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ABSTRACT: We consider composite Higgs models where the Higgs is a pseudo-Nambu
Goldstone boson arising from the spontaneous breaking of an approximate global symmetry
by some underlying strong dynamics. We focus on the SO(5) — SO(4) symmetry breaking
pattern, assuming the “partial compositeness” paradigm. We study the consequences on
Higgs physics of the fermionic representations produced by the strong dynamics, that mix
with the Standard Model (SM) degrees of freedom. We consider models based on the
lowest-dimensional representations of SO(5) that allow for the custodial protection of the
Zbb coupling, i.e. the 5, 10 and 14. We find a generic suppression of the gluon fusion
process, while the Higgs branching fractions can be enhanced or suppressed compared to
the SM. Interestingly, a precise measurement of the Higgs boson couplings can distinguish
between different realizations in the fermionic sector, thus providing crucial information
about the nature of the UV dynamics.
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1 Introduction

The discovery of a SM-like Higgs boson with a mass of about 126 GeV [1, 2] represents a
fundamental step towards a better understanding of the origin of Electroweak Symmetry
Breaking (EWSB). Measuring its couplings with higher precision will be one of the priorities
in the 14 TeV run of the LHC, and is one of the main motivations for building a future
lepton collider. The phenomenological description of EWSB within the SM framework
provides a benchmark against which any deviations in the Higgs boson couplings should be
compared, as such deviations could contain the key to a more fundamental understanding
of this phenomenon.

A currently open question is whether this particle is elementary (i.e. pointlike), down
to distance scales much shorter than the EW scale, or if, on the contrary, it is a composite
bound state of more fundamental degrees of freedom, whose physics should be revealed at
energies not far above the weak scale. In either case the discovery of this scalar particle
is truly remarkable. If it turns out to be elementary it would be the first and only known
example of this kind in nature. Its existence at energies low compared to e.g. the Planck
scale could indicate that the universe as we know it results from a rather perplexing fine-
tuning, or perhaps more plausibly that there is a symmetry at work as exemplified by
supersymmetric scenarios. If it turns out that the Higgs boson is a composite state arising
from some underlying strong dynamics, we would be in a situation that also presents new
characteristics compared to other known composite scalars. For instance, unlike the pions of
QCD, the dynamics of the Higgs boson must lead to EWSB by generating a non-vanishing
vacuum expectation value (vev) for the composite scalar.

The fact that the LHC has not observed any major deviation from the SM in its
7-8 TeV run indicates that any new physics should be roughly above 1TeV (although
one can think of specific examples that are less constrained, and also examples that are
significantly more constrained). In the context of Higgs compositeness, this means that
there must exist a scalar resonance much lighter than the other strong resonances. It is
then natural to interpret the Higgs as a pseudo-Nambu Goldstone boson (pNGB) arising
from the spontaneous breaking of an approximate global symmetry of the new strong
sector [3—7]. This idea has received considerable attention lately [8]. A question of special
importance centers on the type of deviations in the Higgs properties that would be expected
in such scenarios. This has been studied to some extent within specific realizations of a
Higgs as a pNGB, and also in the context of an effective low-energy parametrization such
as the SILH [9] and similar approaches [10-16].



We will focus here on the minimal case! based on the SO(5) — SO(4) symmetry
breaking pattern [18], which leads to exactly four Nambu-Goldstone bosons and contains
a custodial symmetry that ensures that the corrections to certain electroweak observables
are sufficiently suppressed. Although the embedding of the SM gauge sector is fixed by
the above assumption, there is still a considerable arbitrariness in how the SM fermionic
sector is embedded into the framework. This depends, in particular, on which SO(5)
representations for the fermionic resonances are generated by the strong dynamics and
would therefore be sensitive to further details of the specific UV realization of the idea.
Our aim is to study in detail the implications for the properties of the Higgs boson. In
particular, we will show that if one were to measure a robust deviation from the SM in the
rates h — vy, h = ZZ and h — Z~ and to a lesser extent in h — 77, one could gather
indirect information regarding the quantum numbers of the fermionic resonances. One also
expects a generic reduction of the Higgs production cross section (in particular through
gluon fusion), as well as a suppression of all Yukawa couplings w.r.t. the SM.

There have been a number of studies on the phenomenology of a pNGB Higgs as well
as partial compositeness. Since the pioneer work of ref. [19] studying Higgs production
by gluon fusion, many works have considered the deviations of the Higgs couplings in this
setup (i.e. for a pNGB Higgs), exploring the dependence on the degree of compositeness of
the fermions, the scale of compositeness and their relation with the spectrum of resonances,
among other important variables [20-22]. However most of them have considered generic
regions of the parameter space, that could be unphysical, in the sense that either there
is no EWSB, or the decay constant of the Higgs and its vev are not separated enough to
guarantee compatibility with EW precision measurements, or the spectrum of the lightest
level of states does not reproduce the SM one, to cite a few examples. To ensure that these
conditions are satisfied and therefore make a realistic study of the Higgs phenomenology,
in general requires a full study of the Higgs potential that can only be performed in a well
defined model, with the risk of loosing some generality. One of the purposes of this work is
to make a step in that direction. We consider a family of well defined models, with the same
pattern of symmetry breaking for the pNGB Higgs but allowing different representations
for the fields of the theory. This still represents considerable freedom and for this reason we
make some restrictive assumptions that ensure calculability of the Higgs potential within
the framework of a two site model. We will also assume that at high energies the symmetry
behind the pNGB is linearly realized for the massive resonances, and for that reason we will
include massive resonances in complete SO(5) representations. It is possible to relax some
of these assumptions, for example by considering models with more sites, by allowing for
non-linear realizations, or even by allowing for logarithmic divergences of the potential.?
Nevertheless, we hope that our setup can still capture generic features of minimal pNGB

'The terminology “Minimal Composite Higgs Model (MCHM)” was actually introduced in a slightly
different context in [17]. Our study is limited to more recent models based on the pNGB idea which have
also been named MCHM [18]. Since we consider a variety of fermionic realizations, here the “minimality”
refers specifically to the (common) bosonic sector.

