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Abstract We review recent advances in the construction of models of compositeness using four-dimensional
gauge theories with fermionic matter. We discuss the group theory data needed to fulfill the basic phe-
nomenological requirements and we touch upon the main predictions of these constructions.

1 Introduction

The most obvious way of solving the conundrum aris-
ing by the presence of a light spin zero excitation is
to do away with scalar fields altogether at the funda-
mental level. This idea was among the very first things
that were tried [1-3] in going beyond the standard
model (BSM) and had many different names [Techni-
color (TC), Hypercolor (HC)...] and incarnations [4,5].
See [6] and references therein for reviews of the early
models of this kind. Even earlier, in [7], a model where
the vector bosons are also composite had been pro-
posed.

Many of the original models did not survive the ensu-
ing tests from LEP, LHC, and other experiments. Obvi-
ously, all “Higgless” models are now ruled out, as are
models predicting excessive flavor changing neutral pro-
cesses, CP violation, or correction to Electroweak pre-
cision parameters. However, at the price of some fine-
tuning, one can still envisage many scenarios that pass
the above experimental constraints. One such class of
models is characterized by having the Higgs boson aris-
ing as a (pseudo)-Nambu-Goldstone boson (pNGB) of
a spontaneously broken global symmetry (SSB) [8] thus
explaining its lightness. These models are often broadly
referred to as composite Higgs models (CH) in the lit-
erature, although one should keep in mind that there
are also models where the Higgs is a composite par-
ticle without being a pNGB. In the following discus-
sion, we only consider the case of the Higgs as a pNGB.
Although we shall not review the details here (see, e.g.,
[9] and references therein), there is a subclass of CH
models, referred to as “little Higgses” (LH) in which the
symmetry breaking required to generate the Higgs mass
occurs when at least two couplings with the SM are non-
zero, mitigating the fine-tuning problem by pushing the
quadratic divergences to higher loops.
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2 Underlying gauge-fermion models

We concentrate on purely four-dimensional realizations
of SSB in a CH model arising from a gauge theory con-
taining only fermionic matter that becomes strongly
coupled in the infra-red (IR).

Let us first briefly recall how SSB of a global sym-
metry group G to a subgroup H is realized via con-
densation of a fermionic bilinear. We work with left-
handed (LH) Weyl fermions and think of a Dirac
fermion as a pair of LH fermions with conjugate quan-
tum numbers. The fermions transform under some
vector-like representation of a hypercolor group Gyc.
The three fundamental patterns of SSB G/H are: [10-
12] SU(N)/SO(N), for N fermions t; in a real irre-
ducible representation (irrep.); SU(2N)/Sp(2N) for
2N fermions in a pseudo-real irrep. and lastly SU(N) x
SU(N)/SU(N) for N fermion pairs (;,1°) in a com-
plex irrep. The unbroken symmetry group H is under-
stood as the subgroup of G leaving invariant the vac-
uum condensate (1;1;) in the first two cases or (¢;47)
in the third one.

At this stage, the actual embedding of H into G
is still arbitrary and H can be “rotated” inside G by
conjugation with an element of G by acting appropri-
ately on the condensate (H — gHg” or H — gHg").
Equivalently, we can think of having turned the vac-
uum condensate into a non-linear field parameterized
by angular-valued fields corresponding to the broken
directions. The fact that all directions are equivalent
corresponds to the fact that no potential is yet present
for these angular fields.

A privileged reference can only be obtained by explic-
itly breaking the overall G symmetry and this is what
happens when introducing bare masses or couplings
to the SM. We want to gauge part of the G symme-
try in such a way that the W+ and Z gauge bosons
acquire a mass, leaving unbroken a “custodial” global
SU(2) group [13], but also leaving at least a set of
pNGBs with the quantum numbers of the SM Higgs
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field [14]. This singles out the following minimal cosets
among those in [15] that can be realized with hyper-
fermions: SU(5)/S0O(5), SU(4)/Sp(4), and SU(4) x
SU(4)/SU(4).

