess a gauge symmetry Gaur, which is a simple group containing Ggu.
One may conceive that Gour is broken only in the elementary sector, which is promptly
realized assuming that the GUT breaking fields do not couple to the composite sector.?
Then, the composite sector would retain a global symmetry G = Gguyr. However, the

It will be clear in the following why the left-handed top should not be composite.

3To be concrete, think of chiral fermions in a complex representation of Gaur, such as a 5 or a 10 of
SU(5). One example is provided by the SM fermions, which form chiral SU(5) multiplets that only feel GUT
breaking effects through Yukawa and gauge couplings. The required composite sector can be generated if
there exist another set of such chiral fermions (i) charged under an additional gauge interaction in the
non-perturbative regime and (#) sufficiently weakly coupled to the Ggur breaking sector.



identification of the two groups may appear minimal but it is not necessary nor natural:
the symmetry of the GUT theory may be larger, and boil down to a low energy global
symmetry G C Ggur or, if the initial global symmetry of the strong sector was larger than
the gauged Ggur, one could have G D Ggur. The only requirement is that Ggy belongs
to the intersection of G and GguTt. We will see that the suppression of baryon and lepton
number violation implies further constraints on the interplay between these two groups.
The paper is organized as follows. In the next subsection we recall the general setup for
the study of composite-Higgs scenarios, for the non-practitioners. In section 2 we describe
in detail the evolution of gauge couplings when the SM Higgs boson and the right-handed
top quark are composite states, and what the conditions for precision unification are. In
section 3 we discuss the global symmetries of the composite sector that are required in
order to respect the EWPTs, to implement gauge coupling unification and to avoid proton
decay. The model which emerges as the simplest viable possibility has a global symmetry
G = SO(11), with unbroken subgroup K = SO(10). The exotic fermion quantum numbers
are then specified, and their contribution to EW precision parameters is computed. In
section 4 we compute the effective potential for the pNGBs in this model, and derive the
constraints for a satisfactory EWSB. In section 5 we describe the collider phenomenology
of the Higgs and top quark composite partners in three different variants of the model. We
finally summarize the substantial features of our composite GUT models in section 6.

1.1 The setup of composite-Higgs models

The lagrangian for composite-Higgs models can be expressed, in the same spirit of
refs. [42, 43], as

L= EgSM + r9—K + EgSM ) (1'1)

elementary composite mixing

There is a sector of elementary weakly coupled fields, whose dynamics is described by

Eeglil;flentary, invariant under the SM gauge symmetries, Ggy. The field content of this

sector is the one of the SM, without the Higgs. In addition, there exists a new strongly
G—K

composite’
is characterized by a scale m,, associated to the mass of the lightest massive resonances

interacting sector, described by L made of composite bound states. Such sector
(massless composites are also present), and by an inter-composite coupling g,. The latter
is larger than the elementary weak couplings (generically denoted by gelem), although it
can be significantly smaller than the naive dimensional analysis (NDA) estimate in fully
strongly interacting theories, that is g, ~ 4m. The composite sector is invariant under
a global symmetry G, which contains Ggnv as a subgroup. At a scale close to m,, G is
spontaneously broken to I, giving rise to a set of NGBs parametrizing the coset space G/K;
this set includes the Higgs doublet H. The NGBs remain massless in the limit gelern — 0,
and their dynamics is described by a non-linear o-model with characteristic scale f. This
scale controls the interaction among the NGBs and it is related to the composite sector
parameters as

mp = gpf’ (1'2)



in analogy with QCD, where eq. (1.2) relates the pion decay constant f to the mass of the
QCD resonances. Also, Ecg;nlgosite is approximately conformal invariant at energies above
Ac 2 m,, and it remains strongly coupled over the whole hierarchy between A, and Mgur.

Gsm

The interaction between the elementary and composite sectors is described by L7355,

that in general respects only the SM gauge symmetries. We assume that Egﬁi‘fing has
the form dictated by partial compositeness, which applies both to the coupling of the
elementary gauge bosons as well as of the elementary fermions. Generically, the former

can be expressed as
giAiu iﬂ7 (13)

where A; is the elementary gauge boson, coupled with strength g; to the corresponding
composite sector current J;. Analogously, there is a coupling for each elementary chiral
fermion. In order to describe the Yukawa couplings, it is convenient to write these couplings
as

)\wL%(’)lpL + /\¢R%O¢R + h.c., (1.4)

where the chiral fermions ¢, g are coupled to the composite operators Oy, . with strength
Ayp p- The operators Oy, ., transform under G in such a way as to generate a coupling
between v, ¥r and H at low energies, below m,. Therefore, the low energy values of
Ay, p are constrained to reproduce the observed Yukawa couplings [41, 42]:4

App A
ML MWR (1.5)

Y =~
¥ 9

Of course both eq. (1.3) and eq. (1.4) must respect the SM gauge symmetries. In addi-
tion, extra global symmetries might be approximately preserved (in particular, consistency
will require to impose baryon and lepton number conservation, as discussed later). How-
ever, eq. (1.3) and eq. (1.4) do not respect the G symmetry, therefore introducing a (weak)
explicit breaking of the global symmetries of the composite sector, in particular of the NGB
symmetries. As a consequence, an effective potential for the NGBs will be generated by
loops of elementary fields. For instance, the mass of the Higgs field will receive corrections
that scale like gglemm% /(4m)?, with the scale m, acting as the cut-off for the elementary
loops. This is in analogy to QCD, where the charged pion mass receives divergent loop
corrections from the photon that are cut at the p meson mass scale.

The effective potential, which is an expansion in the small explicit breaking couplings,
Gelem/3p, and in the number of elementary loops, will induce a VEV for the Higgs, v ~
246 GeV, breaking the EW symmetry. This introduces the last parameter of our framework,
¢ = v?/f2, which describes the departure from an elementary Higgs scenario, obtained
in the limit & — 0, or from a so-called Higgsless scenario, in the limit £ — 1 (in this
case the longitudinal gauge boson scattering amplitudes are unitarized as in technicolour).
The deviations from the SM predictions introduced by the composite sector will then be
proportional to &, and thus the EWPTs set an upper bound on this parameter, as reviewed

“Here we assume that each chiral elementary fermion couples dominantly to a unique composite operator,
which is responsible for inducing the corresponding Yukawa coupling. Nonetheless, extra couplings to other
operators could be present, if allowed by the gauge (and global) symmetries of the full lagrangian.



in section 3.1. Besides, £ constitutes a rough measure of the degree of fine-tuning in the
model.> We shall aim, for concreteness, at £ ~ 0.1, representing a 10% fine-tuning, which
would be highly competitive with respect to alternative scenarios (e.g. supersymmetric
constructions). Note that v ~ 246 GeV and & ~ 0.1 imply f ~ 750 GeV, which we take as
a reference value.

2 Gauge coupling evolution

In the spirit of GUTSs, we assume that the SM gauge interactions have a common strength at
high energies, which we observe at low energies as three different gauge couplings due to the
GUT spontaneous symmetry breaking, occurring at the scale Mgur, and the consequent
differential running to lower energies. Actually, an indication in favour of this assumption
is provided by the SM particle content, since the evolution of the SM gauge couplings
from the EW scale to high energies yields a rough convergence of their values, at the 20%
level. The contribution of the SM fields to the renormalization of the gauge couplings can
be parametrized at one-loop by the [g-function coefficients bZ-SM, where ¢ = 1,2, 3 refer to
the U(1)y, SU(2)1, SU(3)c groups, respectively. While the contribution of the fermions is
universal (i.e. independent from ), since they fill complete SU(5) multiplets, the ones of
the gauge bosons and of the Higgs are not.

The usual test for gauge coupling unification at one-loop consists in the comparison
of the ratio of [-function coefficients, R = (b — ba)/(ba — b3), with the value determined
by the measurements of the gauge couplings at the scale mz, Rezp = 1.395 + 0.015. The
SM prediction is Rgym =~ 1.9. Although thresholds might arise at scales close to Mgyt or
at intermediate scales, there are no observational nor theoretical reasons why they should
be large enough to achieve precision unification. On the other hand, the new physics
associated with EWSB, which is required in particular to address the hierarchy problem,
may significantly contribute to the (-function coefficients and improve unification with
respect to the SM. We explain in the following how the needed states can arise in the
context of composite-Higgs models [39].

2.1 Composite sector contribution to the g-functions

In general, a new strongly coupled sector may modify completely the gauge coupling evolu-
tion with respect to the SM. If such a sector is responsible for EWSB; it necessarily affects
at leading order the evolution of the SU(2);, and U(1)y couplings above the composite-
ness scale A.. While in the SM the contribution of the Higgs doublet to the evolution is
relatively small, a larger number of degrees of freedom seems required to break the EW
symmetry dynamically, so that no study of gauge coupling unification is feasible if the
contribution of the composite sector cannot be computed.

5Composite models naturally tend to predict v = f (or v = 0), which is ruled out phenomenologically
(see section 3.1). Achieving a separation of scales requires a tuning of the parameters of the model,
specifically of those responsible for the generation of the Higgs effective potential: this is the incarnation,
in composite-Higgs scenarios, of what is customarily dubbed as the little hierarchy problem.



Besides the obstruction to perturbative computations around the scale A., that in-
troduces a possibly large threshold, we do not know the structure of the EWSB sector
between A. and the unification scale Mgyr, making the analysis of unification highly
model-dependent. Still, some deal of information may be extracted on the basis of sym-
metry considerations and of the consistency with electroweak data, as we now describe.

As a first general consideration, recall that the composite sector is supposed to stabilize
the hierarchy between the electroweak scale and the unification (Planck) scale. This is
achieved thanks to its approximate conformal symmetry, broken only at low energies ~ A..
Then, if the composite sector is nearly conformal and weakly coupled to a set of external
gauge fields, its main contribution to the running of the external gauge couplings will be
logarithmic [40].% This is precisely what happens in theories with no intermediate scales,
like the SM between the electroweak and the Planck scale, or SU(3)c x U(1)em above Aqep,
where QCD is described by quarks and gluons.

Therefore, the contribution of the composite sector to the running of the gauge cou-
plings «; = gi2 /4w, as a function of the renormalization scale u, can be written as

d 1 b
— t 2.1
dlnp (ai) 2 o 2.1)

and can be visualized diagrammatically as in figure 1. In general, the relative values of the
b(z:omp

coefficients cannot be computed perturbatively, nor the absolute size can be estimated
in a model-independent way. Still, it was shown by Polyakov that b;°™" > 0 [40], and recent
studies aim to put lower bounds on these coefficients, as a function of the dimension of the
scalar operators of a generic CFT [46, 47]. These bounds could be of particular relevance
for unification. Here we will assume that ;""" is small enough for the SM gauge couplings
not to hit a Landau pole before Maur.”

The differential running, that is, the dependence on the scale p of the quantities
0ij (1) = 1/a;(p)—1/a(p), is affected at leading order by incomplete SU(5) representations,
e.g., in the case of the SM, the gauge bosons and the Higgs doublet. One knows, therefore,
the amount of “SU(5) breaking” that should be introduced with respect to the SM in
order to achieve precision unification. Then, the question is whether there are symmetries
of the EWSB sector that allow to compute its contribution to the differential running,

independently from the strong dynamics.

5The fact that the sector is conformal does not mean that it cannot contribute to the scale dependence
of external fields coupled to it. What does not run is the intra-composite coupling. Technically, the
logarithmic running follows from the fact that the correction to the gauge boson propagators is given by
(JJ)crr insertions, where J is the CFT current coupled to the gauge bosons, and conformal invariance
implies that (J(p)J(—p)) o< p*logp?® [40, 44, 45].

"A warped extra-dimensional scenario yields b{°™" = 27/ (ags)k) ~ N, where k is the AdS curvature

radius, al®

;_ are the five-dimensional gauge couplings, and N is the number of colours of the dual conformal
theory [44, 45]. However, the calculability in the warped extra-dimension requires a small ratio between
the number of flavours and the number of colours, F//N < 1, since this is the expansion parameter of the
theory. Unfortunately, in the scenario discussed in this paper, the number of flavours has to be large, due
to the large global symmetry group G, while the absence of a Landau pole requires b;°""a;(Mcur)/2m ~
Na;(Mgur)/2m < 1, posing an upper bound on N. Therefore we will not rely on warped extra-dimension

estimates nor on large-N arguments in this work.



Figure 1. Diagrammatic representation of the leading-order contribution from the strong sector
to the SM gauge coupling running, parametrized in eq. (2.1).

A straightforward (perhaps, the only) possibility [39] is to assume that the EWSB
sector has a global symmetry G, which is a simple group containing Gsy (therefore G can
be SU(5) or a larger simple group). In this case the EWSB sector does not contribute to d;;
at the one-loop level, because b;°"" = b°™P for i = 1,2, 3. Besides, since the Higgs doublet
H arises as a light composite state from the G-symmetric sector, it does not contribute to
the running. At most, it gives a small contribution below A., the scale where G is broken
spontaneously to IC, that may be non-simple. Similarly, all low energy composite states
may contribute to the differential running only below A., as a sub-leading threshold effect.

In particular, if some of the SM fields are composite, they do not contribute to the
differential running above A., therefore it is convenient to denote with bflem the G-function
coeflicients of the elementary SM fields only. Specifically, when H is part of the composite
sector, the SM prediction Rgy =~ 1.9 is modified by the subtraction of H, giving Rgyv—g =
2. The extra required correction to achieve precise unification will be provided by the
interactions between the elementary and the composite fermions, as we now discuss.

The interactions of the elementary fields with the composite sector break explicitly
G and thus their effect on the differential running must be quantified. These are the SM
gauge interactions of composite operators, eq. (1.3), as well as the fermion mixing terms,
eq. (1.4). The contribution of these interactions to the running can be parametrized as [39]

4 /1) B, OO 2
< >3 R . (2.2)

dlinp \ a; o 4w 27 1672’

where j is summed over SM gauge bosons, and 1 over fermions. These are formally two-
loop contributions, as shown in figure 2, but with unknown coefficients. Since they are not
universal, and not calculable a priori, they constitute an intrinsic theoretical uncertainty on
unification in this scenario.® These non-leading corrections can be as large as the leading
ones if the mixing with the composite sector is large, as it is the case for the top quark.

2.2 Top compositeness and precision unification

Since the values of the SM gauge couplings g; are fixed by experiment, the only couplings
between the elementary and composite sectors that could modify significantly the running
are the \y’s which, in the framework of partial-compositeness, are related to the Yukawa

8Note that these two-loop contributions can be interpreted as threshold corrections associated with the
ultraviolet brane in the warped extra-dimension picture. They can be explicitly computed by integrating
over the bulk, and they are enhanced by the logarithm of the ultraviolet-infrared hierarchy.
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Figure 2. Example of sub-leading diagrams contributing to the differential running of the SM
gauge couplings, on the left with a loop of elementary gauge bosons, and on the right with a loop
of elementary fermions.

couplings as explained in section 1.1. Explicitly, below A. the couplings in eq. (1.4) gener-
ate, e.g. for a right-handed fermion ¥, the lagrangian

- LD (A¢Rf)%\IfL + MwR\I/iR‘I/L + h.c., (2.3)

where U is a vector-like composite fermion (with the gauge quantum numbers of ¥p)
that arises as an excitation of the operator Oy,. By diagonalizing the associated mass
matrix, the massless SM fermion can be written as w%M = cos Oy, Vg +sinby, Yg, with
tanfy,, = Ay f/Myy,. The fact that My, ~ g,f then leads to eq. (1.5).

The 1r composite component becomes large when sinfy,, ~ 1, which requires a
strongly coupled elementary field, Ay, ~ g,. Then, the last term in eq. (2.2) may be-
come as large as a one-loop contribution:

d_ (1N Cin Pusl  Cim 95 OW)
— D ~ ~ , (2.4)
dlnp \ oy 27 1672 27 1672 27

where in the last step we used the rough strong coupling estimates g, ~ 4m and
ceom L 0(1).f

Motivated by the large mass of the top quark, a natural possibility is to take the
coupling of the right-handed top tr to be large, thus making the SM top quark mostly
composite.'? In this case the distinction between composite and elementary fields becomes
ambiguous: the large G-violating coupling );, introduces a large uncertainty in the pre-
diction for unification. The composite sector dynamics is significantly modified by A,
that cannot be treated as a small perturbation any longer. To overcome this ambiguity,
one is led to consider the possibility of full compositeness of tg as proposed in [39], that
is a scenario with no elementary state with the quantum numbers of tg in the low energy
theory. The role of the right-handed top is then played by a composite state, denoted for

simplicity tg, belonging to a chiral K-multiplet T = (tg,xr), which is assumed to be

9The large-N estimates would be g, ~ 47 /+v/N and Cion? ~ O(1)N, where N is the number of colours
of the strongly coupled theory (thought of as a QCD-like theory).

0Tn general, the t;, cannot be mostly composite, since gauge invariance would imply that by, is also
mostly composite, which is strongly disfavoured by measurements of the Zbb coupling. However, this could
be cured, as we will briefly review in section 3.1, if the theory respects an extra parity symmetry [48]. The
alternative possibilities of mostly composite br or 7r [49] may also be interesting.
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massless before EWSB (no partner 77, exists). Then, due to the unified G-symmetry of the
composite sector above A., the contribution of ¢tz must be subtracted from the (-function
coefficients bflem.

If the low energy content of the elementary sector were just given by the SM without H
and tpr, the ratio of B-function coefficients would be Rgn—pg—¢,, >~ 1.7, which is closer to but
still far from the experimental value. However, a closer look at the composite-top scenario
reveals that other chiral elementary fermions are needed to make the theory consistent. We
give below two independent arguments leading to this conclusion. In particular, under well-
motivated assumptions, we will show that a state ¢, with SM charges (3,1) /3 should also
be subtracted from the differential running, so that the correct expectation for unification
turns out to be Rgyv_pg—¢ a—t, = 1.45, which is remarkably close to Rexp.' In this scenario
one may argue that precision unification is realized.

The first argument goes as follows. The elementary fermions of the complete GUT
theory must belong to full Ggur-multiplets. The symmetry breaking at the GUT scale
may well split the Gour-multiplets containing the elementary SM fermions, giving a mass
~ Mgur to the elementary right-handed top, t%em, but not to the other SM species.
However, the components which acquire a mass ~ Mgyt must form vector-like pairs (or
be Majorana fermions, e.g. sterile neutrinos). Therefore, the remaining massless states
should form full Ggyr-multiplets up to vector-like pairs of states. The decoupling of each
vector-like pair amounts to the subtraction of its contribution from the gauge coupling
evolution. In particular, t%em may decouple only if it pairs with an exotic fermion ¢}, and
thus one achieves precision unification as described in the previous paragraph. Note that
unification is enforced only by (i) the Higgs and right-handed top compositeness, and (i)
the G-symmetry of the composite sector. In addition, exotic chiral fermions are predicted,
in order to complete the Gour-multiplet of ¢, .

We remark that this first argument holds only when the GUT symmetry is fully real-
ized in four dimensions. On the contrary, in extra-dimensional scenarios where the GUT
symmetry is realized in the bulk and it is broken explicitly on our brane by boundary
conditions, the 4-dim chiral fermion zero-modes do not need to fill Ggup-multiplets (see
e.g. ref. [62-67]). In fact, in this case there is no unified gauge symmetry on our 4-dim
brane. In these scenarios it may still be sensible to study precision unification of the 4-dim
gauge couplings at MgyT, since GUT scale thresholds can be kept small; then, one cannot
appeal to the above argument to subtract ¢} from the running.

The second argument for the existence of exotic fermions [39] applies when the K-
multiplet containing the right-handed top also contains other states, Tr = (tg,xr). Then,
the extra chiral fermions xr necessarily require conjugate partners, in order to acquire a
mass large enough to satisfy the experimental bounds. Also, such partners are needed to
cancel the gauge anomalies, that were absent with the SM fermion content, but would be
generated by the chiral fermions g alone. Therefore, one must introduce exotic elementary
fermions z 7, with the same charges of xp (see also ref. [50]). It is equivalent, and perhaps

HThe MSSM predicts Ryssy = 1.4, but this sharp agreement with experiment at one-loop level is
deteriorated when higher order corrections are included.
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more elegant, to introduce a set of elementary exotic fermions {t7,xr} that have the
quantum numbers of a full IC-multiplet, with a lagrangian

— LD M; gt%em + ()\t’EtR + /\wﬁl'R) f+he . (25)

The elementary ¢/ pairs with t%lfm making it super-heavy, with M; ~ Mgy, the elementary

x, pairs with the composite zr acquiring a mass m, = A, f, and the composite tz remains
massless (neglecting the tiny mixing ~ f/Mgur).

The exotic fermions contribute of course to the gauge coupling evolution, in a way that
depends on the choice of K and of the K-representation containing tp, i.e. Tr. However,
when /C is simple, the prediction for unification is univocal: the composite fermions form full
SU(5) representations, and so does the set {t},z1}. As a consequence, the addition of xp,
to the differential running is equivalent to the subtraction of ¢7 , realizing precise unification
as already discussed. Note that the case of simple K tallies with the first argument for
exotic fermions. When K is not simple, the prediction for unification becomes model-
dependent. Precise unification can still be obtained, if the set of xj corrects appropriately
the (-function coefficients, that is, if Rsy—pg—¢p+a;, ~ Rexp.- We will come back briefly to
this possibility at the end of section 3.2.