2L.D. thanks Gilad Perez for discussions on this topic.



models.> We will show that it can give information on the size of the corrections that
one can expect on the Higgs phenomenology as well as on the wealth and direction of
corrections that follow by allowing for different representations of the fields.

This paper is organized as follows. In section 2 we review the basic aspects of the
effective two-site description of the composite Higgs scenario. In section 3 we present
the details of the specific models we study in this work, which differ in the realization of
the fermionic sector. In section 4 we describe the low-energy consequences of the pNGB
nature of the Higgs and the presence of the composite resonances, while in section 5 we
discuss the properties of the Higgs potential. Section 6 contains our numerical results, while
section 7 contains some remarks on the tuning of the phenomenologically viable models.
We summarize and conclude in section 8. We also include four appendices: appendix A
summarizes several useful group theoretical results, appendix B contains the mass matrices
of the gauge sector of the models, appendix C contains all the correlators for the low-energy
limit of the various models, and finally appendix D summarizes how we compute the 1-loop
processes h — vy, h - ZZ and h — Z~.

2 A minimal pNGB Higgs

We are interested in the minimal model that can deliver the Higgs as a pNGB resonance
arising from the spontaneous breaking of a global symmetry in a strongly coupled sector
(SCFT). We will assume that the SCFT has an exact global symmetry that is spontaneously
broken to a subgroup by effects of the strong dynamics, with the Higgs being the associated
Nambu-Goldstone boson (NGB). The interactions of the fields in the SCFT with the SM
fields explicitly break the global symmetry, leading to a Higgs potential at loop level. In
this case the degeneracy of the vacuum is uplifted and the Higgs becomes a pNGB, leading
to a natural separation between the scale of the resonances and the Higgs mass. Usually
the gauge contributions to the 1-loop Coleman-Weinberg potential are aligned with the EW
gauge group. However the fermion contributions, that are expected to be large because of
the large top mass, can induce a missalignement of the vacuum triggering EW symmetry
breaking dynamically.

Ref. [18] has shown that the minimal group containing the SM EW gauge symmetry
and an unbroken custodial symmetry that can lead to a pNGB Higgs is SO(5). This group
is spontaneously broken to SO(4) ~ SU(2), x SU(2)p, with the Higgs being the NGB in
the coset SO(5)/SO(4) that transforms as a 4 of SO(4). Besides the Higgs, the SCFT
is assumed to lead to vector resonances in the adjoint representation of the global group
(these are created by the Noether currents of this symmetry). In addition, one assumes the
existence of fermion resonances, some of which can mix with the SM degrees of freedom.
We will consider that all the massive composite resonances are in complete irreducible
representations of SO(5), realizing the symmetry in a linear way. All the composite states
are taken to interact with typical couplings g, > gsy. The SM gauge and fermion fields

3Recently, another class of pNGB models based on four-fermion interactions has been discussed in [23].
Although they rely on a different breaking pattern, in principle they could be extended to SO(5)/SO(4),
following the analysis of [24].



can be considered as external sources probing the SCFT, i.e.: elementary fields. The
SM particles do not interact with the Higgs at leading order, but these interactions are
mediated by the resonances of the SCF'T that mix with the elementary fields.

The gauge fields of the SM weakly gauge a subgroup of the SCFT global symmetry.
The conserved currents of the SCFT associated to this subgroup couple linearly with the
SM gauge fields, explicitly breaking the global symmetry. The masses of the EW vector
bosons arises from mixing between the vector resonances created by the SCFT currents
and the SM gauge fields, as well as from the Higgs interactions.

We are also interested in partial compositeness of the SM fermions, that can be realized
if the elementary fermions couple linearly with operators of the SCFT: £ D ApOy. The
low energy scaling of the coupling A is controlled by the dimension of the corresponding
SCFT operator D = dim[Oy] [18, 25]. For D > 5/2 the coupling is irrelevant leading to
small mixing between the elementary fermions and the fermionic resonances created by
the SCFT operator. For D < 5/2 the coupling is relevant leading to large mixing between
the elementary fermion and the resonances, and thus to a large Yukawa coupling. The
former case leads to light states that are mainly elementary, whereas the latter one can
lead to large fermion masses, as for the top quark, which is associated with a large degree
of compositeness.

The proper normalization of hypercharge for fermions requires the introduction of an
extra U(1) y symmetry in the composite sector, with the identification ¥ = T}% + X, where
T3 is the diagonal generator of SU(2)g. The SU(2)g charge of the composite operators Oy,
is not fixed, allowing for different representations ro under SO(5). However, the stringent
constraints on the corrections to the Zbb couplings arising from LEP and SLC require a non-
trivial protection of the Zbrby, coupling. Ref. [26] has shown that there is a subgroup of the
custodial symmetry O(3) that can ensure that the corrections to this coupling are indeed
sufficiently suppressed. This symmetry requires that the representation rp,, where Oy is
coupled to the doublet of the third generation gz, decompose under SO(4) as: ro, ~ 4®. ...
The smallest representations satisfying this condition are: r = 5,10,14. On the other
hand, invariance of the SCFT under SO(5) x U(1)y restricts the representations of the
operators O, and Oy, coupled with tz and br respectively. In this work we will consider
several representations rp subject to the above restrictions, and we will study their impact
in the Higgs phenomenology at the LHC.