Larger cosets are also of interest in LH construc-
tions or because some of the remaining weakly coupled
pNGBs could play the role of Dark Matter (discussed
elsewhere in this review). Dynamically, the privileged
direction is realized by the generation of a potential for
the angular variables fixing their value at a minimum.

Typically, one considers only one non-zero direction
parameterized by the Higgs vacuum expectation value
(vev) v = 246 GeV:sinf = v/ f, with f being the pPNGB
decay constant, but in general, there can be more than
one custodial directions. In phenomenological studies,
the value of 6 (or equivalently f) is kept arbitrary and
varied in the region still allowed by, e.g., precision tests,
but it is important to keep in mind that, once we break
the symmetry, 6 is no longer a “modulus” and it is fixed
by the underlying dynamics, computable on the lattice
(discussed elsewhere in this review).

In the limit @ — 0 (keeping f fixed) the masses of all
SM gauge bosons vanish and the full EW symmetry is
restored, i.e., aligned with some of the directions in H.
The 6 # 0 case is then referred to as vacuum “misalign-
ment”. The opposite extreme § — /2 is referred to as
the TC limit.

It is not straightforward to generate a vacuum mis-
alignment, since the SM gauge interactions by them-
selves are not sufficient [10,11,16]. An early way to
achieve this in the context of a SU(5)/SO(5) theory was
proposed in [17] by adding an additional U(1) interac-
tion whose gauge boson has a different agenda and pulls
the vacuum in another direction. A similar coset arises
in the little Higgs construction of [18]. In this case, how-
ever, the need to implement collective symmetry break-
ing by gauging two copies of the EW group requires
enlarging the coset to SU(7)/SO(7) if one wants to
consider fermionic realizations.

A similar little Higgs construction based on a pseudo-
real irrep is given in [19]. Here, one needs to consider at
least the enlarged cosets SU(6)/Sp(6) in order for col-
lective SSB to work in a fermionic realization. The orig-
inal “Minimal moose” construction [20] would require
even more hyperfermions in a complex irrep. We will
not discuss fermionic realizations of the Minimal moose,
but a model based on complex irreps, closer in spirit
to the idea of this section is found in [21]. Two more
fermionic realizations trying to account for the recent
constraints, where the top plays a crucial dynamical
role, can be found in [22,23].

Models with additional gauge bosons are now severely
constrained by direct searches, so one is led to con-
sider alternatives to [17]. Fermions come to the rescue
[18,24,25], since their couplings can naturally provide
the required misaligning contribution to the potential.
The top quark is the prime candidate for the job, since
it is the SM fermion that couples most strongly to the
Higgs sector.

The proposal [25] was framed in the context of a five-
dimensional theory defined on a slice of AdS space.
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This description is seen as the holographic dual of a
strongly coupled theory giving rise to the simplest coset
preserving custodial symmetry, namely SO(5)/SO(4).
(Note that this coset is not among those obtained from
the gauge theories considered in this work.) The two
four-dimensional boundaries are known as the IR and
UV brane and the mass hierarchy is explained by the
“warp” factor in the AdS metric.

The Higgs field is identified with the zero mode of
the fifth component of a SO(5) bulk gauge field Aj
which is protected from acquiring a mass at tree level
by gauge invariance. The bulk fermions decompose into
zero modes (present only for some specific boundary
conditions) and higher modes. The physical fermions
arise from the mixing of these modes via a term local-
ized at the IR brane. The mass of the lowest lying physi-
cal fermions is then generated by a (pre-)Yukawa inter-
action of the Higgs field with the zero mode and the
higher modes. This mechanism, alternative to a direct
generation of fermion masses via a bilinear coupling of
the Higgs to the zero modes, goes under the name of
partial compositeness (PC).

If one does not take the five-dimensional approach,
one can still generate a mass via PC by coupling to com-
posite states made of trilinears in the hyperfermions.
This was actually the very first realization of the PC
mechanism proposed by Kaplan in his seminal paper
[26]. In this case, there is no real need to use the same
mechanism for all fermions, and one can envisage a sit-
uation where only the heaviest fermions have a partner,
alleviating the difficulties with the top quark mass with-
out adding additional dof. This compromise solution is
also used in the LH constructions [18,19].