A comment is in order on the field content of the elementary sector at the EW scale.
In general, composite-Higgs scenarios might have the potential to avoid the doublet-triplet
splitting problem of supersymmetric GUTs, since H emerges from the composite sector at
the EW scale, independently from the GUT symmetry breaking sector. However, we have
shown that to achieve unification one needs to introduce light elementary fermions in split
SU(5) representations, contrary to the supersymmetric case. We will see in section 3.3 that
such splitting is needed also to prevent proton decay.

Finally, one may wonder if gauge anomalies constrain the emergence of chiral fermions
from the composite sector and/or the set of chiral fermions of the elementary sector. In
fact, if a G-symmetric sector that undergoes condensation were anomalous under the SM,
one would predict that the composite spectrum contains chiral fermions, because they must
reproduce the anomaly (see e.g. ref. [50]). Of course such anomaly should be compensated
by the elementary sector: in particular, a composite ¢ g must be compensated by the absence
of t%lem, to recover the usual SM anomaly cancellation. The composite sector may well be,
instead, anomaly-free. In fact, this is automatically the case when its global symmetry G
contains a subgroup SO(10) D Ggy. Then, either the composite sector contains no chiral
fermions at all, or it contains a set that is anomaly free (e.g. a full SO(10) representation).
In this case also the elementary sector should be anomaly free (e.g. the SM fermions plus
a full SO(10) representation of exotic fermions). In all cases, the composite-GUT scenario
under consideration is consistent by construction, since it has the SM chiral fermion content
plus a set of vector-like fermions (both partially composite).

3 Global symmetries of the composite sector

In this section we identify the global symmetries of the strongly interacting EWSB sector.
We begin with a review of the constraints coming from the electroweak precision tests
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(EWPTs), that will restrict the choice of the global symmetry group. The reader already
familiar with EWPTs can move directly to section 3.2, where the minimal groups compat-
ible with precision unification are classified. We then confront with the constraints coming
from baryon and lepton number conservation. Finally, having determined all the needed
global symmetries, we specify the quantum numbers of the exotic fermions associated with
the composite top quark, and we estimate their contributions to EWPTs.

3.1 Constraints from the electroweak precision tests

In this section we shall briefly review the constraints on the EWSB sector coming from
EWPTs, specializing to the case of composite-Higgs models. As customary, when evaluat-
ing extensions of the SM, we shall resort to an effective field theory description, following
closely the analysis given in ref. [43], where the relevant higher dimensional operators have
been studied (we will use the same conventions). These are generated by the strong dynam-
ics, and in particular they generically arise through tree-level exchange of heavy resonances.
Therefore, such operators will be suppressed by powers of m,. However, this naive estimate
has to be refined with some further considerations: (i) The Higgs H belongs entirely to the
composite sector, and therefore it couples to it with strength g,, so that higher dimensional
operators modifying the EW vacuum or the H properties shall be suppressed by powers of
gp/mp = 1/f. (i) The SM particles couple to the composite sector with strength dictated
by partial-compositeness: each gauge boson A’ has coupling g;, while each chiral fermion v
couples with strength ;. This is particularly relevant for the composite right-handed top
quark tr, which couples with strength \;, = g, as the Higgs; the analysis of the viability
and the consequences of a fully composite top quark has been presented in [52]. (i7i) The
low energy particle content of the composite GUT models, below the scale m,,, is not that
of the SM, since new light particles arise as the IC-partners of both H and tr. The effects
that these might have on precision observables are model dependent, and will be studied
in section 3.5, after the relevant features of our scenario will have been settled.

We begin by recalling that electroweak data strongly favour the presence of a light
Higgs-like particle in the spectrum [56]. The attempts to break the EW symmetry with-
out a Higgs doublet, such as technicolour or Higgsless models, are generically difficult to
reconcile with EWPTs, in particular due to large deviations in the Peskin-Takeuchi S and
T parameters [57], with respect to the SM prediction. This motivates a preference for
composite-Higgs models, in particular those where H arises as a NGB from the strong dy-
namics, since in this case a hierarchy between the EW scale and m,, naturally arises [43, 58].

Next, let us motivate the requirement that the new physics should be custodially sym-
metric, that is, it should (at least approximately) respect the SU(2). custodial symmetry
under which the three would-be NGBs, eventually eaten by the EW gauge bosons, trans-
form as a triplet [59]. In our scenario, where EWSB is driven by the Higgs boson, this
requirement translates into the requisite that the unbroken global symmetries of the com-
posite sector, i.e. the group /I, should contain a subgroup SO(4) = SU(2), x SU(2)r, with
H transforming in the representation 4 = (2,2). In this case, when the EW symmetry is
broken by (H) o diag(v,v), the SU(2). diagonal subgroup of SU(2);, x SU(2)r remains
unbroken. The custodial symmetry is necessary to avoid large corrections to the tree level
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relation m?,/(mz cos Oy )? = p = 1, that may arise from the operator
%mfﬁm?, T=Ap=—cr€, (3.1)

with ¢ = O(1), as prescribed by NDA, and ¢ = v?/f2. This operator can be generated
purely by the strong dynamics, in the sense that ¢z does not vanish in the limit gejer, — 0.
It is extremely constrained by present data: —1.0 < 1000 T < +2.1, where we projected
on the T-axis the 95% C.L. ellipse in the S — T plane [55]. In order to minimize the fine-
tuning in our scenario, i.e. to allow for a higher value of £ compatible with the experimental
constraints, the Ap estimate given above implies that custodial symmetry must be imposed,
because it automatically leads to ¢z = 0. Similar conclusions can be drawn by analyzing
the corrections to p due to SU(2).-violating operators involving a composite tg, so that
custodial symmetry emerges as a generic requirement for the whole strong sector.'?

The other major source of concern, especially in strong dynamics scenarios, comes
from the S parameter.'® The composite sector will generically generate the operators

ic «—s . icnd — ~ m2
W (H'o,DFH)(D' W) + 2 (HIDAH) (8 By), S =(cw +c3) =2, (3.2)
2mp Zmp mg

with the NDA estimate cy,cg = O(1).!* The projection of the 95% C.L. ellipse in the
S — T plane [55] gives —1.7 < 1000 S < +2.1, that leads to the constraint m, 2 2.5 TeV.
2> 3.3, that lies within the window

~

For a benchmark value f = 750 GeV, this gives g,
between gelem and 4w, the perturbativity limit for the coupling between resonances. In
other words, the bound on S pushes to larger values of g, for a fixed f, which in turn
should not be much larger than v to avoid fine-tuning.

In composite-Higgs models, both T and S receive an additional contribution, arising at
one-loop level because of the modified couplings of the Higgs to the gauge bosons. These
couplings, which in the SM are such that WW scattering is unitarized, are suppressed
due to the NGB nature of the Higgs boson. This leads to a mild sensitivity of the EW
precision observables to the ultraviolet cut-off of the effective lagrangian for the NGBs,
A ~ dnf/\/angB ~ m, (as well as to the requirement of WW scattering unitarization
by massive vector resonances). The leading effect can be accounted for by taking the SM
expressions for T and S in the heavy Higgs approximation, and replacing the Higgs mass
my, with an effective mass [58]:

mst = my, <A>6. (3.3)

The exponent accounts for the modification of the Higgs coupling to gauge bosons, that in
the present scenario is given by grww = /1 — & gs%w, so that we have § = £. Then, one

2Here we are neglecting model dependent contributions to ¢r, due to couplings between the strong sector
and the SM fields, which depend on gelemn and will be estimated later.

130ther parameters associated to the EW gauge boson properties are higher order in the number of
derivatives, and they typically do not pose strong constraints [56].

14This estimate is actually confirmed in holographic composite-Higgs models [5, 6, 53] or other strongly
interacting EWSB models with hidden local symmetries, see [54] for a review.
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has

N 3G 2 eff . G 2 eff
AT o —ZZEW o2 Ow log " , AS ~ 2w log " , (3.4)
4272 mie! 12v272 7 | mpef

where G is the Fermi constant, fy the Weinberg angle, and m};ef ~ 117 GeV is the
reference Higgs mass that we adopted to define the allowed experimental ranges for T and S.

The last of the primary EWPTs that our scenario faces is the correction to the Zbb
vertex. Experimentally, the coupling of the Z boson to the left-handed bottom quark
< 42 at the 20 level [60], if

~

current is known at the per mil level, —15 < 10000gs, /gs,
one allows for variations in gy, (the coupling of the Z to the right-handed bottom).!® This
suggests the introduction of a symmetry in the EWSB sector, and in its couplings to the
elementary SM particles, in order to prevent large corrections to g,,. Such a symmetry
has been identified in [48]: the composite operator coupled to by, must transform under
SU(2)L, x SU(2)R as an eigenstate of the parity Prr exchanging SU(2)r, with SU(2)g, that
is to say, it has T3R = T3L . This possibility is realized in one of the models we shall consider
later. In this case the corrections to g,, due to the composite sector are absent, more
precisely dgp, = 0 at tree-level and for zero transferred momentum [48].

If one cannot enforce such symmetry protection mechanism, strong constraints on the
parameters of the model come from the limits on dgp, /gp, . This effect can be parametrized
by the higher dimensional operators

(1) . (3)

ic ic .
“L (HT D“H) (@ qr) + =25 (HTaiD“H) (@ o'qL) + hec.,
mg 2mp
(1) (3)
5gbL (cL + Cr, > f

= ) 3.5
9b;, 2 (1 — %Sim2 GW) gg (3:5)

where ¢, is the top-bottom quark doublet. The coefficients c(Ll) o

3 depend on the coupling
of ¢7, to the composite sector, so that NDA gives DB )\3 x O(1). Assuming no cancel-
lations are present, the estimate gy, /g, ~ ()\q/gp)2£ puts a strong bound on the degree
of compositeness of q;, and/or on £. Actually, since tp is fully composite in our scenario,
A¢ =~ Yyt is determined by the requirement to reproduce the observed top Yukawa. This
implies a bound m, 2 (1.4,3.9) TeV, depending on the sign of the correction, which we
cannot predict. This bound therefore can be even stronger than the one from S. Never-
theless, the absence of a protection mechanism remains an open possibility. As a matter
of fact, the data on g, suggests that beyond the SM physics might affect significantly the
SM fit for g, (see for instance ref. [60]).

When the Prr symmetry introduced before is adopted, the tree-level contribution to

dgp, vanishes (c(Ll) = —C(L3)), and we only expect loop corrections to give a new physics

15 Actually, the measured value of gv, does not agree well with the SM prediction: the data on the
forward-backward asymmetry and the branching fraction of Z into b’s suggest that gy, should be larger
than the SM value, g,il;/[ =~ sin”® O /3, by roughly 20%: the best fit is given by dgs,, =~ 0.016, with a 20
range dgs, € (0.000,0.030) [60]. This is the interval we adopted to determine the allowed range for dgs; .
If instead dgs, = 0 were enforced, the bound would become 0 < 10000gs, /gs, < +2 at the 20 level.
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Gg—K RngB EZ'R;C

min

(a) SO(11) — SO(10) 10 [(1,2,2)0+(3,1,1) 53+ (3,1,1) /3
(0)|SO(11) — SO(7) x SU(2) x SU(2)((7,2,2)|(1,2,2)0 + (3,2,2) /3 + (3, 2,2),9/3
(¢) Sp(10) — Sp(8) x SU(2) (8,2) [(1,2,2)0 +(3,1,2) /3 + (3,1, 2)12/3

(17 27 2)0 + (37 27 1)72/3 + (37 27 1)+2/3

Table 1. Symmetry breaking patterns G — K satisfying the requirements )-iii), with the minimal
restriction rank(G) = 5. The NGB representations under & and K,y are reported in the third and
fourth column, respectively.

contribution of the order 8gs, /gn, ~ (696, /b, ) M (yt/9,)%€, where (6gp, /gv, )™M is the SM
top-loop contribution. This correction is safely below the experimental precision. Further
loop corrections associated to tr compositeness are under control [52].

In addition to the deviations from the SM predictions for T ) S and the Zbb coupling,
also the couplings of tg will be significantly modified, due to its composite nature. However,
there are no stronger constraints from present data. Such deviations could be observed (and
eventually top-compositeness could be discovered) in the near future [52], by inspection of
early LHC data.

3.2 Minimal global symmetry breaking patterns

The discussion of the previous sections leads to the following requirements on the global
symmetry breaking pattern G — K of the composite sector:

i) G D SU(5), in order to avoid leading order contributions to the differential running of
the SM gauge couplings, that would spoil the calculability of unification.

i) K O Kmin = SU(3)c x SU(2)r, x SU(2)gr x U(1)". The SU(2)r factor is needed to
maintain a residual custodial symmetry after EWSB, while the extra abelian factor
U(1)’ is necessary to properly embed the hypercharge gauged group U(1)y. In fact,
the simplest embedding Y = T turns out to be incompatible with the required
hypercharges of composite fermions (which mix with the SM elementary ones).

iii) The broken generators in G/K must include a (1,2,2)¢ multiplet of Kin, which
corresponds to the NGBs with the quantum numbers of the Higgs doublet.

With these requirements, the rank of G should be equal or larger than 5. We find that
there are only three possibilities with rank 5, listed in table 1. We indicated with Rngp the
K-representation of the broken generators in G/IC, i.e. of the NGBs of the composite sector.
In the last column we provided the decomposition of Rxgp under Kpnin, with an arbitrary
normalization of the U(1)" charges (corresponding to the standard B — L embedding, for
the case L = SO(10)). Note that in option (c), SU(2)1, may or may not be identified with
the SU(2) factor external to Sp(8).
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The group K indicated in table 1 is the maximal subgroup of G satisfying the require-
ments i)-14), but in all the three options the unbroken subgroup could actually be as small
as Kmin. Of course, if a non-maximal K is chosen, further NGBs appear, besides those
listed in table 1. We expect the possibilities with rank(G) > 5 to be generalizations of
these three cases with no qualitatively new features.'6

The hypercharge of composite states depends on the embedding of U(1)y into SU(2)g x
U(1)’, which is given in general by Y = an + BY’. To enforce custodial symmetry in
the simplest possible way, we asked for the Higgs doublet H to transform as (2,2)¢ under
SU(2)r, x SU(2)r x U(1)’, so that one needs o = £1 to obtain Y(H) = +1/2, while
can be determined only by an additional requirement. In particular, the hypercharge of
the colour triplet NGBs, T, that are present for all three breaking patterns (a)-(c), is not
fixed in general.

Consider for definiteness the case K = SO(10) with the normalization Y’ = (B —
L)so(i0), that is, the customary B — L generator within the global SO(10) symmetry,
not to be confused with the B — L symmetry of the SM. If one requires the SM fermion
quantum numbers to fit into a spinorial 16 representation of SO(10), one finds two solutions:
Y = T +Y’/2 (standard SU(5) embedding into SO(10)) or Y = —T{ + Y’/2 (flipped
SU(5)). Then the colour triplet NGBs have Y (7') = £1/3. In the following, we will also
consider a different possibility, that is, to embed tg into a 10 representation of SO(10). In
this case the two available solutions are ¥ = :l:T?f“2 — Y’ and the colour triplet NGBs have
Y (T) =+2/3.

Besides the light NGB scalar resonances, listed in table 1, in the composite-tg limit
one expects in general light fermionic resonances, corresponding to the partners of tp
filling a K-multiplet, and to the exotic elementary fermions that pair with them to form
vector-like massive states. In principle, these fermion states can be absent all together, if
the SM state tg ~ (3,1)3/3 forms a full K-multiplet by itself. This requires K = Kuin,
tr ~ (3,1, 1)y, and Y(tr) = BY'(tr) = 2/3. In all other cases exotic fermions are
needed, with quantum numbers determined by the choice of the symmetry breaking pattern
and of the C-multiplet Tk containing tg.

As discussed in section 2.2, the set of exotic fermions determines the fate of gauge
coupling unification. A sufficient condition to realize it accurately is to take IC simple.
This is the case only for the symmetry breaking pattern (a), with the largest possible
unbroken subgroup, K = SO(10). This is the model whose phenomenology we will study
in detail, motivated by unification.”

When K is not simple, one can still hope to realize unification, if Rsv—H—tp+2;, =~
Rexp, where xy, is the set of exotic fermions. To realize the latter condition, one should
carefully choose K and the K-multiplet Tk. First, notice that in the SM a1 and o meet
at ~ 10" GeV, which is too early to unify with a3 as well as to prevent gauge-mediated

Note that when the rank is larger than 5, the possibility appears of semi-simple groups of the kind
SU(4)a x SU(4)B x Pap or SU(3)® x Z3, where unification is enforced by a permutation symmetry.

1"Besides, the coset SO(11)/SO(10) has the advantage of being the smallest coset of our list, with nngs =
10. This is a desirable feature, since the ultraviolet cut-off of our effective lagrangian for the NGBs is

A ~ Anf/\/iNGE.
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proton-decay (see section 3.3). To delay unification one needs a correction A(by — by) > 0.
If K contains SU(2);, as an isolated factor, Tr must be a singlet of SU(2)y, in order to
contain tg, and thus exotic fermions do not contribute to bs. In order to increase by, one
should resort to models where SU(2)y, is part of a larger simple group, SU(2);, C Kr, C K,
and Tx contains SU(2)r-non-singlet components. This is possible only for the symmetry
breaking pattern (c), with the maximal unbroken subgroup K = Sp(8) x SU(2) and with
SU(2)1, € Sp(8). However, inspecting small KC-representations, we did not find one that
contains tp and leads to reasonably good unification: the required contribution to by is
compensated by large contributions to b; and b3, that go in the wrong direction. We will
not study further the case with I non-simple in the following.

3.3 Constraints from proton stability

As usual in GUTs, the stability of the proton is endangered by baryon number violating
interactions. These manifest in the SM effective lagrangian as higher dimensional operators
suppressed by the scale Ap of baryon number violation. In the elementary sector, this scale
is the mass of GUT gauge bosons, Ag ~ MguT. The interactions with the composite sector,
however, may violate baryon number (and lepton number) at much smaller scales ~ m,,
thus invalidating the whole program of composite GUTs. Let us briefly comment, first, on
the usual gauge-mediated proton decay at MgyT, and next move to the requirements to
be imposed on the composite sector.

We explained how the differences of gauge coupling S-function coefficients, b; — b;
which control the differential running at leading order, can be determined thanks to the
global symmetry G of the composite sector. This not only allows the prediction for ag
from the experimental values of a1 2, but also fixes the value of the scale Mgy, where oy
and ag meet. With our recipe for precision unification, that is, with an elementary field
content given by SM — H —tp —t/, one finds Mgyt ~ 6- 10" GeV, which is a factor of ~ 7
smaller than the lower bound on GUT gauge boson masses in the minimal SU(5) model,
My 2> 4-10% GeV.'® This gap shall be cured either by two-loops corrections, that may be
enhanced by the strong dynamics, or by GUT thresholds, or by special structures of the
Yukawa couplings leading to cancellations in the proton-decay operators (these can relax
the lower bound on My by more than one order of magnitude [61]). Also, if GUT breaking
is realized in extra-dimensions by orbifolding, proton-decay operators can be forbidden or,
more in general, their structure can be significantly different [62-67]. We do not elaborate
more on these issues, since we do not control the strong dynamics at the two-loop level
and we do not specify the theory at the GUT scale in this paper.

Let us now discuss possible low-energy sources of baryon and lepton number violation.
While in the SM B and L are accidental symmetries of the renormalizable lagrangian (due
to the gauge symmetry and the SM field content), in general the composite states may
mediate B- and L-violating processes. This is particularly worrisome in view of the unified
G-symmetry of the composite sector, that will contain states with the charges of the SM

18Tn the MSSM Mgur =~ 2 - 10'® GeV, however supersymmetry enhances Higgs-mediated p-decay (since
it is induced by dimension 5 operators), thus requiring an additional suppression.
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ones together with their G-partners. Therefore, one a priori expects e.g. resonances at the
scale m, with the same quantum numbers of the SU(5) gauge bosons V. The couplings
of these resonances to the SM elementary fermions (in particular those contained in the
proton), as given in eq. (1.4), will induce B-violating operators of the form

AN AR —  — Ui .
%W%WW ~ y?jjgykylwil/}jlbk%ﬁz, (3.6)
p

where we used the rough relation \; ~ |/¥;g,, in order to illustrate that these operators
cannot be sufficiently suppressed, if one wants to properly reproduce the SM Yukawa

couplings.

Similarly, the dimension-5 operator )\%lile H/m, could be induced, that
would violate L, generating Majorana neutrino masses far too large with respect to the
observed ones.

One is then forced to postulate additional symmetries, to prevent too large B and L
violations. Note that additional symmetries are also required in supersymmetric models:
in particular, with the particle content of the MSSM, one needs to impose R-parity in order
to forbid B and L violating dim-4 interactions; this is sufficient in such weakly coupled
theories, because one can assume that higher dimensional operators are generated only at
scales much larger than the EW scale. In the composite GUT scenario, the extra symmetry
should forbid also, at the very least, the dimension-5 and -6 operators. This extra “matter”
symmetry, denoted by Gy, shall be part of the global symmetries of the composite sector,
either within the simple unified group, Gy C G, or factored out, G x Gp;. Besides, it
should be extended consistently to the elementary sector, that is, it must be (to very good
approximation) a symmetry of the whole effective lagrangian in eq. (1.1), and it should be
preserved up to scales ~ Mgur. In other words, while B and L are accidental symmetries
of the SM alone at low energy, the symmetry G;; must be imposed by hand on the couplings
of the SM elementary fields to the composite sector.