We also note that, although a generic strongly coupled theory is expected to yield
resonances with spins other than 1/2 and 1, the contributions of such states to the low-
energy physics are expected to be small. This is mainly because they cannot mix with
the SM fields, which as we will see leads to the dominant deviations from the SM. Also,
as illustated by our analysis of the direct impact of the heavy spin-1 resonances, all such
resonances are expected to be relatively heavy and lead to suppressed effects. The fermionic
resonances are special in that one often finds parametrically lighter states that can give
a non-negligible contribution (apart from the effects due to mixing). Thus, we will be
content with including only the spin-1 (which are common to all the models we consider)
and spin-1/2 resonances in our anaysis.

The scenario described in the previous paragraphs can be realized by considering a
theory in a slice of a warped five dimensional space-time, with the metric being AdSs near



the UV. The elementary fields and resonances can be identified with degrees of freedom on
the UV boundary and Kaluza-Klein states, respectively. However it is possible to capture
most of the essential ingredients by considering a theory with the first level of resonances
only, as in the elementary/composite description of ref. [27]. At low energies one considers
an effective description with elementary fields, one level of resonances and linear mixing
between them. This description has more freedom than the full 5D theory, allowing for new
terms [28] as well as a lack of correlation between some parameters, such as the masses
of the different resonances. It also has a cut-off of order a few TeV. However it is able
to parametrize a family of realistic theories with a pNGB Higgs and it is still predictive
enough to explore, at the LHC, the consequences of the symmetries protecting the Higgs
potential. In the next subsections we will summarize a realization of this effective theory.

2.1 Effective description: 2-site model

We consider the effective description of the Higgs as a pNGB arising from a strongly coupled
sector, as introduced in ref. [28] (see also [29]). The simplest model has two sites: one called
site-0 that describes elementary fields, and another called site-1 describing the first level of
resonances arising from the strongly coupled sector (the composite sector). Site-0 contains a
set of gauge and fermion fields with the same symmetry group and fermionic representations
as the SM. We will call Gy the gauge symmetry of this site: Go = SU(2); x U(1)y.*
Note that there are no elementary scalar fields. On site-1 we consider a gauge symmetry
G1 =S0(5) xU(1) y, which allows to describe effectively the lowest lying spin-1 resonances
of the strong dynamics. Site-1 also contains several multiplets of fermion fields in various
representations of G1, which will be described in detail later. The two sites are connected
by a o-model field €,% transforming as Q — goQgI, with go,1 € Go1. In figure 1 we show
the Moose diagram corresponding to this theory. We use lower case letters for fields on
site-0 and upper case letters for fields on site-1.

It turns out to be very convenient to extend Gy to a spurious G, = SO(5) x U(1),.. This
is achieved by introducing non-dynamical gauge and fermion fields on site-0 that, together
with the dynamical fields that fill representation of Gy C Gj,, complete full representations
of Gf. When one considers all the fields on site-0 as non-dynamical, they act as sources
for an exact global G{, symmetry, which is to be thought as a global symmetry of the
strongly coupled sector. We assume that the strong dynamics giving rise to the composite
resonances spontaneously breaks the SO(5) global factor down to SO(4), thus delivering a
set of NGB’s in the coset SO(5)/SO(4). These will be identified as the composite Higgs,
and are described by a field ®; as shown in figure 1. The presence of the dynamical fields
on site-0 explicitly breaks Gj, (e.g. by their kinetic terms, which are not present for the
spurious fields on site-0), and therefore generates a potential for the Higgs, which becomes
a pNGB. This potential is often calculable and is one of the attractive theoretical features
of these scenarios. The observation of a Higgs boson at the LHC and the measurement of

its mass and couplings then imposes non-trivial constraints on the parameters of the model.

4There is also a color SU(3)c on each site, but we omit mentioning these factors in the following.
SStrictly speaking, there are two link fields, Q and Qx, for the SO(5) and U(1) factors. These will be
described in detail below.
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Figure 1. Moose diagram of the two site theory describing the model. Gy is the SM gauge symmetry
and G; = SO(5) x U(1)y. The (spontaneous) breaking of G; down to H; = SO(4) x U(1) y, is
parametrized by a field @4, that transforms under G as a 5 of SO(5) with Q@ x = 0, and whose vev
is (®1) = {0,0,0,0,1}7. The link field transforms like 2 — gOQgI, with go,1 € Go,1-

As we will see in detail below, the presence of Q) allows to realize partial compositeness
of the fermions through bilinear terms involving a fermion 1 at site-0 and a fermion ¥
at site-1. It also leads to non-zero masses for the axial combination of the gauge fields in
sites-0 and 1, and contains the would-be NGB’s that are eaten in this process.