3 Partial compositeness

The recent developments on which this section is con-
cerned are attempts at combining the CH and PC ideas
[8,26] in a four-dimensional setting. We identify the
allowed underlying hypercolor groups and sketch their
main properties.

The question of what requirements one should ful-
fill at the group theory level was addressed in [27]. At
the same time, a particular example of such models
was constructed [28] and studied in details. More mod-
els along those lines followed, e.g., [29,30]. We start by
reviewing the basic ingredients of such constructions. It
should be clear that nothing prevents extending these
simple considerations to the LH type of constructions.

To establish a self-contained class of representative
models of this sort, one is forced to make further sim-
plifying assumptions. Perhaps, the most basic one is
that the underlying gauge theory be based on a simple
hypercolor group Gyc. This is certainly not a physical
requirement and it might even be necessary to drop it
if one wants to proceed toward more complete theories
where one finds an explanation of all the required four-
fermi couplings or a mechanism to solve the strong CP
problem, as recently proposed in [31]. It seems however
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reasonable to assume that the next step beyond the SM
be dominated by one such gauge interaction and focus
on its dynamics as a start.

Assuming having chosen a hypercolor group Gyc, the
fermionic matter content is now limited by physical con-
siderations. To begin with, we want to have sufficient
number of fields to realize the CH cosets above but not
too many fields as to loose asymptotic freedom, since
we want the theory to go to strong coupling in the IR.
This in itself is not a difficult task. It becomes tighter
when we add PC and also require the possible formation
of fermionic bound states with the SM quantum num-
bers of at least the third family quarks Q3 = (t1,br)
and u% = tg. This is the minimum amount of compos-
ite fermions necessary for PC to generate the top quark
mass, the partner to the LH bottom field being required
to avoid breaking weak isospin.

The construction of top partners requires some of
the hyperfermions to carry color charge, thus enlarg-
ing the group of global symmetries of the hypercolor
theory to make room for QCDs SU(3) as well as the
EW group. There are essentially two ways to do this.
The first alternative is to have just more of the same
flavors of fermions and enlarge the minimal cosets
to larger ones SU(N)/SO(N), SU(2N)/Sp(2N) and
SU(N) x SU(N)/SU(N) where N is chosen, so that
SU(3) also fits in the unbroken subgroup. (If one does
not require the type of cosets arising in the underlying
gauge-fermi theory constructions, one can also consider
cosets such as SO(11)/S0(10) [32].)

The case of fermions only in a pseudo-real irrep of
Guc (yielding SU(2N)/Sp(2N)) is ruled out, since
three pseudo-scalars cannot combine to a singlet to
form top partners. This coset can be rescued by intro-
ducing one additional hyperfermion in a real irrep
whose main purpose is to allow the construction of tri-
linears [33].

The case of a real irrep. formally admits the mini-
mum solutions Gyc = G with 11 ¢ € 7 and Gyc = F4
with 11 ¢ € 26, both yielding the coset SU(11)/S0O(11)
(SU(10)/S0O(10) does not give rise to a Higgs pNGB
with the right quantum numbers). This solution might
be of academic interest only, since it is difficult to pre-
vent proton decay without further ad hoc assumptions.

As for the complex irreps, [30] showed that the mini-
mal coset SU(7) x SU(7)/SU(7) is viable and it is pos-
sible to implement baryon number conservation. The
coset can also be easily enlarged to N > 7 if one wants
to generate partners to all SM fermions. The require-
ment that it be possible to construct hypercolor singlets
by combining three fermions in the same complex irrep
singles out three solutions for Gyc. One is the solu-
tion presented in [30] Guc = SU(3) with ¢ € 3, using
the same invariant €**¢ employed in ordinary QCD.
Additionally, one could consider Guc = SU(6) with
1 € 15 (the two-index antisymmetric, using the invari-
ant €1%) and Guc = Eg with ¥ € 27 and the stan-
dard trilinear invariant of Ejg.