To see concretely how proton decay arises and how it can be forbidden, let us consider
the simple case of L = SU(5), left unbroken at A.. If the Higgs doublet H belongs to a
composite multiplet 5 ~ (H,T), the coloured triplet T can mediate proton-decay, as it is
well-known. Clearly, there is no generator internal to K that can prevent the couplings
of T' to SM fermions, without preventing at the same time the required couplings of H.
Therefore, one is forced to introduce an extra global symmetry external to K. The most
obvious option is U(1)g with (i) the usual B-assignments of elementary fermions, (i)
B(H) = B(T) = 0, as required since H and T belong to the same K-multiplet; (iii)
B(Tg) = 1/3, in order to allow for the Yukawa coupling of tg € Tg.%"

The same reasoning can be applied to the realistic case K = SO(10) (we saw that
K = SU(5) is too small to accommodate the custodial symmetry), imposing a U(1)p

9Even if composite resonances coupling directly to the four elementary fermions are absent, B-violating
operators can be generated through non-perturbative effects by the strong sector, suppressed generically
by the scale A.. This suppression is again far too small.

20 Alternative choices could be e.g. U(1)3p+1, which may be inspired by Pati-Salam unification and allows
for proton-decays into three leptons (these require operators with dimension larger than 6 and may be
sufficiently suppressed [68]). In principle, even a discrete symmetry could be enough to guarantee the
proton stability.
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symmetry external to SO(10) (and therefore also to SO(11)). However, in the SO(10)
case there is a second, slightly more economical, possibility: to identify the action of B
on the composite states with the action of one of the K generators. In fact, once the
embedding of the SM subgroup SU(3)c x SU(2)1, x U(1)y into K is chosen, one is left with
one independent linear combination of the generators in the Cartan subalgebra of SO(10),
that is an independent U(1)x symmetry, and one can take B(¢comp) = X (¢comp) for any
composite field ¢comp. Since B acts on elementary fermions as the usual baryon number,
one needs X (H) = 0. Recalling that the NGBs (H,T') form a 10 representation of SO(10),
a viable choice is X =Y. In particular B(T) = —2/3.

As already mentioned, one also needs a symmetry to prevent neutrino masses larger
than ~eV, as required by experiments, that is, the composite sector should respect
in good approximation lepton number. We do not repeat a detailed discussion analo-
gous to the one of baryon number, and we just adopt the most straightforward possibil-
ity: a U(1)p, global symmetry with the usual L-assignments of elementary fermions and
L(H) = L(T) = L(Tg) = 0. Note that the whole composite sector cannot be neutral under
lepton number, since at least the charged leptons are acquiring their mass by mixing with
composite operators.

In summary, we assume that the full effective lagrangian in eq. (1.1), respects a global
symmetry Gy = U(1)g x U(1). In particular, the gauge and Yukawa interactions between
the elementary and the composite sector generically do break I, but must preserve both
the Gsm gauged subgroup, and the global Gy; symmetry.

Let us comment on the connection between the symmetry Gys and the UV completion
of our scenario at Mgyr. It seems that the simplest possibility is to take G external to the
unified gauge group Ggur, since Gour by itself always allows for B (and L) violating oper-
ators in the elementary sector. This would imply, in particular, that elementary fermions
with different B shall belong to different Gout multiplets: a splitting of these multiplets
is required at the GUT scale, with only the components with the correct B remaining
massless. Interestingly, this is specular with respect to the case of supersymmetric GUTs,
where SM fermions fill full SU(5) multiplets, but a doublet-triplet splitting is necessary in
the Higgs sector, to prevent proton decay.?! In composite GUTs, the doublet-triplet split-
ting issue appears to be transferred to the matter sector. Still, there may be more subtle
(and economical) ways to obtain the Gy; symmetry in the effective lagrangian, from the
initial GoyT symmetry of the full theory. In a sense, this issue requires non-trivial model-
building at the GUT scale, as it was the case historically for doublet-triplet splitting in
supersymmetric GUTs.

3.4 Exotic fermions in the SO(11)/SO(10) scenario

Let us recall that, in our scenario, the right-handed top tg is fully composite and it is
part of the C-multiplet Tr = (tr,zg), that includes in general other composite chiral
fermions xg. The composite sector does not contain a left-handed partner of T, because tr
should remain massless before EWSB. Therefore, one needs to introduce exotic elementary

21 Exceptions are possible: a supersymmetric GUT model with no doublet-triplet was proposed in ref. [69].
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fermions x,, which form vector-like pairs with xz and cancel their anomalies. In addition,
when K is simple the contribution of x, to the gauge coupling evolution leads to precision
unification, as described in section 2.2.

The exotic fermions x should acquire a vector-like mass from the couplings A\, between
their composite and elementary chiral components. These couplings (i) should respect the
symmetry Gps, to suppress baryon and lepton number violations; (4i) should be sufficiently
large to avoid experimental lower bounds on the masses of exotic fermions; (iii) are con-
strained by EWPTs, analogously to the couplings Ay, of the SM fermions 1) to the composite
sector. In this section we analyze the possible quantum numbers of exotic fermions for the
case that we are going to study phenomenologically: G = SO(11) — K = SO(10). In the
various cases, we will also specify the fermionic operators Oy, coupling to the SM fermions.
These operators, besides containing a component with the Gsy quantum numbers of v,
must have a Yukawa-like SO(10) invariant coupling to the 10 containing the Higgs doublet.

The exotic charges depend on the choice of the SO(10) representation that contains
the SM state tg ~ (3,1)2/3. In order to illustrate the relevance of such choice for our
results, we will compare the two simplest possibilities,

(1) T ~16 = (3,2, 1)_1/3 +(1,2,1)1 + (3, 1,2)1/3 +(1,1,2)_4, (3.7)

(2) Tr ~10 = (1,2,2)0 + (3,1,1)_2/3+ (3,1,1)y3,

where the decomposition under the SO(10) subgroup SU(3)c x SU(2)1, x SU(2)gr x U(1)’
is provided (recall that Y’ = (B — L)so(0))-

Case (1) corresponds to the usual SO(10) embedding of all SM fermions in a 16 multi-
plet, which is realized choosing for the hypercharge the linear combination ¥ = j:TEf%—i—Y’ /2,
with tg corresponding to the component of (3, 1,2); /3 with Tf = +1/2. Then, the exotic
elementary fermions xy have SM quantum numbers

(1) q(l:/ = (372)—1/& li = (172)1/2a b/L = (3a 1)—1/37 VL = (1a 1)07 elL = (1a 1)71) (39)

where f; denotes a SU(2);, singlet, not to be confused with the SM fermion fr, which
is a component of a SU(2);, doublet. Thus, these exotic fermions have the SM quantum
numbers of a full vector-like fourth generation, except for the singlet top quark.

However, the symmetry Gy, differentiates them from an actual fourth generation, be-
cause it assigns to them exotic baryon and lepton numbers, and thus it constrains the
allowed couplings of the exotic fermions with the SM elementary fields and with the com-
posites, in particular H and T. As explained in section 3.3, we consider two possible as-
signments of baryon number, either a group U(1)p, external to SO(11), or a group U(1)p,
internal to SO(10) C SO(11), more precisely identified with the Y’ = (B — L)go(10) gener-
ator (the U(1)r, symmetry defined in section 3.3 is implicitly assumed everywhere, too).

e In the case U(1)p,, B(xg) = B(tr) = 1/3 and, in order to form vector-like states,
the exotic fermions should all have B(zy) = 1/3. All elementary fermions, 1) =

{zr,q1,bR,lL,er} couple to the strong sector through operators transforming under
SO(11) x U(1)py as 32p(y (which decomposes under SO(10) as 32 = 16 + 16).
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In particular, ¢;, mixes with a component with quantum numbers (3,2,1); /3 under
Kiin, so that a Yukawa coupling with H ~ (1,2,2)¢ and tg € (3,1,2) /3 is allowed.
Notice that both the exotics xy, and ¢z, could couple to the same composite operator,
O(g,z),- In this case the set of couplings A\, and A, evolve to their low-energy values
all with the anomalous dimension of O, ,),. Therefore, if their ultraviolet values
do not present large hierarchies, they are expected to be of the same order also at
low energy. Apart from the case of z; and qr, each elementary fermion mixes with
a different composite operator, because of B conservation. Also, U(1)p (along with
the Gsm gauge invariance) implies that the exotic fermions do not mix with the SM
ones, except for br that can pair with b} (they have the same Ggy x U(1)g charges).
The potential consequences of this mixing are discussed below.

e In the case U(1)p,, B(tg) = 1/3 is different from the g partners baryon number:
B(¢°) = —1/3, B(l°) = 1, B(t/) = 1/3, B(V') = B(¢/) = —1. The elementary
fermions x 1, qr,, and bg may all couple to the same operator in the 32 representation
of SO(11).22 The leptons cannot couple to 32, because the states with their SM gauge
charges carry baryon number. We find that 7 can couple, instead, to 11 = 10 + 1,
while er couples to 55 = 45 + 10, allowing for the charged lepton Yukawa. As for
the case of U(1)p,, there is a possible mixing between the elementary fermions bp
and 0. Also ¢, and ¢§ can mix, since they have conjugate charges under Gsnm x G,
but this mixing can be forbidden by an extra chiral U(1) symmetry, as we assume in
the following.

Note that, in the absence of U(1)g, the elementary exotics x;, would pair, generically,
not only with the composite states xr, but also with the elementary fermions with the
same Gsy quantum numbers, which we denote with ¥ g:

— LDOm,Trxr + M,ZTryr + h.c.. (3.10)

While m, = A\, f, the elementary mass term M, can be as large as Mgyt and this would
decouple the pair (g, x1), leaving as massless SM fermion the composite state xg, as it
happens for tg (see eq. (2.5)). The symmetry U(1)g, which was introduced to make the
proton stable, comes to help for this independent issue: consider for definiteness the case
with U(1)py, where B(zgr) = B(zr) = 1/3 and therefore M, is forbidden for B(yr) # 1/3.
Inspecting eq. (3.9), only the elementary bg can pair with the exotic b, and may decouple
with a large mass My, leaving a mostly composite br. This special property of bg is due to
its embedding with tp into a doublet of SU(2)g. At this stage, case (1) seems to predict
that the composite tg is accompanied by a composite br. Unfortunately, this possibility is
not viable, since it would imply v, = v;.2> To avoid the problems with br-compositeness,

22In this case, in order to reproduce the top-bottom mass difference, one is forced to take Aop K Ag at
high energies. In alternative, one may forbid the coupling brO(q,4), €-g. with an extra chiral U(1) symmetry,
and couple br to an independent 32 operator; then the mass hierarchy can follow from the different running
of Aq and Ay, to low energies.

ZEven if this equality is avoided with some extra model-building, in the case of composite right-handed
bottom the elementary pair (b%lem, b7,) should be subtracted from the running between the EW scale and
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one needs a chiral symmetry forbidding the mass term MbEbR, e.g. a Zy-parity with
Zy(br) = —1 and Z»(V}) = +1. However, any such symmetry distinguishing br and b/
cannot be exact, because it would forbid at least one of the three couplings yqr HtR,
yparL Hbr and Ny f Eb’ , that are necessary to generate the top and bottom masses as well
as my = \y f.2* This signals that the chiral symmetry is only approximate and should be
broken by the strong dynamics. It also implies that in any of the limits v, — 0, y; — 0,
Ay — 0, one can recover the symmetry and thus have M, — 0. Then, one can estimate
the minimum size of the breaking, M, ~ vyt v /(47g,)* f (through a loop with ¢p,), that
is negligible in comparison with my or even my = yyv/v/2. In the case with U(1)p,, the
discussion of b — b, mixing is identical.

Case (2) corresponds to a different choice for the hypercharge, Y = :l:Tf —Y’, such that
tr can be identified with the (3,1,1)_5/3 component in eq. (3.8). This choice for Y implies
an unusual embedding of composite states with the quantum numbers of SM fermions in
SO(10) multiplets: {1, and tg are contained in a 10, g1, er in a 45 and dg in a 120. Then,
one can couple I;, to a composite operator transforming as a 11 of SO(11), ¢, to a 55,
et cetera. This embedding is slightly less economical than in case (1), but note that the
number and nature of the composite multiplets emerging from the strong dynamics is not
restricted a priori.?®

Since Tgr transforms in a real representation 10, a mass term TrTr would be K-
invariant, but it is forbidden by a U(1)p symmetry external to I, because we need B(tg) =
1/3. The option of taking U(1)p internal to SO(10) is less appealing, since one would be
forced anyway to introduce an external symmetry to keep tr massless (before EWSB).
Therefore, we will not consider this possibility for case (2). The exotic elementary fermions
xr, have the following SM quantum numbers:

(2) li — (1, 2)1/2, l/L — (1, 2)_1/2, t% — (g, ].)_2/37 (311)

that is, there are two “lepton” doublet resonances as well as a singlet “top” one, with
B(xr) = B(zg) = B(tg) = 1/3 for all z1,. Remarkably, U(1)p is enough to forbid all the
mass terms mixing the exotic fermions with the SM elementary fermions. In particular,
there is no z; with the quantum number of bg. As a consequence, tg remains the only
composite SM fermion and precision unification works in the simplest way. Also, notice
that in this case A, and the exotic couplings, A\je ~ Ay ~ A, are not related.

3.5 Contribution of the exotic fermions to the electroweak precision tests

In order to estimate the contribution of the exotic fermions to the EWPTs, we need to
specify their couplings A, to the composite sector. We will analyze this issue drawing

M, in the same way as (t5°™,t7) was subtracted between the EW scale and M; ~ Mgur (see eq. (2.5)).
If also M} ~ MguT, precision unification is spoiled because RSM_H_tR_t/L_bR_b,L = 1.2: one should choose
My, somewhat below the GUT scale to fix unification.

24To prove this, note that, under the chiral symmetry, the Higgs H is neutral and tr has the same charge
of b, since they sit in the same K-multiplet.

ZWe remind that here we are dealing with the embedding of Y into the global symmetry KC of the
composite sector, while the way Y is embedded in GouT can be a standard one.
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a parallel with the analogous coupling of the top-bottom quark doublet g, since it also
contributes significantly to the EW precision parameters:

— LD TN + > TLAaOsy (3.12)

TL

where for notational convenience we are writing a different composite operator O, for
each elementary fermion ¢, knowing that all the z’s (and in case (1) also qr,) actually
couple to the same operator, but with different couplings. The transformation properties
of Oy, and O, under G, in particular under the subgroup SU(2);, x SU(2)gr x Prg, will
determine the contributions to 7' and & gp,, from the various Ay’s. The latter can be treated
as spurion fields transforming under G as the conjugate of Oy, . As shown in section 3.4,
these transformation properties are determined by those of the T multiplet.

We will study, for each of our cases, the contributions to T and § gy, using the effective
lagrangian approach introduced in section 3.1, that is, we will estimate the contributions
to the operators in eq. (3.1) and eq. (3.5), respectively. We first estimate the contributions
arising after integrating out the strong sector resonances, which are suppressed by powers
of m,, and proportional to the degree of compositeness of the light fermions, that is to
A¢ and A;. Next, after presenting the relevant low-energy operators, we compute the
contributions generated by the mixing of the exotic fermions with the SM ones, whose size
is suppressed by powers of the exotic fermion mass, m; = A\, f. We remind that, due to the
full compositeness of tg, Ay >~ y; is fixed. One-loop contributions to S from the exotics are
much smaller than the tree-level correction from vector resonances discussed in section 3.1
(see eq. (3.2)), and therefore we do not consider them here.

Case (1). Here Oy, transforms under SU(2);, x SU(2)r as a (2,1), which renders ), a
singlet of custodial SU(2).. Among the exotic couplings, Ob'L transforms as (1,2), thus

Ay ~ 2 of SU(2), which then contributes to 7' as MY .25 Also Aer, Ay ~ 2 of SU(2),, but
if the two couplings are equal SU(2)g-invariance is restored, so the correction to T goes
as (A — Ae)%. Regarding dgp, , as already pointed out after eq. (3.5), there is a tree-level
contribution through A\,. Summarizing,

el N A4/
Ty € 7%

, 1 (A — Ae,)4£ Sgn, N

1672 g2 >’ ) ™ 162 92 ’ B, 9>

(3.13)

These contributions to f, taken individually, set upper bounds on the mass of the ex-
otic fermion ', my < 1.2f(m,/TeV)'/2, and on the mass difference |m,, — my| <
1.5f(m,/TeV)}/2. However, cancellations between the two terms could be present, thus
making the bounds milder; also, for large my, the negative AT in eq. (3.4) can compensate
these terms. The bound on m,, from dg,, was already discussed in section 3.1.

In fact, a strong constraint from dg, is imposed on Ay, from the mixing of b’ and the
bottom quark, which modifies their couplings to the Z. Such mixing arises after EWSB
from the Yukawa term wqrHV, which is generated along with the top Yukawa. The

5This is because T' “transforms” under SU(2). as a 5 [70].
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leading contribution can be computed,

Ogp, _ M

- Y
b, mg/

(3.14)

and it yields the robust lower bound my > 1.4TeV.?” The associated correction to the
Wtrbr, coupling, 8gs, 5, /G,b, = —(me/my)?/2, is well below the experimental uncertainty.

As explained in section 3.1, the bound on dgp, is derived allowing for dgp, to vary
in its 20 range. The bR—b’R mixing does not correct the Zbrbgr vertex, because br and
b, have the same EW charges. However, a contribution to g, comes from the composite

resonances at m,

.
Ogpr ~ —5°€ (3.15)
9p

In order for dgp, to reach the experimental best value, one would need \,,/g, ~
0.4(f/750 GeV), assuming that the deviation has the proper sign, that is positive. In
the minimal realization of our scenario, this condition cannot be fulfilled, since Ay, /g, ~
yp/yr ~ 0.02. However, if the Yukawa coupling of the bottom quark arises from the mixing
of g, with a composite operator different from the top Yukawa one, the required degree of
compositeness of bg can be accommodated. In that case A, should be taken into account
in the computation of the pNGB effective potential, but we will not pursue this possibility
in the following.

In addition, when baryon number is identified with the internal (B—L)go(10) symmetry,
an extra mixing between br and bf; arises through the coupling A\,,brqRpH. This term
modifies the coupling of the Z to br by

Sgby, = = —RE . (3.16)

Such correction has the sign needed to improve the agreement with the data and, taking
Mo =~ 9o(Un/yt), it is as large as the best fit value for £ ~ 0.1 and A4e/g, ~ 0.04. This
indicates that, in order to improve the fit for g, the exotic fermion b should have a mass
close to the experimental lower bound.

The constraints in case (1) are combined in figure 3, where we show the different
bounds on v/ f as a function of Ay /g,. We present two plots, corresponding to two different
Higgs masses, in order to show the preference of the EW data for a light Higgs. Here we
have assumed the first contribution to 7' in eq. (3.13) to be positive (and neglected the
second one), and the one to S in eq. (3.2) to be also positive. They are added to the
contribution from the Higgs loops, given in eq. (3.4). The relevant contribution to dgp, is
the one in eq. (3.14), that we constrained allowing for g, to vary, since we have shown
that sizable dg,, can arise in this scenario. We thus find that, for low Higgs masses, close
to the experimental bound, the deviations in T and g, associated to b’ determine the

*"In the present scenario, the situation is somewhat better than with tr elementary [43]. In the latter
case, in eq. (3.13) Ay should be substituted by A¢,, with the constraint AgA: =~ g,y¢, which requires a
very small £. Such a problem can be alleviated by means of extra model building [43].
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EWPTs — Case (1) — my,= 117 GeV EWPTs — Case (1) — m;,= 300 GeV
1.0 . : . 1.0 ‘ ‘ ‘

0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
Ay Ay
8p 8p

Figure 3. The bounds on /£ = v/ f coming from the EWPTs in case (1), as a function of the ratio
Mo /gp. The solid (dashed) lines correspond to g, = 8 (4), while the left (right) panel corresponds
to a physical Higgs mass my, = 117 GeV (300 GeV). The green horizontal lines give the 95% C.L.
upper bound from the S parameter, the region between the two orange curved lines corresponds to
the 95% C.L. allowed range for the T parameter, and finally the blue straight rising lines represent
the 20 upper bound from dgs, .

maximum allowed value of v/f. The upper bound on v/f increases (decreases) with g,
for small (large) values of Ay /g,. For higher Higgs masses, due to the associated negative
contribution to f, a positive contribution to this parameter from b’ is required. This forces
us to lie to the right of the lower orange curved line (minimum allowed value of f), leading
to a lower bound on v/ f and Ay /g,. The allowed region is further reduced by the constraint
on dgy, and, for smaller g,, also the bound from S can be relevant.?®

Case (2). The constraints on our scenario from the exotic contributions to EWPTs are
significantly milder when T ~ 10. This is because Oy, now transforms as (2,2)_5/3
under SU(2)r, x SU(2)r x U(1)" and consequently the bidoublet component coupling to by,
has T = T?)L . Therefore, if the composite sector is Prr symmetric (which is the case when
K = S0(10)), the bz, coupling to the Z is protected at tree-level [48]. However, there will
be a contribution at one-loop, since the O, -component coupling to ¢7, has T: ?f% #* T3L and
thus it is not an eigenstate of Prr. The contributions to T come from Ag and (N — Ap),
both transforming as 2 under SU(2).. One can estimate

Ne g - 1 (A — Ap)? 5, Sgp\ A2
i~ et Len ™ g & ke~ =) €. (317)
7T gp T gp gbL b SM gp

~

Given our reference value £ ~ 0.1, T, g and 6gp, are well below the experimental constraints.