2.2 Bosonic sector

Let us consider first the Lagrangian describing the fields that parametrize the SO(5) —
SO(4) breaking. We denote the unbroken generators of SO(5) [i.e. of H; = SO(4) ~
SU(2);, x SU(2)g] by T¢, while the broken ones are denoted by T@ For reference,
we give their explicit expressions in a convenient basis in appendix A. The NGB’s are
parametrized by

U =M =117, (2.1)

where f; is the corresponding decay constant. The G = SO(5) symmetry is non-linearly
realized, that is, under a g; € G1 we have U — g1 U hy(g1; )T, where hy(g1; ) € Hy is
an element of the unbroken group, that depends on the SO(5) transformation g; and the
NGB fields II. The leading order Lagrangian of these NGB’s is

2
ENGB = f?l 'DZD”a, (2.2)

with Dz implicitly defined by U TDuU =& + DzT @ The covariant derivative contains
the composite spin-1 resonances, A, and leads to the interactions between these and the
NGB’s. We defer the description of the interactions between the NGB’s and the fermions
U on site-1 to the next section.

One can obtain a simpler and more explicit description of the above sector by defining
1 = Ugy, with ¢P = 685 (B =1,...5). Under a g1 € G1 one simply has ®; — g;®;, and
it can be checked that the above Lagrangian can be written as

2
LNGB = %\Du@lﬁ : (2.3)

fSince the NGB fields are neutral under U(1)x, we omit this factor for simplicity in this discussion, but
it should be understood.



In this form, the breaking of SO(5) down to SO(4) is simply parametrized by (®;) =
{0,0,0,0,1}7.
As for the Lagrangian describing the o-model connecting the two sites, at leading order

one has:
12 3
Lo = ZﬁmDMQP + TX|DMQX|2, (2.4)
with
Q = ¢V2illa/fo , Qx = eV2illay /fax , (2.5)

where Il = 113, T{_; and T{_; denote the generators of SO(5), x SO(5);/SO(5)., 4, with
SO(5)gy, denoting the diagonal (vector) subgroup of SO(5), x SO(5);. We have also
included an additional link field Qx (with its decay constant fo, and charges Q, = Qx =
1) for the U(1), x U(1)y factors. The covariant derivatives above are given by

D, = 0,Q —ia,Q +iQA,, D, Qx = 9,0x —i7,Qx +iQx X, (2.6)

where {a,,#,} and {A,, X,} are the gauge fields of site-0 and site-1, respectively (the
tildes denote non-canonical normalization).

Besides the terms above the bosonic Lagrangian includes the kinetic terms for the
gauge fields of Gg and G:

1 1 - 1 -5 g 1
— = 3 ]My—ibw,b‘uy—izAw,A py

w w
2 Luv=—L 4962 4gp 493(

X, XM 2.7
45 v (2.7)

['gauge

where j = 1,2,3, B=1,...,10, and ﬁ)iuy, INJW and {AEV,XW} are the field strengths of
SU(2) ., U(1)y and SO(5) xU(1) y, respectively. The embedding of U(1)y- C SU(2),xU(1),
on site-0 is obtained by the identifications w%“ =T, = l;u so that b, couples to ¥ =
T]% + Qx with coupling g{ = g0gz/+/ gg + g2.7 The relation between the couplings go and
g and their SM counterparts will be specified below, and similarly for the relation between
the elementary gauge fields w% and b*, and the SM gauge fields W and B*. We assume
that the couplings characterizing the interactions of the composite spin-1 fields, g, and gx,
are large but still perturbative.

The physical field content of the theory becomes evident in unitary gauge, where the
would-be NGB’s eaten by the composite A,’s are set to zero. This is achieved by a gauge
transformation g; = Q (and using Qx for the U(1)x factor). The physical NGB’s are then
fully parametrized by

P=090 1s' h <h ha, hs, ha, h cot h>T (2.8)
= = - Ssim —— ) ) ) 9 re ) .
1=y 7 1,12, N3, N4 7
with 1 1 1
m=mt, K=Y KAt (2.9)
i fa A "

"Here the fields are normalized according to Lgauge D —1/(498) w3, 05" — 1/(492) &, @, while by, is
normalized as in eq. (2.7).



The vacuum is characterized by the variable € = sin(v/f3), with v = (h) and (®)T =
(0,0,0,¢, V1 — ).

The link field Lagrangian in unitary gauge reads
1 . ~5\2 1 . ~ \2
Lo=f3(af = A7) + 7 Ry (72— Xu) (2.10)

where we allowed for all possible external source fields on site-0. Turning on only those
that are dynamical as in eq. (2.7), we have

3

Lo = 3 miz (towy,, — AL ,)" + 3 m% (tgw%u — A?I)%u) + 5 m% [(90/9x) T — X2
i=1
1 2 1 4
oy Y AR AR+ g my Y ALAM (2.11)
k=1 a=1

where we denoted by A% ., and Al ., the composite spin-1 fields associated with the SU(2),
and SU(2) factors in SO(5), respectively, defined

tg = 2 (2.12)
9p
and
2 L 5. 2 L 5 .
m, = igpfﬂﬂ mx = §ngQX7 (2.13)

and rescaled the fields according to wr, g = gowr, R, ALR = 9pAL.R, T = gyx and X = gx X
for canonical normalization. Recall that 71)%/ u and z, are written in terms of Bu as given
after eq. (2.7). By going to the mass eigenbasis, we can then identify (in the limit that
(h) = 0), the following massless fields:

Wi, = cowl, + soA% for i=1,2,3, (2.14)

and 1
By= ——— [bu +tg A+t Xy (2.15)

J1+ + 12,
P X

where ty, = 90/9, and ty, = g6/gx- These are then identified with the SM gauge fields,
and acquire masses when (h) = v. Indeed, one finds that

1
my ~ 5\/92 +3g%€fn, hence vy = 246 GeV ~ ¢ f}, . (2.16)

One can also identify the SM gauge couplings:

1 1\ V2 / 1 1 1\ V2
926090=<2+ > : g’zgo—<+ + > . (2.17)