A second alternative is to employ a different type
of fermion y (and x if complex) to carry color. By
this, we mean that the two types of fermions ¢ and x

carry different irreps of Gyc and thus give rise to two
separate cosets (Gew/Hgw) X (Gqep/Hqcep) both of
the previous form. Let us pick one example for illus-
tration purpose: the Guc = Sp(4) theory of [28]. To
have a trilinear Gc invariant while preserving asymp-
totic freedom, forces one to choose a combination of two
fundamental F and one (two-index) antisymmetric Agy
irreps.

For Sp(4), F and A, correspond to a pseudo-real
and real irrep, respectively. Denoting by 12 and Xé the
respective Weyl fermions, with flavor indices a,b ... and
A,B..., Weyl indices «, ..., and hypercolor index
understood, we can build the following Sp(4) invari-
ants: (V4x500), (WhaxA¥L,), (Wl ,¢h). There are
three more operators having an odd number of dag-
gered (charge-conjugate) fermions combining with the
previous ones to create a Dirac fermion from the vac-
uum. The round brackets (...) denote the unique Guc
invariant combination of hypercolor indices.

The fact that both Gyc irreps are self-conjugate
means that we can take charge conjugation with
impunity as far as the hypercolor indices are concerned
and construct invariants in both cases, e.g., (considering
now only the hypercolor indices and dropping the oth-
ers) (xv) = XTI een, (WixT) = wix]yute’,
and (YT yyt) = wjx[mﬂ};, where € is the Sp(4) antisym-
metric invariant tensor. Partners to the SM quarks must
correspond to spin 1/2 operators, so we must contract
two Weyl indices of the same type. For the second and
third operator, there is only one option (wlaxgwld),

(¢Laxf4a1/)f/). For the first operator, there are three
seemingly different choices. However, two of them lead
to the same invariant after taking into account the sym-
metry of the remaining indices and we can limit our-
selves to (2 x*4¢c) and (2 xA9o).

Having completed the treatment of the hypercolor
and Weyl indices, we can simply read-off the symmetry
properties of the global indices a and A that determine
the SM quantum numbers of these operators. In the
model [28], there are four spinors ¢ (a = 1...4) on
which the custodial SU(2);, x SU(2)r acts block diag-

onally. From the terms of type (1%x¢?®) and (wj;xwz ),
only the antisymmetric combination survives, decom-
posing as 6 — (2,2) + 2 x (1,1) providing an appro-
priate representation for the embedding of Q3 as well
as tg. The remaining operator (i} xf1’) has compo-
nents in both the singlet and the adjoint of SU(4) and
can also provide possible partners for both fields, since
15 —-2x(2,2)+(1,1) 4+ (1,3) + (1, 3).

The color SU(3) group is easily embedded into SU(6)
block diagonally by taking 6 — 3+3. One should notice
that it is possible to chose to switch the embedding of
the EW group and the color group. The construction
of the invariants remains unchanged, but the quantum
numbers of the operators under the SM gauge group
are drastically modified.

Even restricting to a simple Gpyc, there are many
solutions to the group theory problem [27]. A further
dynamical assumption can however be used to weed out
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many models as we shall now discuss. (This reasoning
is also applicable to the single coset models.)

One of the big challenges of all solutions to EW
SSB via strongly coupled gauge theories is to gener-
ate a sufficiently large top quark mass. The problem is
quite generic, since, in the absence of scalars, the first
invariants that can be added to the lagrangian for that
purpose are four-fermi interactions of mass dimension
4 x (3/2) = 6. Let us denote by ¥ the generic hyper-
fermions and ignore the details about contractions of
spinor and gauge indices for a moment. There are two
possible ways of generating a mass, either via a bilin-
ear term in the SM quarks Lo = \Qr(¥?)tg or a lin-
ear one £1 = MQr(¥3) + Ntr(¥3)". (The notation
(¥™) denotes a generic Gyc invariant composite oper-
ator that may still carry some SM quantum numbers.)