The constraints on case (2) are illustrated in figure 4, for two different values of my,
as a function of |A\je — Ay|/g,. The correction to dgp, is not relevant in this case. For small
values of my, and g,, the maximum allowed v/ f is determined by the bound on S. As the

28In these plots we took myp to be independent from A,. Once the effective potential is computed (see
section 4.4), one will be able to study the correlation between these two parameters.

— 96 —



EWPTs — Case (2) — m,= 117 GeV EWPTs — Case (2) — m;,= 300 GeV
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Figure 4. The bounds on v/ = v/f coming from the EWPTs in case (2), as a function of the
coupling difference 6);/g, = |A\ic — Arr|/g,. The solid (dashed) lines correspond to g, = 8 (4), while
the left (right) panel corresponds to a physical Higgs mass m; = 117 GeV (300 GeV). The green
horizontal lines give the 95% C.L. upper bound from the S parameter, while the two orange curved
lines correspond to the 95% C.L. lower and upper values of the T parameter (the allowed region
lies between the two lines). There is no relevant constraint from dg,, in this case.

value of g, increases, the bound becomes milder, and the one from T becomes important,
either when the custodial violating mass difference between [¢ and [’ is large, or when it
is too small to compensate the opposite sign contribution to T from Higgs loops given in
eq. (3.4) (we are assuming a positive sign for the T contributions shown in eq. (3.17)).
For higher Higgs masses, the negative contribution to T from Higgs loops increases to the
point that an extra positive T from the exotic fermions is demanded. This puts a lower
bound on the mass splitting |me — my|. Besides, the smaller g, is, the smaller the open
parameter space, because of the combined constraints from T and S.

All the aforementioned constraints on the parameters of our model shall be taken into
account when we will compute the conditions for EWSB, in section 4.4. They shall provide
guidance to identify the preferred value of the parameters v/ f, g, and m, = A\, f.

4 Electroweak symmetry breaking

The NGBs of the composite sector are provided with a non-zero effective potential by
the interactions with the elementary sector, that explicitly break the global symmetry
G. In this section, by generalizing the formalism developed for minimal composite-Higgs
models [7], we will compute the effective potential for these pNGBs, and show that the
minimum can satisfy all requirements: electroweak symmetry is broken while colour is not,
i.e. the Higgs doublet acquires a VEV v while the other pNGBs do not, and at the same
time the induced ratio v/f complies with the phenomenological constraints. The mass
spectrum of the pNGBs will be consequently estimated.
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4.1 The SO(11)/SO(10) coset

For the global symmetry breaking of the composite sector, G — K, we focus on option (a)
of section 3.2, G = SO(11) and K = SO(10), that generates ten NGBs, transforming in the
10 representation of SO(10), which decomposes as (1,2,2)o + (3,1,1)_2/3 + (3,1,1)3/3
under the subgroup Ky = SU(3)¢ x SU(2)p, x SU(2)r x U(1)". The SO(11)/SO(10) coset
can be parametrized by the NGB-matrix

U(r) = V2 @)/ (4.1)

where Ty, are the broken SO(11) generators, given by (1)77 = (71,1104, — (SI’a(SlLJ)/\/i,
and 7w, = (hs, o) are the NGBs, where i = 1 —4 and o = 1 — 6 are SO(4) and SO(6)
indices, respectively.

We find it convenient to use an alternative parameterization, where the NGBs are

associated to a dimensionless field 3, which transforms linearly as the 11 representation
of SO(11) and acquires a VEV %y = (0,...,0,1)T:

_ sin(11/f)

o h, ¢, L cot(I1/ f) ! , (4.2)

Y =U(m)Xo

where IT = y/ k% + $2. One can redefine the NGB fields in terms of dimensionless variables,
sin(I1/f)/II x h; = h; and analogously for ¢, thus obtaining

5= (h,¢,i 1—h2—¢2>T . (4.3)

With this coset parameterization it will be easier to decompose the G-invariant terms
in the lagrangian.?’ Besides, the VEV of h determines v = (h)f, which is defined by
m%/v = g?v?/4. The four real scalars h;, transforming as a 4 of SO(4), are equivalent, up
to an overall factor f and a change of basis, to a complex bidoublet (icoH*, H) ~ (2,2)
under SU(2);, x SU(2)g =~ SO(4), while the six real scalars ¢,, transforming as a 6 of
SO(6), correspond to a complex triplet T' ~ 3_5 /3 under SU(3)c x U(1)" C SO(6).

The kinetic term for the pNGBs is given by

1 [0u(HTH) + 0,(TT)]”

f? 2 2 2
—|D, X" =|D,H|*"+|D,T|" + 4.4
9 | I | | I | | 1% | 4 p2/2 H;UQ ‘T|2 ’ ( )

where D, H and D,T are the covariant derivatives for the Higgs and the colour triplet.
The last term represents the leading interactions among the pNGBs, that signal their
composite nature. These interactions lead both to corrections of O(s/f?) in processes
with characteristic energy scale /s, and to modifications of O(v?/f?) (with respect to the
renormalizable lagrangian) in the H and 7" couplings. The latter arise because of the non-
canonical kinetic terms after EWSB, which require a wave-function renormalization. As an
example, the coupling of two W’s to the Higgs boson is modified as ghww = griv/1 — &,
where ¢ = v?/f2. This deviation affects the EWPTSs through eq. (3.3).

9 Moreover, one explicitly sees that the coset is just a parameterization of a sphere in 11 dimensions.
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4.2 Explicit breaking of SO(11)

The composite sector is coupled to a set of elementary fields, that comprises the SM
gauge bosons and fermions, except for the right-handed top quark, as well as the exotic
fermions. Such interactions, introduced in eq. (1.3) for gauge bosons and eq. (1.4) for
fermions, explicitly break the global symmetry G, and thus induce a non-zero potential
for the pNGBs at loop level. In order to parametrize such interactions, it is useful to
consider the G-breaking couplings as dimensionless spurion (non-propagating) fields S,
that transform in some definite representation of G. Then, the spurion VEVs (S) will
break G (from now on we shall denote each spurion and the corresponding VEV with the
same symbol). There are two kinds of spurion fields:

e Gauge interactions: A
AL (T 13 T (4.5)

where jJ‘] is the SO(11)-current of the composite sector in a generic SO(11)-
representation carrying indices I,.J, while T7s are the generators of SO(11) with
I, = 1,...,55 varying over the adjoint representation 55, Afg are the SM gauge
bosons with i, varying over the SM generators, and the spurion ) is a matrix of
gauge couplings parameterising the embedding of the gauge symmetries into the ad-
joint representation of SO(11). Explicitly, one has

Q) = (9s5?f + 907 + 915}2) : (4.6)

where I, = ac, i1, Y identify the generators of SU(3)c, SU(2)1,, U(1)y inside SO(11),

and g1 = +/5/3¢.

e Fermion interactions:
bi(Ay)7Oy, + hec., (4.7)

where ¢ is a generic elementary fermion, O, is the composite operator 1) couples
to, 7 and I are respectively SM- and G-indices, and the spurion A, describes the
embedding of v into the G-representation ry to which O, belongs. One can think
of Ay as a projector that, acting on the operator Oy, selects the component with
the SM quantum numbers of v, so that the interaction is gauge invariant. Only the
fermions with large couplings to the composite sector affect significantly the pNGB
effective potential. In our scenario, these are the left-handed top quark contained in
qr, and the exotic fermions zy. The SM quantum numbers of z; and the minimal
choices for the G-representations r, and r, have been discussed in section 3.4.

Technically, the spurions transform separately under an elementary sector symmetry
SU(3) x SU(2) x U(1) = G&&m, and a composite symmetry G, both global.® When the
spurions take a VEV, both gg{&m and G are broken, but the diagonal combination remains
unbroken and it is identified with the gauged SM symmetry Ggy.

39The elementary global symmetry is in fact larger, since it includes extra U(1)’s in the form of global
phase redefinitions of the elementary fields.
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4.3 The effective lagrangian in the background of the NGBs

The full low energy effective lagrangian L.g can be obtained by integrating out the heavy
resonances of the composite sector: Leg includes the interactions among the SM fields, the
NGBs and the exotic fermions, as well as other possible light resonances [71, 72]. In this
section, however, we are interested only in the interactions that contribute to the NGB
effective potential Veg (), which are encoded in the effective lagrangian for the elementary
fields in the background of ¥, i.e. with no derivatives on ¥. This is because only the
elementary fields break the G-invariance explicitly, and because Vog(m) is obtained from
the effective action in the zero-momentum limit (see e.g. ref. [7]). Readers not interested
in the technical derivation of Leg can move to section 4.4, where the result for Vog(m) is
presented and EWSB is discussed.

In order to identify the relevant terms in Leg, we will build G-invariants out of the
spurions and 3. Since ¥ is dimensionless, terms with any power of ¥ should be included;
the effective lagrangian should not be expanded in the number of NGBs, but rather in the
number of spurions. It turns out that only a few terms, with at most two powers of X,
are independent invariants, basically because X7 = 1. A formal way to understand this
is through the Coleman-Callan-Wess-Zumino construction for lagrangians invariant under
non-linearly realized symmetries [71, 72]. In this formalism the non-derivative interactions
of the NGBs are associated to the spurions only, redefined as S(7) = U(m)[S]. These S
transform generically under a reducible representation of I and, at a given order in S , only
a finite number of independent K-invariants can be constructed. We will do this counting
in the following subsections before presenting the G-invariant effective lagrangian. The
same argument will apply for the terms in Veg (), that will be computed in section 4.4.

4.3.1 Gauge bosons

The gauge spurion €2 transforms in the adjoint of SO(11), which decomposes under SO(10)
as 85 = 45 + 10. In order to identify the K-invariants quadratic in the gauge couplings
(i.e. the leading order ones), we shall inspect the singlets contained in Q2. Since 55 x 55 =
(45410) x (45410) = 145445+ 110x10+ - -, there are two K-invariants. One combination
of them is independent from the NGBs, since it is also invariant under G; to see this, note
that 55 x 55 = 1g + - -- contains one G-singlet, denoted as 1g.

The effective lagrangian for the elementary gauge bosons in the background of > can
be written in momentum space as

1 5 P
L) = 5P )AL () A7, (), T (62 (7)1 (1)

FII (P2 (T7%) 1 (1) K 5| (4.8)

where PZ:, (p) = gy —Pupv/ p? is the transverse projector, and Hél (p?) are form factors that
encode the effects of the strong dynamics. Actually HOA, or more precisely clH{]4 / dp2|pz:0,
represents the contribution of the composite sector to the g-function of the SM gauge
couplings. Here I, J, K are SO(11) indices in the fundamental representation. The nor-
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malization of the SO(11) generators and their contraction with the Y-components read

(TI")U(TJ“)JI — Tr[TI“TJ"] — §laJa , (4'9)
Qp Q% S (1) 1, (T7) K S ke = g2 hi(T7) i3 (T77) b + 2991 hi (T )iy (T ) jih
+gihi(TY )i (T ) juhne + 9100 (TY )ap(TV )grdy  (4.10)
+920a(T)ap(T7€) gy 6y + 2019560 (T )ap(T" ) gy b+ ,

where 7, j, k are SO(4) indices, o, 3,y are SO(6) indices, and T, T, TY are respectively
the generators of SU(3)c, SU(2)1, U(1)y.

4.3.2 Fermions in case (1): ry =1, = 32

Let us consider case (1) of section 3.4, with both ¢; and x coupling to a composite
operator in the 32 spinor representation of SO(11), in particular q; couples to the 16
of SO(10) and z, to the 16. Therefore both A\; and A, transform in the 32. The K-
invariants quadratic in these couplings are easily counted by inspecting the tensor product
32 x 32/ = (16 + 16) x (16' +16) = 1, 1o + ligee + - = 1g + 1+ -+, that is one
G-invariant independent from the NGBs, plus one invariant that depends on them.

The effective lagrangian for these elementary fermions in the background for ¥ can be
written as

L5 )= s, (o) [T ) A) N5, + T (02 ) (TS ), | #97 ()

(4.11)
where the sum runs over (¢,¢') = (q1,q91), (qr,x1), (1,q5), (xL,21), with z] spanning
the exotic fermions listed in eq. (3.9). Here iy, jy are the SM elementary indices of 1, ¢’
respectively, while I and I, Js are SO(11) indices in the fundamental and spinor representa-
tion, respectively, contracted by the I matrices of SO(11). Notice that we are not including
in eq. (4.11) terms of the kind 7 Cv’ (where C is the charge-conjugation matrix), since
they are forbidden by the baryon number symmetry U(1)g,,, that is assumed to hold in this
section. On the contrary, these terms are allowed for the case of U(1)g,. The modifications
introduced by the addition of these extra terms will be discussed in section 4.4.1.

As explained in section 3.4, the exotic fermions couple to all the components of T ~
16, other than tg. Therefore, only these 16-components of the spurion )\, are non-zero.
In particular any contraction involving the 16-components vanishes. Similarly, in A, only
the 16-component with the quantum numbers of ¢z, is non-zero. Keeping this in mind, the
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SO(11) contractions in eq. (4.11) read explicitly

)7 g = Tl (N)5,] = 9327 (4.12)

M) (N = 052, (4.13)

A (A0 = 6 Aha =0, (4.14)

A)ESrTD S (N = 670280y = £0702\/1—h2 = ¢2,  (4.15)

)BT (A7 = F62A2V/1 = h? = ¢2, (4.16)
[(@L)i # (xL)=] (M) S0 (AT = Ag(TD) i B[ (b)) H

AN (1) T + Age(qf ) 5T (4.17)

where, with a slight abuse of notation, we dubbed ), the values of the non-zero compo-
nents of the spurions (A\g.)7"" 1" (these values can be taken real with no loss of generality).
The sign difference between eq. (4.15) and eq. (4.16) comes from the antisymmetry of the
SO(11) invariant 32 x 32 x 11, and in eq. (4.17) we employed the decomposition of the
SO(10) invariant 16 x 16 x 10 into SM components.

4.3.3 Fermions in case (2): r, =55, r, =11

Let us consider now case (2) of section 3.4, with gz coupled to a 45 of SO(10), and zy,
to a 10, so that we take A\, to transform as 55 = 45 + 10 and A\, as 11 = 1 + 10 under
SO(11). The K-invariants quadratic in the elementary-composite couplings correspond to
the K-singlets in the tensor products 55 x 55 =1g+1+---,11 x11 =1g+1+---, and
59 X 11 =1+---.

In this case the effective lagrangian for the elementary fermions in the background of
the ¥ field is given by

Ll = @i, T8 O ) + T O X (T8 15 (T, ) K Sk ()2 | B ()
@i [TE° )7 (D)), + T )7 SIS (0)], | B (@)
+{@i, MO S T L] Py +he (4.18)

where x 1, represents the set of exotic fermions listed in eq. (3.11) and only the corresponding
components of \; are non-zero. The SO(11) contractions in eq. (4.18) read explicitly

(A)7 (Mgl = 63702, (4.19)
() (A3 e = 6% 02 (4.20)
| [(@z)i, # (qr)] x
x (A S (T1) 15(T5,) K Sk (M) fe = = A2 (@i b (ar)? (STET + H'H;65) /2, (4.21)
(@i, b (20)] Oa)F SISy O], = [NeTD)HT + M (T H 4+ e (F)° T3]

i [Achj(li)j—i—/\ij (z’L)thcTﬂ(tcL)g], (4.22)
(@i # (1)) N) £ (1) 17 (NE) ] = Aghr (@) (1) T/ V2 (4.23)
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Figure 5. Leading order contribution in the number of gauge spurions and loops to the effective
potential for the NGBs.

4.4 The NGB effective potential

The effective potential Veg () for the NGBs can be obtained rigorously from the effective
lagrangian Le.g presented in section 4.3, by integrating out the elementary fields. In fact,
up to some convenient specifications, Veg(7) may be identified with the most general G-
invariant potential V (X, S) constructed with the NGB field ¥ and the spurions S. The
coeflicient in front of each invariant can be evaluated, in principle, integrating over the form
factors introduced in Leg. Similar integrals have been computed only in specific models
with an extra-dimensional dual [5, 6].3! In the present scenario, we can only provide NDA
estimates for such integrals, and the uncertainty will be parametrized by one dimensionless
coefficient for each invariant, expected to be O(1). Note that, depending on the specific
form of L., some G-invariants may not be generated by integrating out the elementary
fields at one-loop level, rather they appear at higher orders only: this occurrence can be
easily verified by inspecting Lg.

In order to build the invariants, the elementary indices of the spurions have to be
contracted, because the potential Vg should respect the SM elementary sector symmetries.
In other words, only terms with no elementary external lines contribute to it. For this
reason, we will construct Vg contracting ¥ with

03, =Qray, (4.24)
(AT = )i ()] (4.25)

As far as the gauge interactions are concerned, there is only one invariant that depends on
the NGBs, which corresponds to the second term in eq. (4.8) and is given by

3 8
Ay =QF 5 BT 1 (T7) K2y = 592h2 + 593 2. (4.26)
The corresponding Feynman diagram is depicted in figure 5. The factors 3/2 and 8/3 are

given by twice the quadratic Casimir of SU(N), Co(N) = (N? —1)/(2N), for SU(2), and
SU(3)¢ respectively (we neglect the hypercharge contributions).

3'In principle, they could also be determined from (not yet measured) experimental data on the form
factors, as it has been done in QCD for the meson chiral lagrangian.
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In the potential, A; is multiplied by the integral over the form factors (see e.g. [7]),

dn TIA(p? 3 m2
3/ p 07, 3 M (4.27)
(2m)t p? 1672 g2

given by

The uncertainty in this last expression is accounted for by the O(1) coefficient a;. The factor
of 3 counts the number of Lorentz polarizations of the gauge boson. Here we estimated the
integral taking a momentum cut-off m,, a factor 1/ 1672 for the elementary gauge loop,
and another “loop factor” 1/ gﬁ from the strong sector (described pictorially by the shaded
blob in figure 5). This is needed in order to match the expectation Veg ~ A*/1672, that
must hold when all the interactions become strong at the cut-off scale A ~ m,, that is

32 The sign of a; is not fixed by the low-energy theory we are working

when g,, g; ~ 4.
with, although in calculable examples [5, 6, 73] it turns out to be positive (see also [74]).
The other invariants entering Veg depend on interactions of the elementary fermions

with the composite sector.

4.4.1 Case (1)

Let us consider first case (1), where the composite operators coupling to gz, and z, trans-
form in the spinor representation, r, = r; = 32, and let us assume a baryon number
symmetry U(1)p, external to SO(11). The set of leading invariants (two spurions, one
loop) is given by

B = ()FSi(T)] = 60V — 12 = &2, (4.28)

For notational convenience, we take the same value of A, for all the exotic fermions. Thus,
the factors 6 and 13 account for the number of components of ¢; and zj, respectively,
running in the loop. The diagram for the invariant B%l) is shown in figure 6. In the

potential, it will be multiplied by

d*p qq/, 2 1 2 m:l,
2/ (271_)41_11 (p ) = bl 16#2?2 . (4.30)

)

Again, the sign of the order one coefficient bgl is not determined. The factor of 2 ac-
counts for the elementary fermion polarisations. In the case of zj, an analog integral

2 [ d*p/(2m)*11%% (p?) multiplies the invariant CF).?’B

32This factor also matches the NDA estimate for a loop of N constituent “techni-quarks”, given by
N/(167%), when one takes the large-N estimate for the inter-composite coupling, g, = 47w /v/N.

33When integrating out the exotic fermions, one may worry about the contribution from the composite
resonances g to the integral over the form-factors. Since the zr are massless in the limit A, — 0, they may
introduce infrared divergences that result in a logarithmic enhancement, log(mi/mi). Since this logarithm
is not very large anyway, we consider it as part of the uncertainty parametrized by the order one coefficients.
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Figure 6. Leading order contribution in the number of gz-spurions and loops to the effective
potential for the NGBs.

Figure 7. One of the next to leading order contribution (Df) in eq. (4.33)) to Vg, quartic in the
number of (¢z, and ) spurions and with one loop of the elementary sector.