%R 9 iy v, \a 9 gk
p X

We note here, for later use, that in the case that gx = g{g,/+/ g5 — gf* one has that
to = 90/9p = 9=/9x, i.e. the ratios of elementary to composite couplings in the two sites



coincide for the SO(5) and U(1) y factors. In this case the usual Weinberg angle coincides
with the naive elementary Weinberg angle: tw = ¢'/g9 = ¢{,/90-

The combinations orthogonal to egs. (2.14) and (2.15) are massive even in the absence
of the Higgs vev. For the SU(2); x SO(5) factor one finds states ﬁiLM = CGAZ);H - sawiu
(i = 1,2,3) with mass m% =1+ tg)m%; the other fields in SO(5), that do not mix with
elementary fields, correspond to two (charged) fields in SU(2), C SO(5) with mass m,,
and four fields associated with the broken SO(5)/SO(4) generators, with squared masses

2= 3 A+ A (218)

the latter term arising from Lngp in eq. (2.3). There are also two massive neutral reso-
nances arising from the “hypercharge” gauge sector. Assuming that mx = m,, the expres-
sions for the latter simplify considerably and one finds that the state o< ty,, A% u —L‘g;}X u has
mass m, while the state o t9'pA?I)%M+t9'x X, — (t2;+t2,x) b, has mass squared [1+t2/g+t2,x} ma.
All of the above states receive small corrections when (h) is turned on. For completeness,
we give the full mass matrices in appendix B.

2.3 Fermionic sector

On site-0 we consider a set of massless chiral fields ¢ with the same quantum numbers
as the fermions of the SM. As explained earlier, often these will be extended to full Gj,
multiplets by the introduction of additional fermionic sources. On site-1 we include a set
of massive Dirac fermions ¥(") arising from the strong dynamics, transforming in different
representations r of G1. The fermions on site-0 and site-1 can be connected by the o-model
fields €2 and Q2 x. Similarly, fermions in different representations on site-1 can be connected
by the NGB fields in U. The generic form of the fermion Lagrangian at quadratic order in
the fermion fields that we consider in this work is

Ly = iWbPo + VO (iDy — m) O 4+ DG U P
_|_A(T)QE(7")Q [QX]‘JT\I;(T) +h.e. (2.19)

Here D, and D, are the covariant derivatives on sites-0 and 1 (i.e. carrying the corre-
sponding elementary or composite gauge fields) and P(%) ig a projector in the space of
representations of H;. Note that besides the “diagonal” fermion masses, m,, the NGB’s
can allow additional “non-diagonal” mass terms coupling different fermion representations.
From the point of view of the fermion field content, these bear some similarity with the
Yukawa terms of the SM. By some simple algebraic manipulations, this term can be writ-
ten in terms of the field ® plus mixing terms between composite fermions in the same
representation of SO(5). In the next section we will show them explicitly for each fermion
embedding. The last term in eq. (2.19) leads to mixing between the elementary and com-
posite fields, and realizes the idea of partial compositeness in the fermion sector. This
term is only written for pairs of elementary and composite fermions with the same quan-
tum numbers under G, and G; [here g, denotes the common charge of ¢ under U(1),
and ¥(") under U(1)x]. Note that this last term violates the G{ x G symmetry explicitly
only after the non-dynamical source fields in ¢(") are set to zero. The precise form of the



above Lagrangian depends on the representations of the fermionic resonances which would
be determined by the strongly coupled UV completion. In the absence of such an explicit
theory, we will study several possibilities based on the lowest dimensional representations
of SO(5). We will provide the detailed forms of the Lagrangians in section 3.

A comment regarding the structure of the third term that contains the interactions
between fermions and the NGB’s parametrized by U is in order. As will be discussed in
section 5 and explicitly shown in section 3, we will not consider the most general mass
terms. Rather, in order to obtain a finite Higgs potential Vg we have imposed some
constraints. By ¥ we mean the Left-handed component of the fields ¥ on site-1 that mix
with the fields 7, on site-0, whereas W', is the Right-handed component of the fields ¥ on
site-1 that mix with ¢z on site-0. Therefore m("*) will only connect \Ilg) and \I’I}(;), but
there are neither terms of type \ifg)UP(TS)UT\IJ/L(S) nor of type \TJ(LT)UP(”)UT\IIE?.

Also, to avoid large corrections to Zbpby, we will embed @, the composite multiplet
mixing with ¢z, in a multiplet such that: Ty, = Tg and T3 = Tf;’é = —1/2 for Qg, with
Tr, r the SU(2) 1.r generators and (g the component mixing with by. This means that Q
contains a (2,2) of SU(2); x SU(2),. The smallest irreducible representations of SO(5)
satisfying this condition are the fundamental 5, the adjoint (antisymmetric) 10 and the
(symmetric) 14. The U(1)x charge is fixed by demanding that the correct hypercharge
be reproduced, where ¥ = T}% + X, leading to X = 2/3. For the composite multiplet U
(D) mixing with ur (dr) we will consider several possibilities, but we will choose those
that allow to write a Yukawa term Q®"U (Q®"D) that is a singlet of G; and contain
a ly/3 (1_y/3) of SU(2), x U(1)y. We will consider the following models: MCHM; (all
the fermions in 5), MCHM;j( (all the fermions in 10), and models involving more than
one representation: MCHM10,5,10, MCHM5,5,10, MCHM5,10,10, MCHM14,14,10 and
MCHM;4_1-19, with notation MCHM¢q_yy—p (see also refs. [30-34]).