Because the operators have the same dimension, the
couplings A are suppressed by a factor 1 //1%JV at the
scale Ayy at which they are generated. This scale
should be very large, presumably larger than the flavor
scale ~ 10* TeV to avoid flavor constraints. In order
for either of the interaction to survive at low energy
and give a top Yukawa coupling O(1), the strongly cou-
pled theory must be nearly conformal [34,35] in a large
energy range Ajr < Ayvy. To fix the ideas, one can take
Air = 4nf ~ 10 TeV as the scale in which the theory
leaves the conformal regime (presumably by decoupling
some matter fields).

The composite operators (¥?) [36] or (¥3), (¥3)
must have the appropriate scaling dimension to make
the interactions Lo or £1 close to being marginal. In
both cases, this amounts to an anomalous dimension
~v* &~ —2 for these operators, but there is a qualitative
difference between the two cases.

In the case of the bilinear (¥?), an anomalous dimen-
sion of —2 brings the operator dimension down to the
free theory limit (3 — 2 = 1). Therefore, in this case,
we must have 7" > —2 and the interaction can become
marginal at best. In addition, bounds from conformal
bootstrap [37] show that for (¥?) close to the free the-
ory limit, the SM singlet (¥?)(¥?) is necessarily rele-
vant, reintroducing the fine-tuning issue for this oper-
ator, which necessarily appears in the full lagrangian.
(Think of it as the composite analog of the SM mass
term —u?HTH.) Both problems are avoided in the PC
case, since the required scaling dimension of the trilin-
ear operators (¥3) need only be 9/2 — 2 = 5/2 which is
safely above the free limit of 3/2 for fermions. Similarly,
the appearance of a composite operator such as (¥3),
of scaling dimension 5/2, does generate a relevant SM
singlet.

It is not unreasonable to expect a top partner of
anomalous dimension close to —2. (Some estimates
using perturbation theory are given in [38]. See [39] for
the QCD-like case for which the anomalous dimensions
tend to be smaller.) In all cases, however, this comes
together with an even larger (negative) anomalous
dimension for the bilinears. If this continues beyond
perturbation theory, then the fine-tuning problem reap-
pears. There could be some crossing of anomalous
dimensions at finite coupling, but, until we have a
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non-perturbative estimate, no strong conclusion can
be reached on whether the PC approach with hyper-
fermions really overcomes all the problems with confor-
mal Technicolor. It would be extremely helpful to gain
some insight on these issues from the lattice. Unfortu-
nately, to our knowledge, no computation of an anoma-
lous dimension for fermionic bound states of this type
has been performed to this day, due to the intrinsic diffi-
culties in simulating gauge theories with slowly running
coupling constants.

To summarize, the above picture is that of a strongly
coupled CFT in the energy interval [Aig, Auv], exiting
the conformal regime at energies =~ Ajg, below which
it confines and breaks chiral symmetry. In this picture,
the fermionic content of the theory below Ag must still
be such that a viable SSB coset, interpolating fields
for the Higgs and other pNGBs, as well as top partner
resonances are still possible to construct.

Making some reasonable but qualitative assumptions
on the position of the conformal window (or “house”
in this case [40]) in [41,42], a set of 12 models that
fulfill all the above requirements was extracted from
the many more of [27]. They are shown in Table 1.
The division is of course not clear-cut given the lack
of rigorous results about the location of the conformal
region. For instance, the last model could be conformal,
or a similar model with Gpc = SU(6) could be added.
However, these models are representative of the type
of phenomenology to be expected from these construc-
tions.

The minimum number of hyperfermions y, charged
under QCD, is fixed by the requirement to being able
to gauge SU(3). as a subgroup of the global symmetry.
To do that, SU(3). should be free of ‘t Hooft anomalies
from the point of view of the hypercolor theory. This
fixes the minimum number of Weyl hyperfermions of
this type to be always 6 (3 + 3 for complex irreps). For
the complex irrep, the anomaly-free embedding is the
diagonal embedding into SU(3) x SU(3). The anomaly-
free embedding of SU(3). into SU(6) is explicitly real-
ized as (x% x?%, x3, x4, X%, %) for a pseudo-real irrep
of Gue and ((x' +x"),i(x" — x"), (x* + x*),i(x* —
2), (03 + x*),i(x® — x*)) for a real one (Weyl and
hypercolor indices suppressed).