At the next order, with four insertions of the spurions and one elementary fermion

loop, the invariants are3*
2 . . \ !
By = (V)7 (5 Br(P) g S (T = 605 (1= 1 = ¢7) (431)
€ = DL ODE S By = 1B (-1 = 0%) - (432)
2 . , 1
DY = ()7 D E TR Zo(07) 7 = SAN (8R4 647) . (4.33)

The factors 3 and 6 in front of h? and ¢? in eq. (4.33) come from the sum over the SM
degrees of freedom running in the loop, in the case zz, = b} and xzy, = 5, ¢} respectively
(see eq. (4.17)). The diagram corresponding to Déz) is shown in figure 7, and in the effective

potential it carries a factor®®

d4p qr 2 (2) 2 mﬁ
2 [ Iy - df Tt (4:34)

34We neglect one-loop O(\*) contributions obtained by adding to diagrams like the one in figure 6 an
extra composite sector blob in the elementary propagator, since they have the same functional dependence
on the NGBs as Bgl) and Clm, with a relative suppression by an extra factor >\2/g§.

35We are neglecting the invariants B;l)Bil), B§1)C§1) and C{l)Cfl), that are also of O(A*), but they
correspond to two loops of elementary fermions and only one composite blob. Therefore, their contribution
is suppressed by an extra loop factor 1/(1672) and enhanced by a factor gg, with respect to eq. (4.34).
Also, they are enhanced by an extra power of the number of elementary fermion components in the loop.
Anyway these invariants have the same functional dependence on the NGBs as Bém (or 052)), so we can
absorb the contribution of the former in the order one coefficient of the latter.
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Let us notice that, contrary to previous models in the literature [5, 6, 75], all the
large fermionic contributions to V.g arise from kinetic-type couplings, not from Yukawa-
type couplings. This is because the only large Yukawa, the one of the top quark, is not a
coupling of ¥ to the elementary fermions only, since g is fully composite. As a consequence
such coupling does not contribute to V.

Armed with the list of the relevant invariants we can now discern whether the radia-
tively generated potential Veg allows for SU(2)1, x U(1)y breaking to U(1)q while preserving
SU(3)c, and we can study the conditions to obtain a phenomenologically viable v/ f ratio
at the minimum of Veg. The potential is a function of h? = >°. h? and ¢* = Y ¢2 only.
Close to the origin, the EW symmetry will be broken if the quadratic term u%h2 in the
potential is negative, while colour will be preserved if at the same time the term u(2¢<z52 is
positive. This happens when the fermionic contributions of the top quark and of the exotic
fermions to M%% » are negative and large enough to overcome the gauge contribution to u%
generated by the W’s, but not the larger contribution to /@) generated by the gluons. In
this case Vog is minimized by (h) # 0 and (¢) = 0.

In order to present in a compact form the minimization conditions, we will set from the
beginning (¢) = 0 and verify a posteriori the consistency of this assumption, by requiring
the physical mass of the coloured triplet to be positive: we checked that this condition is
necessary and sufficient to guarantee that the global minimum of the potential does not
break colour. Combining the contributions of eqs. (4.26), (4.28)—(4.29) and (4.31)—(4.33),
one obtains

Vog(h) = £av/1 — h2 — Bh% = acos(h/f) — Bsin?(h/f), (4.35)
where the expressions for o and § are
m? A2 A2
~ —> 12V 22— 960 22 4,
e P g T e ) (43
m4 9 2 )\4 )\4 )\2)\2
p g (2) g (2) Mz (2) 297z
~ ——a1% + 12657 — + 2 — —3d . 4.
B~ 1ot 31 g2 + 12b, p + 26c5 pr 3dy ” (4.37)

The minimum of the potential is displaced from h = 0 provided that 5 > |«|/2; in this case
the minimum sits at (h) = /1 — a2/(26)2, or equivalently cos((h)/f) = —a/(23). The
ratio between the electroweak scale and the NGB decay constant is given by /€ = v/f =
(h) = sin((h)/f), and it is constrained by EWPTSs, as described in sections 3.1 and 3.5. In
order to achieve sufficiently small values of & one has to require |a|/2 to be close to f.
Since t g-compositeness fixes \; ~ y; ~ 1, the only free parameters of the model are A,
and g, (here we take the same value A, for all exotic fermions), as well as a set of unknown
order one coefficients, that are expected to lie in a narrow range around £1. One also needs
Az/gp to be somewhat smaller than one, in order for our perturbative computation of the
effective potential to be valid.?® In figure 8 we display the allowed parameter space in the
Az/9p— 9, plane, for fixed values of the order one coefficients. The region allowed by EWSB

36Besides, A, cannot be arbitrarily small, since this parameter fixes the masses of the exotic fermions,
which are constrained by direct experimental searches. We will see in section 5 how these lower bounds
depend on the quantum numbers of each exotic fermion.
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and EWPTs is sensitive to the latter choice of coefficients, therefore this figure is intended
only to illustrate the correlations between the parameters of the model; the specific values
of the parameters displayed should not be taken as a univocal prediction of the model.

One can check that the leading order fermion contribution to ui ¢ is given by |af/2
and thus has the same sign of the gauge contribution. Therefore, the next-to-leading
fermion terms in § are the actual responsible for EWSB. They shall overcome the weak
gauge term in § as well as the leading fermion terms in «, both positive, in order to fulfill
the condition 3 > |a|/2. This can be achieved when (i) A, /g, is not very small and (iz) the
coefficients of the next-to-leading fermion terms add up to a significantly larger value than
those of the leading ones. In particular, there can be an accidental cancellation between
the first and second term in eq. (4.36), e.g. for bgl) ~ cgl) and A, ~ 0.7. These requirements
are illustrated in figure 8 (left panel), where we took next-to-leading coefficients equal to
2 and leading ones equal to 1/2, in order to enlarge the region with EWSB. One notices
that, for large values of g,, A;/g, has to be larger than a certain value, determined by the
W and ¢z, loop contributions to Vg. For small g,, smaller values of \;/g, are allowed,
especially when the cancellation in o occurs. All in all, the need to enhance the O(\*)
terms over the O(\?) ones, in order to achieve EWSB, requires some moderate tuning of
the parameters of the model.

In the region where EWSB is achieved, the constraints from the EWPTs put an upper
and a lower bound on the allowed value of v/f, depending on \;/g,, as we showed in
figure 3. These bounds translate into the green shaded region in figure 8, left panel.
Consider first large values of \;/g, (2 0.3): the region where & is small (close to the
region with unbroken EW symmetry) is excluded by the lower bound on T. This is because
the Higgs mass is large (see eq. (4.39) below) and needs to be compensated by a positive
contribution to 7' from the exotic fermion b’ (recall we are taking Ay = A, for all ’s). The
upper bound on T excludes large values of £, where this same contribution from 4" becomes
too large. Thus, the allowed range for T translates into an allowed window for A, /9ps
mildly dependent on g,. Finally, dg;, puts a lower bound on A, f, which cuts the allowed
region at small values of g,. For small A\;/g, (< 0.3), this same constraint from dg,, leaves
only a very narrow allowed strip, which is still interesting because it corresponds to lower
Higgs masses. One can check that f can be as small as ~ 500 GeV, in agreement with
figure 3. The masses of the exotic fermions are expected to be

Az f

but we recall that a significant difference between the various A,’s is possible.
The physical mass of the Higgs in the EWSB minimum is given by

23 M A\

2 2 z 2 2 [ N

my ~ —v° ~ Ny ~ (44 V — |, 4.

i f4v 162" (440 GeV) (2'5> (4.39)

where the estimate assumes that the largest contribution comes from the O(\2) loop,
generated by the N, = 13 exotic fermions, which is a good approximation for intermediate
and large values of g,. As expected, the Higgs mass scale is controlled by the Higgs VEV v,
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Figure 8. The allowed range for the inter-composite coupling, g,, as a function of the composite-
elementary coupling of the exotic fermions, A;/g,, for the case (1) with an illustrative choice of the
order one coefficients in the effective potential: a; = bgl) = cgl) =1/2, béz) = ng) = —dé2) = 2. The
right panel is a zoom of the left panel for an interesting range of the parameters. We fixed \; =1
and v = 246 GeV. The requirement of EWSB (defined by 5 > |a|/2) excludes the blue (dark)
shaded region. The requirement of unbroken colour (defined by m2. > 0) is always satisfied in the
displayed range of parameters. EWPTs exclude the green (light) shaded region. The parameter £
increases from zero, at the boundary of the region with no EWSB, to larger values as one moves
away from this boundary. This is explicitly shown by the isocontours of constant f (black solid
lines) in the left panel: f = 1000,500,300 GeV, from left to right. In the right panel we also
show curves of constant mp = 1,1.5,2,3TeV (red dashed lines, from right to left) and of constant
my, = 450, 550, 700, 850 GeV (blue solid lines, from bottom to top).

rather than by f. The dominant contribution from exotic fermion loops raises the value of
my, with respect to minimal composite-Higgs models without gauge unification. Regarding
the mass of the colour triplet, this can be written as

2 2 2

mi== |a1g? (1697 -9g7) +d5V6X202 1£7T2 ~ Nygogm? = (L2 TeV)’ (e ) (440)
where f? is determined, in turn, by the minimization condition, f2 = v2/(1 — (a/23)?).
In the estimate we assumed that the loop with the Ny, = 8 gluons dominates. The triplet
mass scale is controlled by m, = g, f, therefore m?p is enhanced with respect to m% by a
factor 1/£. The gluon loops as well as the exotic fermion loops (at large A;) push the mass
of the triplet to the TeV range. The isocurves of constant mj; and mg are also shown in
the right panel of figure 8.

Let us comment briefly on the structure of Veg when the baryon number symmetry
U(1)g, is adopted instead of U(1)p,. In this case the effective lagrangian contains also terms
of the type YpTCy/'® (,¢' = qp,xr, ® = H,H*,T,T*), that were forbidden by U(1)p,.
They do not generate leading contributions (two spurions, one loop) to Veg, but they do
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generate one loop contributions with four spurions, analog to the one depicted in figure 7,
with the arrow of one elementary fermion reversed. The corresponding terms in Vg (h) are
proportional to A\2h2, completely analog to the third term in eq. (4.37). Therefore, they
do not modify qualitatively the analysis of EWSB (there are also new terms depending on
the colour triplet, ~ A3¢2 or ~ Mi¢?, that contribute to m%).

4.4.2 Case (2)

In case (2) the spurions A\, and A, transform in the representations ry, = 55 and r, = 11
respectively. One can again perform the computation of the leading invariants generated
by the fermion interactions, which take the following form:

)\2

B = (\3)fxl(Th), J(TJQ)JKEK = (317 +24%) . (4.41)

cH = \2)/sly, = 5 [(A%c + AR+ ALe?] (4.42)

B = ) (e (311" 15(Tie,) ™ S] [EHTH) 1ar (T3,) N 2]

)\4
- Tg (3n* + 2R%¢* + 2¢%) | (4.43)

2

) = O] )F ST mkzyst = (o] (4.44)

(2) _ (y2\Ja\2\I K ol )‘2)‘12/
Dy’ = (A7 (AT SH (T ) ks STy )M = L=(207), (4.45)

where the couplings A, of the three exotic fermions, z = lc, I',t¢, can be different in general.

As in case (1), it is consistent to assume that colour remains unbroken (that is, (¢) = 0),
as long as the mass of the coloured triplet is verified to be positive in the desired minimum.
In this case, combining the contributions of eqs. (4.26) and (4.41)—(4.45), one finds that
the effective potential is

Ve (h) = ah* — Bh? = asin*(h/f) — Bsin®(h/f), (4.46)

which has a non-trivial minimum ((h) # 0,1) for 0 < § < 2a: in this interval (h) =
sin(h/f) = v/f = \/B/(2a). The coefficients of the potential are given by

mb (3 oAb 1 o) (A2 + A2)?
~ b [ SpPTe e T A 4.47
“T 62 (87 g T2 T 4 ’ (47
m? 9 g2 3 A2 AR+ N
B b _7a7+7b()7_c()u ) 4.48
1672\ 270g2 "2t g2 1 g2 (149

With respect to case (1), it is easier to turn 3 positive and thus drive EWSB, since the neg-
ative weak gauge contribution can be compensated by leading order fermion contributions.
Still, a sufficiently small £ requires to tune § to be small compared with the next-to-leading
order terms that determine the size of . A favourable choice is to take negative values
for bgl) and cgl), since reasonable values of Ajc; can cancel the W and ¢qr, contributions
making  small. Notice that A;c does not contribute to the Higgs potential, thus the mass
of t¢ is not related to EWSB.
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In figure 9 we display the allowed parameter space in the A;/g, — g, plane, taking
Az = (A + Nie) /2 = Mey, Nie — Ay = 2);/5 and a fixed choice of the order one coefficients.
Once again, we warn the reader that the region allowed by EWSB and EWPTs is quite
sensitive to this choice and the figure is intended only to illustrate one possible range
of variation of the physical parameters: e.g., for fixed values of A\, and g,, § scales as
the ratio of leading over next-to-leading coefficients (in figure 9 we took this ratio to be
1/4). The green shaded region is excluded by EWPTs, with the stronger constraint, for
small g,, coming from S. However, for larger values of g, the bound from S becomes
milder, allowing for a larger £, and the bound from T becomes relevant. We considered a
non-zero difference between A\ and Ay in order to generate a positive contribution to T
from the exotic fermions, that partially cancels the negative one associated with my. The
lower bound on f is attained for large g,, consistently with figure 4: we find a minimum
f ~ 600 GeV, that is comparable with case (7). Notice that A\, is approximately constant
in the allowed region of figure 9 (left panel), because the latter is bounded by the two
curves 3 =0 and 2.1 x 1073 = S f/gf,, that in this case are both independent from g,
(the minimization of Vg implies £ gg). Taking the coefficients of the various terms to be
close to one, a value A\, ~ 1 is obtained, allowing for the masses m, >~ A\, f to be relatively
lighter with respect to case (1).

The mass of the Higgs in the EWSB minimum is given by

2 4 4
mi ~ ?ZUQ (1 — ;2) ~ NQE%U2 ~ (80 GeV)? <>\1x> , (4.49)
where the largest contribution comes from the N, = 4 exotic fermions (only [¢ and I’
contribute in this case), so that the Higgs mass is correlated with their mass. This order
of magnitude estimate implies a much lighter Higgs than in case (1), with some range of
parameters that is even incompatible with the LEP lower bound. The message is that
in case (2) the Higgs is expected to be light, while in case (1) it prefers to be heavier.
Concerning the mass of the coloured triplet, it is given by

2
mi ~ I [gz(&ugg — bgl)/\g + C:(ll))\?c> + dg)/\g)\lﬂ +

2 2
2 On8 4 46208+ A2

(4.50)
where the minimization of Vg fixes f? = v?(2a/3). In this case the triplet mass receives

5377 P

two large contributions, from gluons and from t¢, that can be estimated as

2 2
m# ~ N, Is 2 o~ (1.2 TeV)? (&) ,

1672 4.5 TeV
At 2 (M mp N2
~ ~ (0.4 TeV . 4.51
1672 = (04 TeV)™{ = (4.5TeV> (4.51)

If these two terms add up, the triplet is heavy, but they may have instead opposite sign and
partially compensate, allowing for a lighter T'. For illustration, the isocurves of constant
my, and mqp are shown in the right panel of figure 9 for a fixed set of O(1) parameters, that
leads to a partial cancellation in the triplet mass, whose minimal allowed value ends up to
be lighter than in case (1).
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Figure 9. The allowed range for g, as a function of A, /g, for the case (2), with effective potential
coefficients a; = —bgl) = —cgl) =1/2, b;Q) = 052) = 2. The right panel is a zoom of the left
panel. The requirement of EWSB (defined by 0 < 8 < 2a) excludes the blue (dark) shaded region.
The requirement of unbroken colour (defined by m?2. > 0) is always satisfied in the displayed range
of parameters. The EWPTs exclude the green (light) shaded region. In the allowed unshaded
region, £ increases from zero, at the EWSB boundary, to its maximal allowed value, close to the
EWPTs boundary. This is explicitly shown by the isocontours of constant f (black solid lines)
in the left panel: f = 750,500,300 GeV, from bottom to top. In the right panel we also show
curves of constant mp = 750,900, 1500 GeV (red dashed lines, from top to bottom) and of constant

my, = 195,200,210 GeV (blue solid lines, from bottom to top).

5 Collider phenomenology of Higgs and top quark partners

The deviations from the elementary SM Higgs properties due to compositeness have been
studied in detail in e.g. ref. [43]: the most promising processes are longitudinal vector boson
scattering and strong double-Higgs production, as well as the measurement of anomalous
Higgs couplings. The signatures associated to top-compositeness have been also analyzed,
in a similar fashion, in ref. [52]. Evidence can be searched in modified top couplings to
gauge bosons, or through the enhancement of processes like pp — tttt at large partonic
center of mass energy [52, 76-78].

Here we focus on the new physics more specifically related to the scenario of composite
unification, that is to say, on the composite partners of H and tg, that fill with them
complete K-multiplets, for the case K = SO(10) (recall that the states accompanying tr
are also complemented with elementary chiral partners to form a set of vector-like fermions).
These composite partners (in short, “comparts”) are the counterpart of supersymmetric
partners (“sparticles”) in the case of supersymmetric unification.

The Higgs H is accompanied by a colour triplet T', sharing its character of pNGB. As
such it acquires a mass only through radiative corrections, roughly a loop factor smaller
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than the compositeness scale. Therefore T is necessarily light, if we demand a natural EW
scale. From the analyses of EWSB in section 4.4, we expect the T' mass to lie in the range
~ (0.5,2.5) TeV, for values of £ between the maximum allowed by EWPTs and ~ 0.1. This
is in contrast to the vast majority of GUT models, where a colour triplet scalar is also
present, although with a mass of the order of Mgyr.

The fermionic partners of the tg, the exotic fermions x’s, are responsible for the precise
unification of gauge couplings at Mguyr. Therefore, their presence at low energies would
constitute an evidence for the unified character of the SM forces. They are intimately
related to the composite nature of the top, and as a consequence their observation at
colliders will be associated to top (and bottom) physics, either through production or
decay. Notice that all the z’s are lighter than the other resonances of the composite sector,
which makes them a perfect target for colliders such as the LHC, even in the unfortunate
case that the scale of compositeness is just too high to be accessible. While the mass of &/
in case (1) is tightly constrained by EWPTs, my > 1.4TeV, the masses of the rest of the
fermionic comparts are only required to lie in the region allowed by EWSB. We recall that
all the z’s couple, each with a different )., to the same composite sector operator. If all
couplings have a similar value, the z’s acquire a common mass m, >~ A, f. Then, from the
analysis of section 4.4, m; should be in the range ~ (1, 3) TeV to trigger EWSB in case (1),
while lighter exotic fermions in the range ~ (0.5,1.5) TeV are expected in case (2). Mild
hierarchies between the couplings A, are well possible, allowing for fermionic comparts as
light as their current experimental bound, discussed below.

The Higgs is expected to be the lightest composite state (besides the top quark), and
its mass grows with the number N, and the coupling A\, of the exotic fermions. In the case
(1) my, can be as heavy as ~ 800 GeV, while values smaller than 400 GeV are possible but
require extra tuning of the parameters. In the case (2) my can lie between the current
experimental bound, 115 GeV, and ~ 250 GeV.

Before considering specific realizations of our scenario, let us make some general con-
siderations on production and decay of the comparts. We expect them to be mostly pair-
produced via gauge interactions. This will certainly be the case for the coloured comparts.
The production cross section of a pair of heavy quarks at the LHC with /s = 14 TeV
is around 2 — 0.05 pb for masses 0.5 — 1 TeV [79]. For a scalar colour triplet, the pair
production cross section is of the order of 0.5 — 0.01 pb for masses 0.5 — 1 TeV [80]. Dou-
ble production will also be substantial for the case of weakly interacting comparts. Cross
sections for pair production of heavy leptons are around 20 fb for 500 GeV masses at the
LHC with /s = 14 TeV [81].

Once produced, the open decay channels for the comparts crucially depend on their
baryon number assignment. We will see that, in some models, only a few of them can
decay in SM states only, predominantly involving top quarks and (composite) longitudinal
gauge bosons. Therefore, among the rest of the comparts, the lightest is stable, with
interesting consequences for detection at LHC as well as for dark matter. However, we will
also present a model with no stable comparts, with interesting third generation diquark as
well as triquark signatures. Of course, the decay chains will depend on the details of the
mass spectrum in a model-dependent way.
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Table 2. The gauge and baryon number assignments of the SM fields.

g b Ic Vv €& | T
SUB)| 3 3 1 1 3
SsU2)L | 2 1 2 1 1
O T T R
UWse | 3 3 3 35 3|0
Ulg, |-+ &+ 1 -1 -1 |-2

Table 3. The gauge and baryon number assignments of the composite partner fields in the case
(1), that is with ¢t € 16. Two choices for the baryon number are displayed, depending on if U(1)g
is taken to be external or internal to SO(10).

5.1 The model with ¢t € 16 and U(1)g,

We focus first on the embedding of the composite tp in the spinor representation of K =
SO(10). It is convenient to display the quantum numbers of the SM states (table 2) and the
ones of the comparts (table 3), to promptly identify the allowed interactions between them.
However, recall that not all the interactions allowed by Gem x U(1)g will be necessarily
generated by the elementary-composite couplings introduced in section 4.2, because these
may preserve some extra symmetries, associated with additional generators of SO(10); still,
we expect these symmetries to be broken by extra (smaller) couplings of the elementary
fields to different composite operators.