Since the BR of the Higgs decaying to 777~ is not negligible, we will also consider the
leptonic sector. For each generation we include two multiplets of composite fermions: L
and F, mixing with the elementary leptons £;, and ep respectively. These composite leptons
are singlets of SU(3) and, for each model, we choose their SO(5) embedding copying that
of @ and D, again with X chosen to obtain Y = T}% + X.

2.4 The low-energy effective theory

In order to make contact with measurements at current energies, it is useful to integrate
out the heavy resonances in the previous model. We will present in this section the result of
integrating out the spin-1 resonances, which is common to the various models we consider
and illustrates the general procedure. In section 3 we present the result of integrating out
the heavy fermionic sector in the different models of interest.

In order to simplify the computations it is useful to start with all elementary fields as
non-dynamical and filling complete G, = SO(5) x U(1), representations, as discussed in
subsection 2.1 above. Since in this limit the full theory has an exact global SO(5) x U(1) y
symmetry, corresponding to the diagonal group of G x Gi (due to the vev of the link
fields), the effective theory for these external sources must take a fully SO(5) x U(1)y
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form. Listing all the invariant terms that are quadratic in the external gauge fields, we
must obtain (in momentum space):

1 1 1
e = A o)« P T e s e o

for some functions Hf)(pQ), Hf)( 2) and H(O)( 2). In the limit that (h) = 0, i.e. ® =
{0,0,0,0,1}7, this becomes

2.6, 1
Esources‘h 0=71 H(O) ~f¢ JN + = <H(0) + = H(2)> (NLZbeM + 5 Hg?) juj“, (2'21)

where j = 1,...6 and b = 1,2,3,4 label the two SO(4) representations in the adjoint
of SO(5): 10 = 6 + 4. We can then integrate out the heavy spin-1 resonances from
L = Lgauge + Lo + LngB [egs. (2.3)-(2.7)] in the limit (k) = 0 and in unitary gauge, and
identify Hff), Hf) and Hg?). The equations of motion for the heavy fields simply read

2 2 2
. m — m - m
14'7 == - r CLJ 5 Ab — P ~b 9 = X :’E (2 22)
Xy 7 Tus .
® p2 m% ® ® p2 m2 ,lL p2 m){

where m, and mx were defined in eq. (2.13), and m, was defined in eq. (2.18). Replacing
back in the original Lagrangian, we find

¥ =11, , n? = 2(11, — 1) , Q) =TIy, (2.23)
where
. p*m? . mi(p?+mi—m?) A pPm%
Mo =~ 5 a7 = —5r 5 o Ux= o5y (224
gp(p mp) gp(p ma) gX(p - mX)

Going back to eq. (2.20) evaluated for an arbitrary Higgs configuration, and keeping only
the sources corresponding to the SM gauge fields, as described after eq. (2.7), one finds in

an obvious notation:

1 - -
Lo == ZH ot W, 0+ T a2 5 0L b + 5 T b (2.25)
where
(0) L
Mg ="+~ HA sin?(h/ fn) Hi;ifa: —1 A ) sin 2(h/ fn),
m, = m + 1 +3 L s/ ) - (2.26)

These correlators, which are valid to all orders in momentum as well as on the Higgs vev
will be useful when evaluating the Higgs potential in section 5.
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3 Models based on the 1, 5, 10 and 14 reps. of SO(5)

In this section, we present a summary of the models we consider in this work, which differ in
the SO(5) representations of the fermionic resonances arising from the strongly interacting
sector. We start with a few general comments, and then describe each model in turn. The
reader may want to read only the first part of this section and skip to section 4, coming
back to subsections 3.1-3.7 only if further details are desired.

In unitary gauge the fermion Lagrangian can be written as:

Ly= Z Zwﬁiﬁtb + qrA¢Qr + urAUL + CZRAdDL + h.c. (3.1)
Y=qr,uRr,dr
+ Z ‘i/(lﬁ — m\p)\l’ + myuQLUR + mdeLDR + ,Cy(QL, Ugr, Dg, ‘P) + h.c.
v=Q,U,D

Depending on the fermion embedding, the terms m,, QLU RTMy dQ . Dg can contain a gauge
singlet or not. They are present only in the former case. The explicit form of the Yukawa
terms also depends on the fermion embedding, and will be specified for each model below.®
For the MCHMj3 it is necessary to include two different composite fermions Q% and Q¢
that mix with the elementary doublet g;. In this case, we replace gL A;Qr — LA Q% +
chAqu% and myuQLUR + mdeLDR — myuQ%UR + mdedLDR above. However, for the
other models a single @ is sufficient, as written in eq. (3.1).

Integrating out the composite resonances we obtain an effective theory involving the
elementary degrees of freedom only, in complete analogy to the procedure presented in
section 2.4 for the spin-1 case. The fermions are in complete irreducible representations
r5 of SO(5). However, due to the spontaneous breaking SO(5) — SO(4) in the composite
sector, each fermion is in general split into several irreducible representations r4 of SO(4):
Y's = Zm Oy Y7, with ag 5, the coefficients associated to the decomposition. Thus,
before EWSB, and taking (®) = ®g (i.e. h = 0), one can write the effective Lagrangian as:

Loty = Z Zq]}(m)]f (Zw+ﬁg4))¢(m)+ Z ZQLT4)M¢(T4)¢g4)+h'C' (3.2)

Y=qr,ur,dr T4 Y=u,d T4

The explicit form of the correlators ﬂz)“ and M 5)4 are given in the appendix for the differ-
ent models.