In light of the possible applications to LH models and
DM, one can ask how many fermions of type 1 can be
added to enlarge the minimal EW coset. The require-
ment of asymptotic freedom poses weak constraints on
this number. However, requiring the theory to be out-
side of the conformal range by employing the estimate
[40] 4nyl(v) + 4ny l(x) — 11C(G) < 0 gives the maxi-
mum number of hyperfermions of type 1 presented in
Table 1. In this estimate, n, = 6 always, [ is the index
of the appropriate irrep and C'(G) is the second Casimir
of the hypercolor group. One sees that it is not possi-
ble to construct the LH model with PC of [19] in this
way, while satisfying the above bound. Very recently, a
model in which the color group is enlarged instead was
presented in [31].

One of the advantages of having an underlying
gauge theory is the possibility of making some edu-
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Table 1 Models of CH4PC that are likely to lie outside of the conformal window

Name Guc [ X Ny Max. G/H

M1 SO(7) 5xF 6 x Spin 7 SoR e U (1)

M2 SO(9) 5xF 6 x Spin 7

M3 SO(7) 5 x Spin 6xF 7

M4 50(9) 5 x Spin 6xF 6

M5 Sp(4) 5% As 6xF 5 v S U (1)

M6 SU(4) 5x Ay 3 x (F,F) 8 UG SUEXSUG) 17(1)
M7 S0(10) 5xF 3 X (Spin, Spin) 10

M8 Sp(4) 4xF 6 x As 4 T sedu)

M9 S0O(11) 4 x Spin 6xF 4

M10 S0(10) 4 x (Spin, Spin) 6xF 8 SUMXSUW" 5L (1)
Mi11 SU(4) 4% (F,F) 6% As 10

M12 SU(5) 4% (F,F) 3 x (As, Ay) 9 SUM XU SUBXSUGY 17 (1)

In a impressive display of imaginative skills, these models are labeled M1...M12 in [42] and subsequent work. Model M8
corresponds to the one described in [28] and model M6 is discussed in [27]

cated assumptions on the nature of the spurion irreps
into which the SM fermions are embedded (specifi-
cally the quarks of the third generation). A crucial
requirement comes from the decay Z — bb, dominated
by the LH current, forcing the following constraints
on the quantum numbers of Q3 under the custodial
SU(2) x SU(2) g [43]: either Ty, = Tg and T3 =T} or
Ty, Tr arbitrary and T3 = TI% = 0. Interestingly, these
are the type of irreps arising in this construction. For
example, a possible theory based on a Guyc = SU(5)

hypercolor group with four Dirac spinors (¢,%) in
the antisymmetric irrep As and three Dirac spinors
(x,X) in the fundamental F would lead to top part-
ners of type xuy, decomposing into the (2,1) + (1,2)
of SU(2)r, x SU(2) g and violating the above condition.
However, the model is (likely) inside of the conformal
window, since 4n,1(1)+4n,l(x) —11C(G) = 10 (count-
ing [(F) = 1) and thus excluded from Table 1.

So far, we have taken for granted the fact that both
the EW and the colored hyperfermions condense and
give rise to each their own coset. However, having a
model with fermionic bound states leads to the ques-
tion of whether it is possible to have an alternative
phase in which some of the symmetry is left unbro-
ken and the ‘t Hooft anomaly is saturated by mass-
less composite fermions [44]. Although there is solution
to the anomaly matching condition for models of this
type [45,46], the results [12,47] make it unlikely that
the flavor symmetry contains an unbroken chiral com-
ponent. Perhaps, the easiest way to argue is to notice
that all fermionic bound states contain at least one
hyperfermion of each type ¥ or x. Suppose we want
to investigate the possibility that the global symmetry
group associated with the ys is left unbroken, i.e., the
xs do not condense. By giving a mass to the other type
of fermion v and invoking the persistent mass condi-
tion [47], we see that we can always give a mass to
the fermionic composite states, and thus, the 't Hooft
anomaly cannot be matched and the symmetry must be
broken.