We discuss in this section the model where baryon number is identified with a group
U(1)gg external to SO(10), so that the partners of H (tr) have the same baryon number as
H (tr). In the next section we will consider the other possibility, a group U(1)g, internal
to SO(10), more precisely identified with the (B — L)go(10y generator. It will be shown that
the phenomenology of the comparts at colliders is substantially different in the two cases.

The effective lagrangian of the comparts contains, besides the obvious compart mass
terms and gauge interactions, the Yukawa couplings as well as higher dimensional interac-
tions. The allowed Yukawa interactions with the SM fields can be classified on the basis of
the number of comparts involved:

2 comparts : A\GrlRT, AqrgrT™ ;
NelSURH , NV IGH . Ny brih T (5.1)

1 compart : A\qrbrH . (5.2)

43 —



We do not present here a list of higher dimensional operators; we will rather specify those
controlling relevant processes when needed, for example in the case of the compart €', that
has no allowed Yukawa couplings. The second line of eq. (5.1) contains terms that are
not generated by the couplings Ay, which induce the SM and exotic fermion masses. The
reason is that such couplings accidentally respect U(1)p_r,), (10)° while the terms in the
second line of eq. (5.1) do not. However, this U(1) can be broken in general by extra
elementary-composite couplings, generating such additional terms. Their coefficients Xw
should be smaller than A\, or Az, not to spoil the analysis of the potential carried out in
section 4.4. However, they are important for the decay of some of the comparts.

The only compart that can be singly produced or decay into a SM final state is b'.
This can be understood in terms of the Z3 symmetry known as baryon triality, that can
be defined as B3 = (3B — n¢)mod 3, Where ne is the number of colour indices (nc = 1 for
the 3 representation, —1 for the 3). All SM particles as well as b} have Bs = 0. On the
contrary Bs(q§) = B3(T) = 2 and B3(1l§) = B3(v}) = Bs(e}) = 1. This implies that the
lightest of these comparts will be stable.

The compart b, being a vector-like SU(2)y-singlet fermion, is not strictly a fourth
family down-type quark, but still some of the bounds on the latter apply. The coupling
in eq. (5.2) opens the decay channels b/ — bh, tWp, bZ; (where the subscript L denotes
longitudinal polarizations), all with similar strength. CDF searches exclude at 95% CL
bottom-like quarks with masses my < 340(270) GeV decaying to tW (bZ) [82]([83]). Also,
the CMS collaboration has already analyzed the double production of bottom-like quarks
decaying to tW, excluding masses below 360 GeV at 95% CL [84]. Both constraints are

weaker than the indirect bound my > 1.4TeV from the Zbb coupling, discussed in sec-

tion 3.5. The latter limit strongly reduces the discovery prospects of b’ at the LHC. For
such high masses, single production, associated with a bottom or top quark and a spectator
jet, becomes the dominant production mechanism, with o(my =1—2TeV) ~ 0.2 — 0.005
pb for /s = 14 TeV [85].

Concerning the other comparts, let us discuss a couple of interesting possible scenarios.
Suppose first that the pNGB T is lighter than all fermion comparts. In fact, as discussed
in section 4.4.1, we have roughly m%/m2 ~ N,(g2/ 16772)(93 /A2), which is typically smaller
than one. We checked that, in the parameter region compatible with EWSB and EWPTs,
T can be the lightest compart.

Then, the fermion comparts decay into SM+T" final states as
t° =T, b°—=tT, e —tT*, v°—=bT*, VvV —-bT*, € — bbtT*. (5.3)

The decays of ¢¢ = (b, t°) and 1¢ = (e, v°) go through the first two couplings in eq. (5.1).
Besides, the heaviest of the SU(2)1, components of ¢ and [ can decay to the lightest one
and a W boson, either real or virtual. The decay of v/ proceeds through the last term
in eq. (5.1).37 The decay of €/ proceeds through a dim-7 operator involving four fermions

37This term involves a coupling of br to the composite sector. We notice that such coupling could be
responsible for an important deviation of the Zbrbg coupling from the SM prediction, as explained below
eq. (3.15).
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and T'. We find that the leading one is Eek@t rT' (various contractions understood), that
carries the NDA suppression factor (\p,,/ gp)* x 1/ f3. Then the decay rate is small, I'(e/ —
bbtT™*) ~ (XbR/gp)4(mZ,/f6)/(47r)5 ~ (0.5 um)~!, where we have taken for concreteness
me = f = 750GeV and XbR/gp = Mop/9p =~ yp/ye =~ 0.02. If this decay rate were slightly
smaller than this estimate, the displaced vertex of the ¢ decay could be seen at LHCD,
that has a sensitivity of about 40 ym.

The scalar colour triplet T can be either pair-produced or come from the decay chains
of the fermionic comparts. Being stable, it hadronizes into colour singlet bound states,
either neutral (T'd = 7°) or singly charged (T% = 7 ~) and flies out of the detector. Their
hadronic interactions are too small to lead to detection [86], although they could lead
to transitions between 7° and 7~ [87]. When the T-hadrons are neutral, they will not
be seen, but they will lead to events with large missing energy, while the charged ones
behave as heavy muons undergoing ionization, an almost background-free signature. The
CDF collaboration sets a bound on the mass of a stop-like long-lived charged massive
particle (CHAMP), which very much resembles our scalar colour triplet, m; > 250 GeV
at 95% CL, which applies only if the CHAMP is charged in both the inner and outer
trackers [88]. At the LHC with 100fb~! luminosity, the number of identifiable 7=7F
events is estimated in ~ 10000 — 300 for mz+ = 0.5 — 1TeV [86]. The CMS collaboration
is already putting bounds on CHAMPs [89]. In particular, for a gluino-like particle, the
bound already increased to 400 GeV.

We expect that the detection of 7+ states, either from 7T pair production or associated
with tops and bottoms from the decay of heavier comparts, will be the cleanest signature
of this model. When T is not detected, processes like pp — bb¢ — tt + For or pp — tt°¢ —
bb + P, i.e. top or bottom pairs plus missing transverse energy, could lead to the early
discovery of the coloured fermionic comparts b¢ and t¢, while the prospects for the colour
singlets [¢, €/, v/ are more modest, due to the smaller production rates. In general, the best
search strategy for fermionic comparts at the LHC, in the presence of a lightest stable T'
manifesting as missing energy, shall be similar to that carried out by ATLAS and CMS for
supersymmetry [90, 91], that is to look for events with jets and large missing transverse
energy, associated with a high pr lepton for those processes where the top is produced.
Consequently, bounds on the masses of the fermionic comparts could be extracted from
these searches: squarks and gluinos as heavy as ~ 0.5TeV are already probed by these
kind of studies.

Since the scalar colour triplet T is stable thanks to the B3 symmetry, one may wonder
if its relic density may play a role as dark matter, or more in general affect cosmology. A
relic coloured particle is very constrained by the experimental bounds on its cross-section
with nucleons, even if it manifests in the form of neutral hadrons [92-94]. In any case,
one can argue that the T relic density will be very suppressed since, besides annihilations
through the SM gauge interactions, 7' being a composite state interacts strongly with the
rest of the composite sector and thus it can annihilate efficiently to other lighter unstable
composites, such as longitudinal W and Z bosons [95].

Alternatively, consider the scenario where the lightest compart is either v or /. This
can be realized by taking A\;c and/or A,/ sufficiently small (compared to g,), which may be
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compatible with EWSB and EWPTs. Note that the third and fourth couplings of eq. (5.1)
induce a mixing of v and ¢/, that plays a relevant role in their phenomenology. The lightest
combination v; is the stable compart in this scenario. The other comparts decay to SM+
final states. The scalar triplet decays as

T — b, tec, (5.4)
and the decay channels for the fermionic comparts are
e =Wy, by, -y, vw— (Z,hu, € — vubt, (5.5)

where v, is the orthogonal combination to v;. Again, the decay channel t¢ — W()pe
or vice versa is present. The signals at the LHC for this scenario are richer in top and
bottom quarks than the previous one. When t¢, b, or €’ are doubly produced, they yield
events with bbbb + Fr or bbtt + Jr, which constitute an excellent opportunity for early
LHC discovery. These final states are very similar to supersymmetric scenarios where the
third generation squarks are lighter than the other sfermions and are produced mostly from
gluino decays [96, 97].

The stable v; could be a viable dark matter candidate. In fact, the fermions (¢ = (e, v¢)
and v/ have the gauge quantum numbers of a higgsino and a bino in supersymmetry (but
V' is a Dirac fermion). The analysis of dark matter phenomenology will be similar, with a
few significant differences: the higgsino-bino mixing provided by the gauge couplings to the
Higgs is replaced by [° — v/ mixing provided by the third and fourth Yukawa couplings in
eq. (5.1); the t-channel annihilations into SM fermions in supersymmetry proceed through
sfermion exchange, while here T is exchanged, via the first and last couplings in eq. (5.1).
Note that a purely v¢ dark matter would couple to the Z boson and scatter on nuclei at
the tree-level, with a spin-independent cross section [100] a few orders of magnitude larger
than the upper bound from direct dark matter searches. Therefore, v; should be mostly
made of the SU(2)y, singlet state v/, in order to constitute a viable dark matter candidate.
Contrary to the case of the bino, the v/ annihilations into SM fermions are not chirality
suppressed due to its Dirac nature.

As a matter of fact, a closely related scenario has been studied in detail in a warped
extra-dimension, with SO(10) gauge symmetry in the bulk [37, 38]. There, states with
the quantum numbers of our fermionic comparts are present and their phenomenology
is discussed. In particular, the lightest zero mode with Bs # 0 plays the role of dark
matter. Moreover, there are arguments that favour the analog of v/ to be the lightest, and
a detailed analysis of dark matter phenomenology is performed: while the relic density
is mostly controlled by SM gauge interactions for dark matter masses below ~ 100 GeV,
for larger masses it becomes more relevant to consider the interactions with the lightest
Kaluza-Klein resonances of the SO(10) gauge bosons (we did not discuss such multi-TeV
vector resonances in this paper).

Finally, concerning flavour transitions in this scenario, 7" cannot mediate FCNCs at
tree-level, due to its non-zero B3 charge. The only compart that couples linearly to the SM
fermions is b, that can mediate flavour transitions at loop-level; however the bounds are
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milder than the one from Zbb, that already requires my to lie above one TeV. Loop dia-
grams involving both 7" and a lighter fermionic compart may provide some mild constraint.

5.2 The model with tp € 16 and U(1)p,

The phenomenology turns out to be completely different if the baryon number of the
comparts is defined by the generator (B — L)go(10)- The absence of an external U(1)
symmetry introduces extra couplings that allow any of the comparts to decay to SM fields
and, in some cases, to be singly produced. With the help of tables 2 and 3 it is easy to list
all the allowed Yukawa interactions, as well as a few phenomenologically relevant dim-5
operators, coupling the comparts to the SM fields:

2 comparts : AGnlRT, MopbrvpT™, MNarggT™,

)\ /)\ c )\ c)\ / )\ C)\ /
PRC g H, SRR e H, SRR ISV H
9p 9p 9p
Ao/ .
Jf ep(PT™)tg ; (5.6)
)\2
1 comparts : )\qu;b’RH, —LqrqrT), MopbrtrT, ANy braRH ;
9p
Age .
S (PH (57)

In identifying the allowed couplings above, we worked in the natural pNGB basis, where H
and T have non-derivative interactions only if they are “contracted” with a coupling Ay,
that explicitly breaks SO(10); e.g. a coupling ¢,q¢%trH* is not present, even if allowed by
Gsm x U(1)g,.
Eq. (5.7) shows that T can couple to two quarks (or two antiquarks), predominantly
a bottom and a top. The coupling to light generations are much smaller, since they are
proportional to the corresponding Yukawas. Therefore, T" is a so-called (third-generation)
diquark. It can be singly produced at the LHC (or Tevatron), in association with a top
and possibly also a bottom, since its coupling to light quarks is comparatively negligible.
Still, we expect T' pair production through gluon fusion to be the dominant production
channel, unless its mass is unexpectedly large. The triplet decays promptly to top-bottom
final states,
T —tb, (5.8)

either left- or right-handed, although with different branching fractions. There exist several
experimental studies on diquarks at Tevatron [102] and recently also at the LHC [103, 104],
although they focus on diquark resonant production and decay to dijets, and therefore
their bounds are easily evaded in our scenario.?® Instead, we expect the discovery of our
third-generation diquarks to come from the study of events with ¢tbb finals states, when

38Nonetheless, the possibility is open that T couples to light generations more strongly than naively
expected (for instance to right-handed quarks, if their degree of compositeness is large). In that case the
diquark could be copiously produced at the LHC, where it should be seen as a resonance in the channel
pp — jj. The exclusion limits from Tevatron and LHC collaborations are comparable, with model dependent
mass bounds mr 2 1TeV [102-104].
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pair produced, or ttb, from single production. We also remark that this diquark does not
mediate flavour-changing neutral currents at tree level, since it connects an up-type quark
to a down-type quark.

For what concerns the coloured fermion comparts, since b’ has the same couplings to
the SM fields as in the case of U(1)p,, the same considerations for production and decay as
above apply. Now also the vector-like quark doublet ¢¢ couples to SM fields only, through
the last two terms in eq. (5.7). Therefore, t° and b° can be singly produced in association
with a top or a bottom, just as &’. Also, they predominantly decay to a bottom or a top
and a longitudinal EW vector boson:

t° —th, tZr, b —tW, . (5.9)

The lower bound on my from CDF discussed above also applies to mgye. Similar searches
exist for a toplike quark, leading to the bound mye 2 260 GeV [98]. These limits could be
strengthened studying correlations between ¢¢ and ¥ ,b° decays [99].

Finally, the colour singlet fermion comparts [¢, ¢/ and v/ carry a baryon number 41,
and therefore they must decay into three-quark final states. They actually do through T,
as apparent from the first two couplings as well as the last one in eq. (5.6). We find that
the dominant decay channels are

Ve, U —thh, €, e — tht . (5.10)

Since these states can be significantly produced only in pairs, events with a high multiplicity
of bottom and top quarks will be generated, i.e. bbbbtt or bbtttt. Since t — bW, and W
decays in turn either leptonically or hadronically, we expect events with ~ 6 b’s, plus
(same-sign) lepton(s) and/or jets, to be ideal channels for discovery. However, the required
luminosity is large, since the triquarks are produced through weak interactions only. We
believe that this model definitely deserves an accurate analysis of the third-generation
diquark and triquark signatures.

5.3 The model with ¢ € 10 and U(1)p,

Let us discuss the phenomenology in the case when the composite ti is embedded in the
fundamental representation of K = SO(10). Since 10 is a real representation, one needs
to prevent a vector-like mass term, m,1010, in order to keep tr massless before EWSB.
This is achieved automatically by imposing baryon number conservation in the form of
a symmetry U(1)g, external to SO(10). On the contrary, U(1)p, would allow for such a
mass term and therefore it is not a viable option. We display the quantum numbers of
the comparts in table 4, to promptly identify the allowed interactions between them and
the SM particles in table 2. Note that the baryon triality of the comparts is non-zero,
Bs(1¢) = Bs(l') = 1 and Bs(t°) = Bs(T) = 2, so that they cannot decay into SM final
states and the lightest compart is stable.
There is in fact a unique allowed Yukawa interaction between comparts and SM par-
ticles,
NnlrT . (5.11)
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Table 4. The gauge and baryon number assignments of the comparts in the case (2), that is with
tr € 10. The baryon number assignment external to SO(10) is adopted.

Therefore the phenomenology is controlled also by higher dimensional operators. Let us
classify the allowed two-fermion operators of dimension five:

Ate —
3 comparts : TttthRT*T* ,

&Et%TH , EE RTTH™, &@%TH " ﬁ@ rRT"H ;  (5.12)
f f f /
)\ )\l/ 1 . )\lc— )\l/—
2 comparts : ———Gr(dDl,, ——IStpT*H, =l tgT*H*,
P (@T)I, 7l 7l
)\ Cc — A ! )\ ! A Cc —
Jﬁ ;0 %zgng*H, 7ZZ’LZ§%H*H*, TZl%l}%HH . (5.13)

The last two terms of eq. (5.13) induce a mixing between v¢ and v/ of order
(Ne /A)F (02 £2); we call vy and vy, the corresponding light and heavy mass eigenstates.

When T is lighter than the fermionic comparts, the former is stable, while the latter
decay into SM+T final states, through the coupling in eq. (5.11) and those in the first line
of eq. (5.12) and eq. (5.13):

v, —tT*, € —=bT*, e = tWT*", ©—tT"T". (5.14)

The intermediate decay e¢ — l/l’hW(*) or vice versa is also possible, and similarly for
€/. When the t¢ decay channel in eq. (5.14) is not open kinematically, ms < 2mp, t°
can decay to bbtT, through a dim-7 operator, much in the same way as €’ in section 5.1.
The phenomenology of the stable T is basically the same as discussed for the model of
section 5.1, since its different charge appears difficult to measure. It will appear as missing
energy, when T hadronizes into a neutral bound state (e.g. T'@), or it can also hadronize
(with similar probability) to a charged bound state (e.g. T'd; T' can be distinguished from
T* because of the opposite charge of the hadron). The processes in eq. (5.14) will resemble
the supersymmetric ones for decays of neutralinos or charginos with a stable stop in the
final state, except for the decay of ¢¢ that has no counterpart in supersymmetry.

Alternatively, consider the possibility that the lightest compart is the neutral compo-
nent of [ or I/, more precisely the linear combination v;. The decays of T" and of the colour
singlet comparts into SM~+v; final states proceed through the channels

T —typ, be!, € — I/l’hW(*) , e — I/LhW(*) . vp— (Z,h)y . (5.15)
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Finally, the only coloured fermion compart decays through the operators in the second line
of eq. (5.12), as
¢ — Vl7hT* , (5.16)

where T™ and vy, could either be real or virtual.

Concerning dark matter, this scenario resembles that of section 5.1 with 1; as lightest
compart. In the present case v is a mixture of the SU(2), doublets components v/ and v¢,
that are both higgsino-like. This makes it a problematic dark matter candidate, for the
same reason as v in section 5.1: such a Dirac fermion scatters on nuclei at tree-level through
Z boson exchange, with a spin-independent cross section by far larger than allowed by direct
dark matter searches. One can envisage two ways out: either its number density today is
much lower than the one required to explain dark matter, e.g. due to the rapid annihilation
channel into W’s and possible additional channels via the composite sector; or it is split into
a pseudo-Dirac pair of fermions with mass difference dm 2 100keV, e.g. due to a small mix-
ing with an electroweak singlet Majorana fermion: in this case the coupling to Z of the light-
est state is suppressed by dm/m [101] and it thus becomes a viable dark matter candidate.

Let us conclude with a comparison between the two possibilities we adopted to prevent
baryon number violation. The choice between U(1)p, and U(1)p, determines whether T
is stable (or it decays to a lighter stable compart) or it behaves as a diquark, respectively.
We remind again that there are also alternative possibilities to suppress proton decay.
For example, if one adopts a U(1)3pyr, symmetry external to SO(10), 7" would behave
as a composite leptoquark mostly coupled to the third generation, as studied in ref. [68].
Clearly, the phenomenology of the exotic fermions also depends on this choice. In this
paper we explored two viable possibilities, since both are consistent with gauge coupling
unification and EWSB, with sensible differences in terms of the underlying model-building,
of constraints from EWPTs, and more importantly in terms of phenomenology at colliders.
What option is chosen by nature is an experimental question, at this stage.

6 Conclusions

We performed a first comprehensive analysis of composite-Higgs scenarios that account, at
the same time, for the stability of the EW scale and for gauge coupling unification. We
characterized in detail the structure of the composite sector, required to achieve precision
unification while realizing EWSB in agreement with EWPTs. These requirements deter-
mine the spectrum of light exotic particles below the compositeness scale, to be observed
in the first few years of the LHC operation. The effective theories we presented constitute
the low energy manifestation of fully natural theories valid up to the GUT scale, since the
EW-GUT hierarchy is stabilized by the strongly coupled dynamics of the composite sector.

The way precision unification is implemented can be summarized in two essential
requirements: (¢) the global symmetry group G of the composite sector, that necessarily
contains SU(3)c x SU(2)r, x U(1)y, must be a simple group; (i) the SM right-handed top
quark tp must be a composite state, as suggested by the large top mass. Then, under the
fairly generic assumptions discussed in section 2, it follows that the degree of unification
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at leading order is very good, comparable to the one of the minimal supersymmetric SM,
with unification scale Mgyt ~ 10'° GeV.

Given the additional requirement of custodial symmetry of the composite sector, that is
demanded by EW precision data, we found that the minimal implementation of composite
unification entails a symmetry G = SO(11), broken spontaneously at a scale of the order
of a few TeVs to £ = SO(10). It is amusing that the SO(10) technology, developed to
study the GUT scale sector in weakly coupled theories of unification, is brought down to
earth in the composite GUT scenario, where it relates to the TeV scale particle content.
One remarkable example is the prediction of a colour triplet scalar T' associated with the
Higgs doublet H: together they fill the composite pPNGB multiplet, transforming in the 10
representation of SO(10).