It is then simple to compare to the correlators of an effective Lagrangian, Leg, written
in fully SO(5) invariant form with the help of an arbitrary ® (one should list all possible
SO(5) x U(1)y invariant operators that are quadratic in the external fermionic sources,
which depends on the specific model in question). If one then retains the SM degrees of
freedom only, the effective Lagrangian for the elementary fermions takes the form

Lo = Urp (Zg + Wy )ur +drp (Zg +ay )dr + arp (Zu + Hug)ur

+drp (Za+ g, )dg + G Myug + dp Madg + h.c. (3.3)

8These Yukawa interactions are not yet the SM Yukawa interactions, but will give rise to them. Therefore,
we will refer to them as “proto-Yukawa” interactions.
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The correlators II, and M, can be expressed in terms of the correlators of the SO(4)
symmetric theory f[;“ and M ;4, and have an explicit (and generally simple) dependence on
sp = sinh/ fy and ¢, = cos h/ fr,. We show below the full expressions for each specific model.

The spectrum of fermions that mix with the SM ones (as well as the masses of the SM
degrees of freedom) is given by the zeroes of the quadratic operator

Zevo {p*[Zg + My, (09| Zy + Ty (0°)] = [My (@)}, ¥ =wu.d. (3.4)

The SM states, being lighter than the compositeness scale, can be obtained by expand-
ing eq. (3.4) to O(p?), leading to
—-1/2
} ) Tﬂ =u, d )
0

(3.5)
We have used the superindex (0) for the lightest states, since in the absence of mixings

2
) My(0) {[ZﬁHm(omzwan(on—2%(0)\%

p?=

they are massless.
Similarly, the Yukawa coupling of these states to (a single) Higgs boson can be obtained
by differentiating with respect to v:

)
(0 _ dmy

Yy =g v =u,d . (3.6)

This coupling depends on the model, but since the vev dependence of the correlators is
simple (it is encoded in s;, and ¢, in the formulas given in the following subsections), we can
derive simple expression in terms of the correlators, that will be given for each model below.

A very important combination for the phenomenology is the function yfpo) /mff). To
leading order in € it can be approximated by:

(0)

%:i}h) 1+0@)], d=ud. (3.7)

where the Fy(e) depends only on e (as well as on the fermion representation) and will
be given in section 4. The O(e?) correction (which also depends on other microscopic
parameters) determines the deviation compared with the simple and compact leading ap-
proximation. The above relation is intimately connected to certain sum rules that have
been already observed in the literature [19, 35, 36]. We will comment further on this in
section 6.

As will be shown below, different models lead to different sizes for the O(e?) term.
Multiplying eq. (3.7) by vsas, and using eq. (2.16), we can obtain the ratio between the
Yukawa couplings in the MCHM and in the SM:

i = Fp( [1+ 0], Y=ud, (3.8)

9The are exceptions to this statement, with additional dependence on the Yukawa couplings on the
r.h.s. of eq. (3.7). We consider one such detailed example in this work and mention a few others. However,
in certain limits the above discussion often applies.
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showing that deviations from Fy(e) are suppressed by O(e®). This correction depends
also on the fermionic mixings in the following way: (’)(62spr, 62512pR)7 requiring in general
the mixing of both chiralities to be small to ensure extra suppression factors. However, for
some models the structure inherited from the fermion embedding is such that the correction
involves just one chirality to leading order: 0(62312/%) or (9(62512%). In those cases an extra
suppression can be achieved with small mixing for one chirality only. Note also that the
above corrections do not take the form claimed in [19], i.e. O(eszb) ~ O(e? 812/% sfm), where
my, denotes the mass of the SM field (this has also been observed in ref. [21]). Thus, the
bottom quark, in particular, can give corrections that are larger than expected, as will be

illustrated in section 6.

3.1 MCHM;

In this model we consider 4 composite fermions for each generation: Q“,U ~ 59,3 and
Q4D ~ 5 4 /3, where the subindex denotes the U(1)x charge. In unitary gauge the
Yukawa terms of the fermion Lagrangian (3.1) read:

Ly = yu(QL2)(2'Ur) +ya(Q12)(2' Dr) . (3.9)

In this case ¢z mixes with two composite fermions: Q% and Q?. The bottom mass can
result from small A 4 and/or small Ay.
The correlators of the effective Lagrangian (3.3) are:

2 2
_ 170 0 1 Sh _ 110 0 1 5h

I, —Hqu_i_qu_‘_Hqu?, Iy, —Hqu_{'qu_‘_qu?a

HUR = H?L + Hlllci ) HdR = H?l + HcllCiQL )

M, = m} Zheh My = m} 2hh (3.10)

, =my— .
V2 V2

where the Hf;b are defined by
L33 = g p Wouqt + 41§ Woaqf + upp Wur + drp Uydr + (37 @) § T (9g})
+ (71 2)p Tu(®7q7) + (ur®)p 1 (®1up) + (dr®) p Ty(D1dR) (3.11)
+m Gbup + mYGtdp + mk (7L ®)(®Tur) + mh(7i®)(®TdR) + h.c.