The presence of different irreps of fermions in these
models has additional consequences that are of inter-
est for phenomenology. One of the most basic ones
is the presence of a (presumably very light) SM neu-
tral pNGB arising from the anomaly-free U(1) cur-
rent qwﬁ&“@b + quTﬁ“X for the appropriate values of
the charges gy . Its phenomenological signatures were
investigated in [42,48,49]. The orthogonal combination
of the currents is anomalous and its associated pseudo-
scalar acquires a larger mass in a similar way as the
7’ in QCD does. The appeal of having explicit under-
lying theories is that the anomaly coefficients can be
computed explicitly and so can the couplings to glu-
ons and EW bosons, after taking in due account the
non-anomalous contributions from SM fermion loops,
mostly the top.

4 Phenomenological consequences

The most generic prediction from any of these construc-
tions is that the Higgs boson is accompanied by addi-
tional pNGBs. Indeed, the minimal coset SO(5)/SO(4),
referred to as the Minimal Composite Higgs Model
(MCHM), is the only coset where no additional pNGBs
arise. It has the virtue of providing a minimal setting
[25,50] in which to analyze the dynamics involved, but
it does not follow the pattern of symmetry breaking
most naturally realized in gauge theories with fermionic
matter.

One can identify different classes of pNGBs in these
models: First of all, we have neutral pNGBs that partic-
ipate directly in the EWSB mechanism by acquiring a
vev that breaks the EW symmetry, such as the 125 GeV
Higgs boson h itself. These pNGBs are strongly con-
strained by the requirements of custodial symmetry.
The numbers of possible custodial directions for the
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minimal three cosets are classified according to their
SU(2)r, x SU(2)g charges as

For SU(4)/Sp(4) : he€(2,2) andn € (1,1)
For SU(5)/SO(5) : h € (2,2),P € (3, 3)diag.
and n € (1,1)
For SU(4)xSU(4)/SU(4) : h12€(2,2)1,2 and ne(1,1).

The generic pNGB ¢ associated with such directions
include the 125 GeV Higgs and develop couplings to
the longitudinal EW bosons of type (k¢ /v)§(m3 2, 2"+
m%VW;W’“) and are subjected to the regular Higgs
searches, e.g., LEP bounds. (In the SM, £ = h and
kp = 1.) The remaining pNGBs should not develop a
vev, or a very small one, but still couple quadratically
to the EW bosons via covariant derivative terms of the
form &2 V"V}: or linearly via anomalous terms that can
also include the gluon. The expression for the neutral
pNGBs pseudo-scalars is very familiar

1 2 vYx 2 VD
L= 167r2f€ (g kw W WE, + g kg B" B,

+g§ﬁGGAuyéﬁu> ) (1)