We find that the price to pay to make the composite GUT scenario realistic is high,
but it is rewarded by the existence of fully viable and relatively compact models, that
address the hierarchy problem and the gauge unification as effectively as low energy super-
symmetry does, and predict very distinctive signals in forthcoming collider searches. Here
is a summary of the main difficulties to address in the construction of a composite GUT
model, and of the solutions we proposed and investigated in our analysis:

e The compositeness of t g demands for an ad hoc content of elementary chiral fermions:
the SM ones, but without the top isosinglet, plus a set of exotic ones to pair with the
SO(10) partners of tp and make them massive. We have shown how this content can
be simply understood, complementing the three SM generations with an extra SO(10)
multiplet of chiral fermions, and decoupling the top isosinglet with a mass ~ MgyT.
This provides an anomaly-free set of elementary fermions which is exactly the one
needed for the precise unification of gauge couplings. The tp partners are vector-
like fermions with masses below the compositeness scale (as much as supersymmetric
partners shall be found below the scale of supersymmetry breaking). We studied
the potentially dangerous contributions of these exotic fermions to the EW precision
parameters in two cases, tg € 16 and tg € 10. In the first case, the contributions
from the exotic fermion ¥ to T and dgp, constrain the allowed range for f and
we find the lower bound f 2 500GeV. In the second case, the contributions to
T and 0gp, from the exotic fermions can be suppressed, since they do not violate
SU(2)r, x SU(2)Rr x PpR, as long as they have equal masses. The stronger constraints
come from the usual correction to S of composite-Higgs models, and from the negative
contribution to 7' from my,. We find a lower bound f 2 600 GeV, that could be relaxed
taking a large custodial violating mass difference between the exotic fermions.

e Too fast proton decay (and too large neutrino masses) must be forbidden imposing
that the composite sector and its couplings to the elementary sector respect baryon
(and lepton) number; this requirement compares with R-parity in the case of su-
persymmetry. We identified two consistent ways to assign baryon number to the
composite states, adopting a symmetry U(1)p that is either external or internal to
the SO(10) global symmetry. In particular, the lightest composite particles, that is to
say T and the partners of ¢, have different baryon numbers in the two cases. Baryon
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number violation is thus forbidden in spite of a scalar sector that contains both a
Higgs doublet and a colour triplet. However, the U(1)p symmetry seems to require
that the chiral elementary fermions do not fill complete GUT multiplets: it remains
an open challenge to realize the needed splitting at the GUT scale, in analogy with
the doublet-triplet splitting problem of supersymmetric GUTs.

e The minimization of the pNGB potential Vog(H,T) depends on the interplay be-
tween the large SM couplings, gs and y;, and two free parameters, the exotic fermion
coupling A, and the inter-composite coupling g,. We demonstrated that Vg is com-
patible with EWSB with no colour breaking in a sizable portion of parameter space.
This region is reduced significantly by EWPTs, introducing the so-called little hierar-
chy problem. The fine-tuning is customarily estimated by the parameter £ = v?/f2.
As discussed above, we gratifyingly find that our composite GUT models are fully
compatible with £ ~ 0.1 (10% tuning), comparable to minimal composite-Higgs mod-
els. However, a sufficiently large exotic coupling A, is necessary to achieve EWSB,
and its value is strongly correlated with £ so that, to comply with EWPTs, A, is
restricted to a narrow range that depends on g,.

The analysis of EWSB and EWPTs allowed us to identify the favoured range for
the parameters f, g, and A\;. This in turn determines the masses of the light composite
states: the Higgs, the triplet T, and the exotic fermions z’s. In the case with tg € 16,
we find that the exotic fermions are expected to lie in the range m,; = A\, f ~ 1 —3TeV
(assuming ¢ < 0.1, to bar unnecessary fine-tuning), although some z’s are allowed to have
a significantly lighter mass. The mass of the Higgs rapidly grows with A, so that heavier
x’s correspond to a heavier Higgs. We find my, values typically larger than 400 GeV, and
up to 800 GeV. The mass of the triplet is dominated by gluon loops, yielding my 2 1TeV,
increasing with m, = g,f. In the case with tp € 10 lighter states are expected, with
masses as light as the experimental lower bounds. This is due to the lower value of A,
needed to realize EWSB and to the smaller number of exotic fermions, with respect to the
previous case.

Having delimited the territory of viable composite GUT models, we performed a first
survey of the phenomenology at colliders. The distinctive features of this scenario is that
the Higgs doublet and the right-handed top are composite, and they are both accompanied
by their SO(10) partners (comparts). Were these comparts identified experimentally, one
would obtain a suggestive indication in favour of grand unification. The phenomenology of
comparts strongly depends on their baryon number, since this determines, along with the
SM gauge symmetries, their couplings to the SM particles. We identify two main scenarios,
characterized by broadly different signatures:

(i) When U(1)p is chosen to be external to SO(10), the lightest compart with non-zero
baryon triality is stable. This will manifest at the LHC either as a charged track
associated to a heavy particle, or as large missing transverse energy. In both cases,
top and/or bottom quarks are expected in the final state. The stable compart, if
colourless and neutral, may account for the dark matter energy density.
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(79) When U(1)g is internal to SO(10), there is no stable compart. The triplet 7' behaves
as a third generation diquark, while the colour singlet fermion comparts are third
generation triquarks: they decay respectively to two or three quarks, predominantly
tops and bottoms, what yields striking events such as pp — bbbbtt or bbtttt.

Since the coloured comparts have the largest production cross sections, they could be copi-
ously produced in the initial LHC running, so they are perfect targets for early discovery.
The signals have a significant intersection with those for third generation squarks and
gluinos in the supersymmetric scenario. Still there are a few distinguishing features, as we
detailed in section 5: some comparts resemble fourth generation quarks, and there is the
possibility of no stable particles with, correspondingly, events with higher multiplicity of
tops and bottoms.

Finally, let us remark that it will be more difficult to demonstrate the composite nature
of the new particles at the LHC. Previous analyses to characterize the compositeness of
the Higgs and of the top indicate the need of precision measurements of their couplings,
that require large integrated luminosity. We expect that the compositeness of the comparts
could be deciphered conducting similar investigations. This would ultimately distinguish
them from elementary states with identical quantum numbers (e.g. a stable colour triplet
T shares many similarities with a stable stop). These compositeness measurements will
probe new physics associated to the scale f, which we expect to be close to the EW scale
by naturalness arguments, and they may be the first hint for a strongly interacting sector,
even when the resonances with mass ~ m, are too heavy to be directly observed.

We thus suggest that the first new physics signals at the LHC may come from (coloured)
particles associated with a strongly interacting sector, that must accompany the Higgs and
the top quark when the global symmetry of this sector unifies the EW and the colour
interactions. These new states must be lighter than the compositeness scale and their
discovery would point to a more accurate gauge coupling unification, with respect to the
SM field content. In the absence of these signals, the idea of composite GUTs with a
natural EW scale may be ruled out within a few years. If instead some of its specific
predictions were confirmed, this scenario could receive substantial support.

Acknowledgments

We thank Roberto Contino, Arthur Hebecker, Slava Rychkov and especially Alex Pomarol
for the many enlightening discussions. This work was supported in part by the Spanish Re-
search Project CICYT-FEDER-FPA-2008-01430 and Consolider-Ingenio 2010 Programme
CPAN (CSD2007-00042). The work of MF was also supported by the Marie-Curie Reinte-
gration Grant PERG06-GA-2009-256374 within the European Community FP7. The work
of JS was also supported by the Spanish MEC FPU grant No. AP2006-03102.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution Noncommercial License which permits any noncommercial use, distribution,
and reproduction in any medium, provided the original author(s) and source are credited.

— 53 —



References

[1]

2]

[3]

[4]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

D.B. Kaplan and H. Georgi, SU(2) x U(1) Breaking by Vacuum Misalignment, Phys. Lett.
B 136 (1984) 183 [SPIRES].

H. Georgi and D.B. Kaplan, Composite Higgs and Custodial SU(2), Phys. Lett. B 145
(1984) 216 [SPIRES)].

D.B. Kaplan, H. Georgi and S. Dimopoulos, Composite Higgs Scalars, Phys. Lett. B 136
(1984) 187 [SPIRES].

M.J. Dugan, H. Georgi and D.B. Kaplan, Anatomy of a Composite Higgs Model, Nucl.
Phys. B 254 (1985) 299 [SPIRES].

R. Contino, Y. Nomura and A. Pomarol, Higgs as a holographic pseudo-Goldstone boson,
Nucl. Phys. B 671 (2003) 148 [hep-ph/0306259] [SPIRES].

K. Agashe, R. Contino and A. Pomarol, The Minimal Composite Higgs Model, Nucl. Phys.
B 719 (2005) 165 [hep-ph/0412089] [SPIRES].

R. Contino, TASI 2009 lectures: The Higgs as a Composite Nambu-Goldstone Boson,
arXiv:1005.4269 [SPIRES].

S. Weinberg, Implications of Dynamical Symmetry Breaking, Phys. Rev. D 13 (1976) 974
[SPIRES].

L. Susskind, Dynamics of Spontaneous Symmetry Breaking in the Weinberg- Salam Theory,
Phys. Rev. D 20 (1979) 2619 [SPIRES].

K. Lane, Two lectures on technicolor, hep-ph/0202255 [SPIRES].

C. Cséki, C. Grojean, L. Pilo and J. Terning, Towards a realistic model of Higgsless
electroweak symmetry breaking, Phys. Rev. Lett. 92 (2004) 101802 [hep-ph/0308038]
[SPIRES].

N. Arkani-Hamed, A.G. Cohen and H. Georgi, FElectroweak symmetry breaking from
dimensional deconstruction, Phys. Lett. B 513 (2001) 232 [hep-ph/0105239] [SPIRES].

M. Schmaltz and D. Tucker-Smith, Little Higgs Review, Ann. Rev. Nucl. Part. Sci. 55
(2005) 229 [hep-ph/0502182] [SPIRES].

J.C. Pati and A. Salam, Lepton Number as the Fourth Color, Phys. Rev. D 10 (1974) 275
[Erratum bid D 11 (1975) 703] [SPIRES].

H. Georgi and S.L. Glashow, Unity of All Elementary Particle Forces, Phys. Rev. Lett. 32
(1974) 438 [SPIRES].

H. Georgi, H.R. Quinn and S. Weinberg, Hierarchy of Interactions in Unified Gauge
Theories, Phys. Rev. Lett. 33 (1974) 451 [SPIRES].

H. Georgi, Unified Gauge Theories, in Coral Gables 1975, Proceedings, Theories and
Ezperiments In High Energy Physics, New York U.S.A. (1975), pg. 329-339 [SPIRES].

H. Fritzsch and P. Minkowski, Unified Interactions of Leptons and Hadrons, Ann. Phys. 93
(1975) 193 [SPIRES].

S. Dimopoulos, S. Raby and F. Wilczek, Supersymmetry and the Scale of Unification, Phys.
Rev. D 24 (1981) 1681 [SPIRES].

S. Dimopoulos and H. Georgi, Softly Broken Supersymmetry and SU(5), Nucl. Phys. B 193
(1981) 150 [SPIRES].

~ 54—


http://dx.doi.org/10.1016/0370-2693(84)91177-8
http://dx.doi.org/10.1016/0370-2693(84)91177-8
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B136,183
http://dx.doi.org/10.1016/0370-2693(84)90341-1
http://dx.doi.org/10.1016/0370-2693(84)90341-1
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B145,216
http://dx.doi.org/10.1016/0370-2693(84)91178-X
http://dx.doi.org/10.1016/0370-2693(84)91178-X
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B136,187
http://dx.doi.org/10.1016/0550-3213(85)90221-4
http://dx.doi.org/10.1016/0550-3213(85)90221-4
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B254,299
http://dx.doi.org/10.1016/j.nuclphysb.2003.08.027
http://arxiv.org/abs/hep-ph/0306259
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0306259
http://dx.doi.org/10.1016/j.nuclphysb.2005.04.035
http://dx.doi.org/10.1016/j.nuclphysb.2005.04.035
http://arxiv.org/abs/hep-ph/0412089
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0412089
http://arxiv.org/abs/1005.4269
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1005.4269
http://dx.doi.org/10.1103/PhysRevD.13.974
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,D13,974
http://dx.doi.org/10.1103/PhysRevD.20.2619
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,D20,2619
http://arxiv.org/abs/hep-ph/0202255
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0202255
http://dx.doi.org/10.1103/PhysRevLett.92.101802
http://arxiv.org/abs/hep-ph/0308038
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0308038
http://dx.doi.org/10.1016/S0370-2693(01)00741-9
http://arxiv.org/abs/hep-ph/0105239
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0105239
http://dx.doi.org/10.1146/annurev.nucl.55.090704.151502
http://dx.doi.org/10.1146/annurev.nucl.55.090704.151502
http://arxiv.org/abs/hep-ph/0502182
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0502182
http://dx.doi.org/10.1103/PhysRevD.10.275
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,D10,275
http://dx.doi.org/10.1103/PhysRevLett.32.438
http://dx.doi.org/10.1103/PhysRevLett.32.438
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA,32,438
http://dx.doi.org/10.1103/PhysRevLett.33.451
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA,33,451
http://www.slac.stanford.edu/spires/find/hep/www?irn=660027
http://dx.doi.org/10.1016/0003-4916(75)90211-0
http://dx.doi.org/10.1016/0003-4916(75)90211-0
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=APNYA,93,193
http://dx.doi.org/10.1103/PhysRevD.24.1681
http://dx.doi.org/10.1103/PhysRevD.24.1681
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,D24,1681
http://dx.doi.org/10.1016/0550-3213(81)90522-8
http://dx.doi.org/10.1016/0550-3213(81)90522-8
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B193,150

[21] N. Sakai, Naturalness in Supersymmetric Guts, Zeit. Phys. C 11 (1981) 153 [SPIRES].

[22] L.E. Ibdnez and G.G. Ross, Low-Energy Predictions in Supersymmetric Grand Unified
Theories, Phys. Lett. B 105 (1981) 439 [SPIRES].

[23] M.B. Einhorn and D.R.T. Jones, The Weak Mizing Angle and Unification Mass in
Supersymmetric SU(5), Nucl. Phys. B 196 (1982) 475 [SPIRES].

[24] W.J. Marciano and G. Senjanovié, Predictions of Supersymmetric Grand Unified Theories,
Phys. Rev. D 25 (1982) 3092 [SPIRES].

[25] S. Raby, in PARTICLE DATA GROUP collaboration, K. Nakamura et al., Review of particle
physics, J. Phys. G 37 (2010) 075021 [SPIRES].

[26] J.M. Maldacena, The large-N limit of superconformal field theories and supergravity, Int. J.
Theor. Phys. 38 (1999) 1113 [Adv. Theor. Math. Phys. 2 (1998) 231] [hep-th/9711200]
[SPIRES].

[27] S.S. Gubser, I.R. Klebanov and A.M. Polyakov, Gauge theory correlators from non-critical
string theory, Phys. Lett. B 428 (1998) 105 [hep-th/9802109] [SPIRES].

[28] E. Witten, Anti-de Sitter space and holography, Adv. Theor. Math. Phys. 2 (1998) 253
[hep-th/9802150] [SPIRES].

[29] L. Randall and R. Sundrum, A large mass hierarchy from a small extra dimension, Phys.
Rev. Lett. 83 (1999) 3370 [hep-ph/9905221] [SPIRES].

[30] A. Pomarol, Grand Unified Theories without the Desert, Phys. Rev. Lett. 85 (2000) 4004
[hep-ph/0005293] [SPIRES].

[31] L. Randall and M.D. Schwartz, Quantum field theory and unification in AdS5, JHEP 11
(2001) 003 [hep-th/0108114] [SPIRES].

[32] W.D. Goldberger, Y. Nomura and D. Tucker-Smith, Warped supersymmetric grand
unification, Phys. Rev. D 67 (2003) 075021 [hep-ph/0209158] [SPIRES].

[33] K. Agashe, A. Delgado and R. Sundrum, Grand unification in RS1, Ann. Phys. 304 (2003)
145 [hep-ph/0212028] [SPIRES].

[34] M.S. Carena, A. Delgado, E. Ponton, T.M.P. Tait and C.E.M. Wagner, Precision
electroweak data and unification of couplings in warped extra dimensions, Phys. Rev. D 68
(2003) 035010 [hep-ph/0305188] [SPIRES].

[35] Y. Nomura and D. Tucker-Smith, Matter unification in warped supersymmetric SO(10),
Nucl. Phys. B 698 (2004) 92 [hep-ph/0403171] [SPIRES].

[36] T. Gherghetta, Partly supersymmetric grand unification, Phys. Rev. D 71 (2005) 065001
[hep-ph/0411090] [SPIRES].

[37] K. Agashe and G. Servant, Warped unification, proton stability and dark matter, Phys. Rev.
Lett. 93 (2004) 231805 [hep-ph/0403143] [SPIRES].

[38] K. Agashe and G. Servant, Baryon number in warped GUTs: Model building and (dark
matter related) phenomenology, JCAP 02 (2005) 002 [hep-ph/0411254] [SPIRES].

[39] K. Agashe, R. Contino and R. Sundrum, Top compositeness and precision unification, Phys.
Rev. Lett. 95 (2005) 171804 [hep-ph/0502222] [SPIRES].

[40] A.M. Polyakov, Effect of strong interactions on vacuum polarization, Zh. Eksp. Teor. Fiz.
63 (1972) 24 [SPIRES].

— 55 —


http://dx.doi.org/10.1007/BF01573998
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=ZEPYA,C11,153
http://dx.doi.org/10.1016/0370-2693(81)91200-4
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B105,439
http://dx.doi.org/10.1016/0550-3213(82)90502-8
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B196,475
http://dx.doi.org/10.1103/PhysRevD.25.3092
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,D25,3092
http://dx.doi.org/10.1088/0954-3899/37/7A/075021
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JPHGB,G37,075021
http://dx.doi.org/10.1023/A:1026654312961
http://dx.doi.org/10.1023/A:1026654312961
http://arxiv.org/abs/hep-th/9711200
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/9711200
http://dx.doi.org/10.1016/S0370-2693(98)00377-3
http://arxiv.org/abs/hep-th/9802109
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/9802109
http://arxiv.org/abs/hep-th/9802150
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/9802150
http://dx.doi.org/10.1103/PhysRevLett.83.3370
http://dx.doi.org/10.1103/PhysRevLett.83.3370
http://arxiv.org/abs/hep-ph/9905221
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9905221
http://dx.doi.org/10.1103/PhysRevLett.85.4004
http://arxiv.org/abs/hep-ph/0005293
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0005293
http://dx.doi.org/10.1088/1126-6708/2001/11/003
http://dx.doi.org/10.1088/1126-6708/2001/11/003
http://arxiv.org/abs/hep-th/0108114
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0108114
http://dx.doi.org/10.1103/PhysRevD.67.075021
http://arxiv.org/abs/hep-ph/0209158
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0209158
http://dx.doi.org/10.1016/S0003-4916(03)00013-7
http://dx.doi.org/10.1016/S0003-4916(03)00013-7
http://arxiv.org/abs/hep-ph/0212028
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0212028
http://dx.doi.org/10.1103/PhysRevD.68.035010
http://dx.doi.org/10.1103/PhysRevD.68.035010
http://arxiv.org/abs/hep-ph/0305188
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0305188
http://dx.doi.org/10.1016/j.nuclphysb.2004.07.031
http://arxiv.org/abs/hep-ph/0403171
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0403171
http://dx.doi.org/10.1103/PhysRevD.71.065001
http://arxiv.org/abs/hep-ph/0411090
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0411090
http://dx.doi.org/10.1103/PhysRevLett.93.231805
http://dx.doi.org/10.1103/PhysRevLett.93.231805
http://arxiv.org/abs/hep-ph/0403143
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0403143
http://dx.doi.org/10.1088/1475-7516/2005/02/002
http://arxiv.org/abs/hep-ph/0411254
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0411254
http://dx.doi.org/10.1103/PhysRevLett.95.171804
http://dx.doi.org/10.1103/PhysRevLett.95.171804
http://arxiv.org/abs/hep-ph/0502222
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0502222
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=ZETFA,63,24

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

D.B. Kaplan, Flavor at SSC energies: A New mechanism for dynamically generated fermion
masses, Nucl. Phys. B 365 (1991) 259 [SPIRES].

R. Contino, T. Kramer, M. Son and R. Sundrum, Warped/Composite Phenomenology
Simplified, JHEP 05 (2007) 074 [hep-ph/0612180] [SPIRES].

G.F. Giudice, C. Grojean, A. Pomarol and R. Rattazzi, The Strongly-Interacting Light
Higgs, JHEP 06 (2007) 045 [hep-ph/0703164] [SPIRES].

N. Arkani-Hamed, M. Porrati and L. Randall, Holography and phenomenology, JHEP 08
(2001) 017 [hep-th/0012148] [SPIRES].

R. Contino, P. Creminelli and E. Trincherini, Holographic evolution of gauge couplings,
JHEP 10 (2002) 029 [hep-th/0208002] [SPIRES].

D. Poland and D. Simmons-Duffin, Bounds on 4D Conformal and Superconformal Field
Theories, JHEP 05 (2011) 017 [arXiv:1009.2087] [SPIRES].

R. Rattazzi, S. Rychkov and A. Vichi, Bounds in 4D Conformal Field Theories with Global
Symmetry, J. Phys. A 44 (2011) 035402 [arXiv:1009.5985] [SPIRES].