but the charged pNGBs can also have anomalous cou-
plings. For instance [41], the doubly charged pNGB
of the SU(5)/SO(5) coset has a coupling of type
f“W‘*‘WWJV. Interestingly, most of the anomalous
couplings of the pNGBs of the SU(4) x SU(4)/SU(4)
must vanish, because their SU(2);, x SU(2)r quan-
tum numbers will not allow them. (Compare the (3, 3)
of SU(5)/SO(5) with the (3,1) + (1,3) of SU(4) x
SU(4)/SU(4).) This fact makes some of the latter
pNGBs potentially very stable [21] provided that one
can suppress the fermonic couplings, perhaps even pro-
viding DM candidates. (Another concrete possibility for
DM candidates is to enlarge the coset, e.g., [51,52].)
In an underlying gauge theory, the strengths of the
coefficients k. g, are determined mostly by the ABJ
anomaly of the hyperfermions, but they also get con-
tributions from non-anomalous triangle loops with the
SM fermions, just like the Higgs boson, if such coupling
exists. Since the top quark is by far the one giving the
largest contribution, to have kg = 0 (which we could
call “glue-phobic” behavior), we need both the ABJ
anomaly and the couplings rei&tt + w87 t to vanish.
This can happen naturally in some models for a partic-
ular choice of charges and spurions. Not only that, but a
phenomenon occurring for some pNGBs in underlying
theories with SU(4)/Sp(4) or SU(4) x SU(4)/SU(4)
cosets is that the ABJ anomaly yields ky + kg = 0, as
well. This implies a “photo-phobic” behavior, i.e., the
suppression of the coupling {F'# F),,, with the photon.
As already hinted in the previous paragraphs, we
must also consider the couplings of the pNGBs to
fermions. Here, the situation is more diverse, but we
can still use the global charges as guidance. The first
generic observation is that, in the cases where diagonal
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couplings are allowed, they will be proportional to the
fermion mass and therefore will be mostly relevant to
the third family of the SM. Only pNGBs that are dou-
blets under SU(2)y, are allowed to form Yukawa cou-
plings with the SM fermions without the need of addi-
tional insertions. However, the larger symmetry of the
particular coset under consideration can further sup-
press the couplings for some specific choices of spurions.
A particularly interesting case is that of the singlet 7
fully neutral under SU(2); x SU(2)g whose coupling
to fermions, particularly the top quark, can be dialed
on and off by choosing different spurion irreps [53]. If
fermio-phobic, such particle would be fiendishly diffi-
cult to detect, since it would be photo-phobic and glue-
phobic, as well (kw + kg = kg = 0). Perhaps, the best
shot at a hadron collider is by pair production via an
off-shell Higgs boson [54]. The situation for a lepton
collider is discussed in [55].

It would be very useful to have more accurate esti-
mates of the possible masses the composite states can
have. Lattice gauge theory (to be reviewed elsewhere)
can in principle provide such estimates, but the com-
putations are quite demanding, particularly for the
fermionic bound states requiring two different irreps of
hyperfermions. Some non-perturbative estimates have
also been performed [56] in the case of the SU(4)/Sp(4)
coset and could be generalized to the other cases.

The most general expectation about pNGBs is that
those that are charged under electromagnetism or color
ought to be heavier than their neutral counterpart,
since they acquire a loop-induced mass contribution of
the order NgA/4w, with g = e, gs the appropriate cou-
pling, N = 3,3 x 8 the number of d.o.f. of the gauge
boson involved and A is the typical confining scale of
the hypercolor theory. Having knowledge of the masses
of the lowest lying resonances would allow for a more
precise estimate as in the case of the electromagnetic
mass shift of the pion [57]. The better estimate in [56]
finds m = 1.5 f for the gluon loop, roughly compatible
with the naive estimate here.

5 Conclusions

We gave an overview of recent developments of BSM
physics that can be constructed via a strongly coupled
hypercolor gauge theory in four dimensions with only
fermionic matter. We saw that there are many possible
variations on this theme. Perhaps, the most substantial
is whether we want to construct top partners from the
underlying theory as well to implement the PC mecha-
nism. This, together with the other requirements such
as custodial symmetry and lack of conformal invariance
in the IR, puts strong constraints on the matter content
of these models and has some very specific predictions
about the dynamics of the pNGBs. One could also con-
sider enlarging the EW coset to build LH models, with
our without PC.

The main theoretical hurdle in all of these construc-
tions, just as it was for the original TC models, is to
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construct an “extended” dynamics mimicking that of
extended Technicolor (ETC) [1,4] giving rise to the
appropriate four-fermi couplings at the scale Ayy. (See
[58] for recent ideas in this direction.) However, already
below Ayv, there is a variety of underlying gauge the-
ories and related phenomenological signatures worth
investigating. This richness of models should not make
us believe that the situation has been fully charted. In
fact, I dare propose the following conjecture: If some
type of compositeness is at work above the EW scale,
it will be described by a model with new ingredients
that no one has yet thought about.
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