K. Agashe, R. Contino, L. Da Rold and A. Pomarol, A custodial symmetry for Z b anti-b,
Phys. Lett. B 641 (2006) 62 [hep-ph/0605341] [SPIRES].

F. del Aguila, A. Carmona and J. Santiago, Neutrino Masses from an A4 Symmetry in
Holographic Composite Higgs Models, JHEP 08 (2010) 127 [arXiv:1001.5151] [SPIRES].

G. ’t Hooft, Naturalness, Chiral Symmetry, And Spontaneous Chiral Symmetry Breaking,
NATO Adv. Study Inst. Ser. B Phys. 59 (1980) 135 [SPIRES].

R. Barbieri, G.R. Dvali and A. Strumia, Grand unified supersymmetric Higgs bosons as
pseudoGoldstone particles, Nucl. Phys. B 391 (1993) 487 [SPIRES].

A. Pomarol and J. Serra, Top Quark Compositeness: Feasibility and Implications, Phys.
Rev. D 78 (2008) 074026 [arXiv:0806.3247] [SPIRES].

R. Contino, L. Da Rold and A. Pomarol, Light custodians in natural composite Higgs
models, Phys. Rev. D 75 (2007) 055014 [hep-ph/0612048] [SPIRES].

M. Piai, Lectures on walking technicolor, holography and gauge/gravity dualities, Adv. High
Energy Phys. 2010 (2010) 464302 [arXiv:1004.0176] [SPIRES].

PARTICLE DATA GROUP collaboration, K. Nakamura et al., Review of particle physics, J.
Phys. G 37 (2010) 075021 [SPIRES].

R. Barbieri, A. Pomarol, R. Rattazzi and A. Strumia, Electroweak symmetry breaking after
LEP-1 and LEP-2, Nucl. Phys. B 703 (2004) 127 [hep-ph/0405040] [SPIRES].

M.E. Peskin and T. Takeuchi, Estimation of oblique electroweak corrections, Phys. Rev. D
46 (1992) 381 [SPIRES].

R. Barbieri, B. Bellazzini, V.S. Rychkov and A. Varagnolo, The Higgs boson from an
extended symmetry, Phys. Rev. D 76 (2007) 115008 [arXiv:0706.0432] [SPIRES].

P. Sikivie, L. Susskind, M.B. Voloshin and V.I. Zakharov, Isospin Breaking in Technicolor
Models, Nucl. Phys. B 173 (1980) 189 [SPIRES].

K. Kumar, W. Shepherd, T.M.P. Tait and R. Vega-Morales, Beautiful Mirrors at the LHC,
JHEP 08 (2010) 052 [arXiv:1004.4895] [SPIRES].

— 56 —


http://dx.doi.org/10.1016/S0550-3213(05)80021-5
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B365,259
http://dx.doi.org/10.1088/1126-6708/2007/05/074
http://arxiv.org/abs/hep-ph/0612180
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0612180
http://dx.doi.org/10.1088/1126-6708/2007/06/045
http://arxiv.org/abs/hep-ph/0703164
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0703164
http://dx.doi.org/10.1088/1126-6708/2001/08/017
http://dx.doi.org/10.1088/1126-6708/2001/08/017
http://arxiv.org/abs/hep-th/0012148
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0012148
http://dx.doi.org/10.1088/1126-6708/2002/10/029
http://arxiv.org/abs/hep-th/0208002
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0208002
http://dx.doi.org/10.1007/JHEP05(2011)017
http://arxiv.org/abs/1009.2087
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1009.2087
http://dx.doi.org/10.1088/1751-8113/44/3/035402
http://arxiv.org/abs/1009.5985
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1009.5985
http://dx.doi.org/10.1016/j.physletb.2006.08.005
http://arxiv.org/abs/hep-ph/0605341
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0605341
http://dx.doi.org/10.1007/JHEP08(2010)127
http://arxiv.org/abs/1001.5151
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1001.5151
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NASBD,59,135
http://dx.doi.org/10.1016/0550-3213(93)90080-9
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B391,487
http://dx.doi.org/10.1103/PhysRevD.78.074026
http://dx.doi.org/10.1103/PhysRevD.78.074026
http://arxiv.org/abs/0806.3247
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0806.3247
http://dx.doi.org/10.1103/PhysRevD.75.055014
http://arxiv.org/abs/hep-ph/0612048
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0612048
http://dx.doi.org/10.1155/2010/464302
http://dx.doi.org/10.1155/2010/464302
http://arxiv.org/abs/1004.0176
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1004.0176
http://dx.doi.org/10.1088/0954-3899/37/7A/075021
http://dx.doi.org/10.1088/0954-3899/37/7A/075021
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JPHGB,G37,075021
http://dx.doi.org/10.1016/j.nuclphysb.2004.10.014
http://arxiv.org/abs/hep-ph/0405040
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0405040
http://dx.doi.org/10.1103/PhysRevD.46.381
http://dx.doi.org/10.1103/PhysRevD.46.381
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,D46,381
http://dx.doi.org/10.1103/PhysRevD.76.115008
http://arxiv.org/abs/0706.0432
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0706.0432
http://dx.doi.org/10.1016/0550-3213(80)90214-X
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B173,189
http://dx.doi.org/10.1007/JHEP08(2010)052
http://arxiv.org/abs/1004.4895
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1004.4895

[61] I. Dorsner and P. Fileviez Perez, How long could we live?, Phys. Lett. B 625 (2005) 83
[hep-ph/0410198] [SPIRES].

[62] Y. Kawamura, Gauge symmetry reduction from the extra space S(1)/Z(2), Prog. Theor.
Phys. 103 (2000) 613 [hep-ph/9902423] [SPIRES].

[63] G. Altarelli and F. Feruglio, SU(5) grand unification in extra dimensions and proton decay,
Phys. Lett. B 511 (2001) 257 [hep-ph/0102301] [SPIRES].

[64] L.J. Hall and Y. Nomura, Gauge unification in higher dimensions, Phys. Rev. D 64 (2001)
055003 [hep-ph/0103125] [SPIRES].

[65] A. Hebecker and J. March-Russell, A minimal S(1)/(Z(2) x Z'(2)) orbifold GUT, Nucl.
Phys. B 613 (2001) 3 [hep-ph/0106166] [SPIRES].

[66] A. Hebecker and J. March-Russell, Proton decay signatures of orbifold GUTs, Phys. Lett. B
539 (2002) 119 [hep-ph/0204037] [SPIRES].

[67] L.J. Hall and Y. Nomura, A complete theory of grand unification in five dimensions, Phys.
Rev. D 66 (2002) 075004 [hep-ph/0205067] [SPIRES].

[68] B. Gripaios, Composite Leptoquarks at the LHC, JHEP 02 (2010) 045 [arXiv:0910.1789]
[SPIRES].

[69] G.R. Dvali, Light Colour-Triplet Higgs is Compatible with Proton Stability: An alternative
approach to the doublet-triplet splitting problem, Phys. Lett. B 372 (1996) 113
[hep-ph/9511237] [SPIRES].

[70] D.C. Kennedy, Global symmetry properties of electroweak heavy physics parameters, Phys.
Lett. B 268 (1991) 86 [SPIRES].

[71] S.R. Coleman, J. Wess and B. Zumino, Structure of phenomenological Lagrangians. 1, Phys.
Rev. 177 (1969) 2239 [SPIRES].

[72] C.G. Callan Jr., S.R. Coleman, J. Wess and B. Zumino, Structure of phenomenological
Lagrangians. 2, Phys. Rev. 177 (1969) 2247 [SPIRES].

[73] E. Witten, Some Inequalities Among Hadron Masses, Phys. Rev. Lett. 51 (1983) 2351
[SPIRES].

[74] J. Preskill, Subgroup Alignment in Hypercolor Theories, Nucl. Phys. B 177 (1981) 21
[SPIRES].

[75] B. Gripaios, A. Pomarol, F. Riva and J. Serra, Beyond the Minimal Composite Higgs
Model, JHEP 04 (2009) 070 [arXiv:0902.1483] [SPIRES].

[76] K. Kumar, T.M.P. Tait and R. Vega-Morales, Manifestations of Top Compositeness at
Colliders, JHEP 05 (2009) 022 [arXiv:0901.3808] [SPIRES].

[77] S. Jung and J.D. Wells, Low-scale warped extra dimension and its predilection for multiple
top quarks, JHEP 11 (2010) 001 [arXiv:1008.0870] [SPIRES].

[78] G. Servant, Four-Top Events At The LHC, proceedings of the Physics at the LHC 2010,
Berlin Germany (2010), DESY-PROC-2010-01/251.

[79] R. Contino and G. Servant, Discovering the top partners at the LHC using same-sign
dilepton final states, JHEP 06 (2008) 026 [arXiv:0801.1679] [SPIRES].

[80] C.-R. Chen, W. Klemm, V. Rentala and K. Wang, Color Sextet Scalars at the CERN Large
Hadron Collider, Phys. Rev. D 79 (2009) 054002 [arXiv:0811.2105] [SPIRES].

— 57—


http://dx.doi.org/10.1016/j.physletb.2005.08.039
http://arxiv.org/abs/hep-ph/0410198
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0410198
http://dx.doi.org/10.1143/PTP.103.613
http://dx.doi.org/10.1143/PTP.103.613
http://arxiv.org/abs/hep-ph/9902423
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9902423
http://dx.doi.org/10.1016/S0370-2693(01)00650-5
http://arxiv.org/abs/hep-ph/0102301
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0102301
http://dx.doi.org/10.1103/PhysRevD.64.055003
http://dx.doi.org/10.1103/PhysRevD.64.055003
http://arxiv.org/abs/hep-ph/0103125
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0103125
http://dx.doi.org/10.1016/S0550-3213(01)00374-1
http://dx.doi.org/10.1016/S0550-3213(01)00374-1
http://arxiv.org/abs/hep-ph/0106166
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0106166
http://dx.doi.org/10.1016/S0370-2693(02)02072-5
http://dx.doi.org/10.1016/S0370-2693(02)02072-5
http://arxiv.org/abs/hep-ph/0204037
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0204037
http://dx.doi.org/10.1103/PhysRevD.66.075004
http://dx.doi.org/10.1103/PhysRevD.66.075004
http://arxiv.org/abs/hep-ph/0205067
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0205067
http://dx.doi.org/10.1007/JHEP02(2010)045
http://arxiv.org/abs/0910.1789
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0910.1789
http://dx.doi.org/10.1016/0370-2693(96)00022-6
http://arxiv.org/abs/hep-ph/9511237
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9511237
http://dx.doi.org/10.1016/0370-2693(91)90927-I
http://dx.doi.org/10.1016/0370-2693(91)90927-I
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B268,86
http://dx.doi.org/10.1103/PhysRev.177.2239
http://dx.doi.org/10.1103/PhysRev.177.2239
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,177,2239
http://dx.doi.org/10.1103/PhysRev.177.2247
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,177,2247
http://dx.doi.org/10.1103/PhysRevLett.51.2351
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA,51,2351
http://dx.doi.org/10.1016/0550-3213(81)90265-0
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B177,21
http://dx.doi.org/10.1088/1126-6708/2009/04/070
http://arxiv.org/abs/0902.1483
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0902.1483
http://dx.doi.org/10.1088/1126-6708/2009/05/022
http://arxiv.org/abs/0901.3808
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0901.3808
http://dx.doi.org/10.1007/JHEP11(2010)001
http://arxiv.org/abs/1008.0870
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1008.0870
http://dx.doi.org/10.1088/1126-6708/2008/06/026
http://arxiv.org/abs/0801.1679
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0801.1679
http://dx.doi.org/10.1103/PhysRevD.79.054002
http://arxiv.org/abs/0811.2105
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0811.2105

[81]

[82]

F. del Aguila, A. Carmona and J. Santiago, Tau Custodian searches at the LHC, Phys. Lett.
B 695 (2011) 449 [arXiv:1007.4206] [SPIRES].

CDF collaboration, T. Aaltonen et al., Search for New Bottomlike Quark Pair Decays
QQ — (tWF)(EW™) in Same-Charge Dilepton Events, Phys. Rev. Lett. 104 (2010) 091801
[arXiv:0912.1057] [SPIRES].

CDF collaboration, T. Aaltonen et al., Search for New Particles Leading to Z+ jets Final
States in pp Collisions at /s = 1.96 TeV, Phys. Rev. D 76 (2007) 072006
[arXiv:0706.3264] [SPIRES].

CMS collaboration, S. Chatrchyan et al., Search for a Heavy Bottom-like Quark in pp
Collisions at /s =7 TeV, arXiv:1102.4746 [SPIRES].

J. Mrazek and A. Wulzer, A Strong Sector at the LHC: Top Partners in Same-Sign
Dileptons, Phys. Rev. D 81 (2010) 075006 [arXiv:0909.3977] [SPIRES].

K. Cheung and G.-C. Cho, Hadronic production of light color triplet Higgs bosons: An
Alternative signature for GUT, Phys. Rev. D 67 (2003) 075003 [hep-ph/0212063]
[SPIRES].

G.R. Farrar, R. Mackeprang, D. Milstead and J.P. Roberts, Limit on the mass of a
long-lived or stable gluino, JHEP 02 (2011) 018 [arXiv:1011.2964] [SPIRES].

CDF collaboration, T. Aaltonen et al., Search for Long-Lived Massive Charged Particles in
1.96 TeV pp Collisions, Phys. Rev. Lett. 103 (2009) 021802 [arXiv:0902.1266] [SPIRES].

CMS collaboration, V. Khachatryan et al., Search for Heavy Stable Charged Particles in pp
collisions at /s =7 TeV, JHEP 03 (2011) 024 [arXiv:1101.1645] [SPIRES].

ATLAS collaboration, G. Aad et al., Search for supersymmetry using final states with one
lepton, jets and missing transverse momentum with the ATLAS detector in /s =7 TeV pp,
arXiv:1102.2357 [SPIRES].

CMS collaboration, V. Khachatryan et al., Search for Supersymmetry in pp Collisions at
7TeV in Events with Jets and Missing Transverse Energy, Phys. Lett. B 698 (2011) 196
[arXiv:1101.1628] [SPIRES].

G.D. Starkman, A. Gould, R. Esmailzadeh and S. Dimopoulos, Opening the window on
strongly interacting dark matter, Phys. Rev. D 41 (1990) 3594 [SPIRES].

A L. Erickcek, P.J. Steinhardt, D. McCammon and P.C. McGuire, Constraints on the
Interactions between Dark Matter and Baryons from the X-ray Quantum Calorimetry
Ezperiment, Phys. Rev. D 76 (2007) 042007 [arXiv:0704.0794] [SPIRES].

G.D. Mack, J.F. Beacom and G. Bertone, Towards Closing the Window on Strongly
Interacting Dark Matter: Far-Reaching Constraints from Earth’s Heat Flow, Phys. Rev. D
76 (2007) 043523 [arXiv:0705.4298] [SPIRES].

R. Barbieri, S. Rychkov and R. Torre, Signals of composite electroweak-neutral Dark
Matter: LHC/Direct Detection interplay, Phys. Lett. B 688 (2010) 212 [arXiv:1001.3149]
[SPIRES].

R. Barbieri and D. Pappadopulo, S-particles at their naturalness limits, JHEP 10 (2009)
061 [arXiv:0906.4546] [SPIRES].

G.L. Kane, E. Kuflik, R. Lu and L.-T. Wang, Top Channel for Early SUSY Discovery at
the LHC, arXiv:1101.1963 [SPIRES].

— H8 —


http://dx.doi.org/10.1016/j.physletb.2010.11.054
http://dx.doi.org/10.1016/j.physletb.2010.11.054
http://arxiv.org/abs/1007.4206
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1007.4206
http://dx.doi.org/10.1103/PhysRevLett.104.091801
http://arxiv.org/abs/0912.1057
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0912.1057
http://dx.doi.org/10.1103/PhysRevD.76.072006
http://arxiv.org/abs/0706.3264
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0706.3264
http://arxiv.org/abs/1102.4746
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1102.4746
http://dx.doi.org/10.1103/PhysRevD.81.075006
http://arxiv.org/abs/0909.3977
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0909.3977
http://dx.doi.org/10.1103/PhysRevD.67.075003
http://arxiv.org/abs/hep-ph/0212063
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0212063
http://dx.doi.org/10.1007/JHEP02(2011)018
http://arxiv.org/abs/1011.2964
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1011.2964
http://dx.doi.org/10.1103/PhysRevLett.103.021802
http://arxiv.org/abs/0902.1266
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0902.1266
http://dx.doi.org/10.1007/JHEP03(2011)024
http://arxiv.org/abs/1101.1645
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1101.1645
http://arxiv.org/abs/1102.2357
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1102.2357
http://dx.doi.org/10.1016/j.physletb.2011.03.021
http://arxiv.org/abs/1101.1628
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1101.1628
http://dx.doi.org/10.1103/PhysRevD.41.3594
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,D41,3594
http://dx.doi.org/10.1103/PhysRevD.76.042007
http://arxiv.org/abs/0704.0794
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0704.0794
http://dx.doi.org/10.1103/PhysRevD.76.043523
http://dx.doi.org/10.1103/PhysRevD.76.043523
http://arxiv.org/abs/0705.4298
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0705.4298
http://dx.doi.org/10.1016/j.physletb.2010.04.010
http://arxiv.org/abs/1001.3149
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1001.3149
http://dx.doi.org/10.1088/1126-6708/2009/10/061
http://dx.doi.org/10.1088/1126-6708/2009/10/061
http://arxiv.org/abs/0906.4546
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0906.4546
http://arxiv.org/abs/1101.1963
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1101.1963

[98] CDF collaboration, T. Aaltonen et al., Search for Heavy Top-like Quarks Using Lepton
Plus Jets Events in 1.96 TeV pp Collisions, Phys. Rev. Lett. 100 (2008) 161803
[arXiv:0801.3877] [SPIRES].

[99] C.J. Flacco, D. Whiteson, T.M.P. Tait and S. Bar-Shalom, Direct Mass Limits for Chiral
Fourth-Generation Quarks in All Mixing Scenarios, Phys. Rev. Lett. 105 (2010) 111801
[arXiv:1005.1077] [SPIRES].

[100] M.W. Goodman and E. Witten, Detectability of certain dark-matter candidates, Phys. Rev.
D 31 (1985) 3059 [SPIRES].

[101] D. Tucker-Smith and N. Weiner, Inelastic dark matter, Phys. Rev. D 64 (2001) 043502
[hep-ph/0101138] [SPIRES].

[102] CDF collaboration, T. Aaltonen et al., Search for new particles decaying into dijets in
proton-antiproton collisions at \/s = 1.96 TeV, Phys. Rev. D 79 (2009) 112002
[arXiv:0812.4036] [SPIRES].

[103] ATLAS collaboration, G. Aad et al., Search for New Particles in Two-Jet Final States in
7TeV Proton-Proton Collisions with the ATLAS Detector at the LHC, Phys. Rev. Lett. 105
(2010) 161801 [arXiv:1008.2461] [SPIRES].

[104] CMS collaboration, V. Khachatryan et al., Search for Dijet Resonances in 7TeV pp
Collisions at CMS, Phys. Rev. Lett. 105 (2010) 211801 [arXiv:1010.0203] [SPIRES].

— 59 —


http://dx.doi.org/10.1103/PhysRevLett.100.161803
http://arxiv.org/abs/0801.3877
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0801.3877
http://dx.doi.org/10.1103/PhysRevLett.105.111801
http://arxiv.org/abs/1005.1077
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1005.1077
http://dx.doi.org/10.1103/PhysRevD.31.3059
http://dx.doi.org/10.1103/PhysRevD.31.3059
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,D31,3059
http://dx.doi.org/10.1103/PhysRevD.64.043502
http://arxiv.org/abs/hep-ph/0101138
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0101138
http://dx.doi.org/10.1103/PhysRevD.79.112002
http://arxiv.org/abs/0812.4036
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0812.4036
http://dx.doi.org/10.1103/PhysRevLett.105.161801
http://dx.doi.org/10.1103/PhysRevLett.105.161801
http://arxiv.org/abs/1008.2461
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1008.2461
http://dx.doi.org/10.1103/PhysRevLett.105.211801
http://arxiv.org/abs/1010.0203
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1010.0203

	Introduction
	The setup of composite-Higgs models

	Gauge coupling evolution 
	Composite sector contribution to the beta-functions
	Top compositeness and precision unification

	Global symmetries of the composite sector 
	Constraints from the electroweak precision tests 
	Minimal global symmetry breaking patterns
	Constraints from proton stability 
	Exotic fermions in the SO(11)/SO(10) scenario
	Contribution of the exotic fermions to the electroweak precision tests

	Electroweak symmetry breaking 
	The SO(11)/SO(10) coset
	Explicit breaking of SO(11)
	The effective lagrangian in the background of the NGBs 
	Gauge bosons
	Fermions in case (1): r(q)=r(x)=32
	Fermions in case (2): r(q)=55, r(x)=11

	The NGB effective potential 
	Case 1
	Case 2


	Collider phenomenology of Higgs and top quark partners 
	The model with t(R) = 16 and U(1)(B(E))
	The model with t(R) = 16 and U(1)(B(I))
	The model with t(R) = 10 and U(1)(B(E))

	Conclusions 