The superindex “sources” serves as a reminder that here the ¢7, q%, ur and dp fill complete
SO(5) multiplets and that all components are to be treated as external sources. One must
still add “bare” kinetic terms for the dynamical fields on site-0, i.e. those with SM quantum
numbers, as in eq. (3.3). Since a 5 of SO(5) decomposes under SO(4) as 5 ~ 144, one finds

0, =T, Ty = T | G = Ty

Héu = ﬂquu) — f.[qu(4) , H(lld = ﬂqd(l) — f.[qd(4) , Hcll = f[du) — f[d(4) ,

I, =1, , my = My , mg = My , (3.12)
H}L = ﬂuu) — ﬂu(4) s mt = Mu(l) — Mu(4) R mé = Md(l) — Md(4) .

where the hatted correlators are given in appendix C.1.
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(0) 11 (©),

Using these correlators we can compute the prediction for y M e

yO B s 2lmb(0)][mb(0)] — [Zy +T15(0)+TTL (0)] Tk, +2[Z, + TIO(0)]TL

m®  sufn I 2, 00) + Oz, + oy O
W B s 2m0)Imi0) —[ZTI0) + O, 27, + IO
@ b 2[Z-+ T15(0) + T30)] Z, + (0] -3

where |m§z)(0)|' = |dm,f/)(1102)|/alp2 . Taking into account that H{ﬁ ~ Ai and My ~

AyAy, eq. (3.14) shows that the O(s?) correction to y, in this model is small. By expressing
Ay in terms of the elementary—composite mixing angles, one sees that the correction is
suppressed by s? 2 OF s2 5~ By choosing both of them small, we expect y, )/ 'ml()o) to be well
approximated by Fy/spfr in this model. On the other hand, eq. (3.13) shows that the
corrections to y; do not have any extra suppression factor in general, since the top mass
requires both, sgu and s, ~ O(1). This property has important consequences for the
phenomenology: one can expect corrections to loop-induced processes that depend on
[gluon fusion, h — v to be discussed in section 6] of O(s7). The size of these corrections is
similar for all the models. Since all of them require s, and s, < 1, there can be differences
of O(1) between them arising from the different embeddings and regions of the parameter
space selected.

3.2 MCHM;o

From now on, we consider 3 composite fermions for each generation. In this model:
Q,U, D ~ 10y/3. In unitary gauge the Yukawa terms of the fermion Lagrangian (3.1) read:

Ly = yu® QLUR® + ya® QL Dr® . (3.15)

In this case q;, mixes with a single composite fermion ) and, therefore, the bottom mass
requires small Ag4. In this model the interactions ®'U; Dr® and ®TUrD;® are also com-
patible with the symmetries. However they lead to a logarithmically divergent Higgs po-
tential, and we do not include them. Note also that we do not include terms of the form
€EABCDE @AQfCU}gE, etc., which would break a LR symmetry, and have been studied
in [37].

The correlators of the effective Lagrangian (3.3) are:

0 1 C}% 5% 0 1Ci
HuL:Hq+Hq 5"_1 5 HdL:Hq+Hq57
$2 52
11, —H0+H14 My, = 109+ 1 4 (3.16)
ShCh ShCh
M, = —m} My = —m}
w= T Vo
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where the Hz are now defined by [see also comments following eq. (3.11)]
S5 = Tr [qpp Wqr + upy Moug + dp p Hydg]
+ 0Ly My qp @ + ®lapy I, ug® + ®'dpy M drd (3.17)
+ Tr [mg JLUR + mg qLdR] + mllL Q)TqLube + m}l q)Tq_LdR(I) + h.c.

Since a 10 of SO(5) decomposes under SO(4) as 10 ~ 4 + 6, we find

I = f[q(e> , 0 =, , MG = Ty ,
I} =2, — ), I, = 2(I,4) — M), I = 20 — ),
0 =M@, mg = My ,
ml = 2(M,u — M), mb = 2(Myuy — M) - (3.18)

where the hatted correlators are given in appendix C.2.
The prediction for y,,/my, is:

u® B sy ImL(0)]|mi(0)]'+[22,+2118(0) — T} (0)]1L} 2[Z, + I(0) 1L

SR AZ + I 0)][27, + 2113(0) + 10) -9
AR o 200 2 TGO 22, + 2050) + O
m®  snfn A[Zq + 115(0)][2Z, + 211(0) + 113(0)] o

Eq. (3.20) shows that the O(s?) corrections to y, in this model can be sizable. This is
because there is a term suppressed by 3(21 only, but s, ~ 1 to reproduce the top mass. Thus,

we find a suppression by 3,2Z only.

3.3 MCHMjio-5-10

In this model: @, D ~ 105/3 and U ~ 55/3. In unitary gauge the Yukawa terms of the
fermion Lagrangian (3.1) read:

Ly = yu® ' QLUR + ya®'QLDR® . (3.21)

The correlators of the effective Lagrangian (3.3) are:

1 2§ 102

HUL:H2+HQ o) HdL:HEI)—i_Hqih’
2 4 2
2
S

M, =10 + ke, My, =109 + ngh : (3.22)

Sh 1 ShCh

M, =-ml =2 My = — .
v Mg S PN

where the Hf;b are defined in analogy to egs. (3.11) and (3.17), with the ®-dependent terms
following the structure displayed in eq. (3.21) for the Yukawa terms in this model [see also
comments following eq. (3.11)]. Expanding the Higgs potential in powers of s;, and Ay, the
contribution of M, to the quartic coupling is of order O(A?p) and the only contributions
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of order O(Ai) are from II; and IIp. Therefore, in this model we expect a small self-
coupling and a very light Higgs. This fact is reflected in the tuning of the model which,
after requiring the proper Higgs mass, is one order of magnitude larger than in the other
models. A sizable quartic coupling demands very large mixings for the top quark, inducing
departures from the analytical approximations for the Yukawa couplings. This also affects
the bottom since the by, mixing is equal to the 7 mixing in this model.

Using the previous decompositions of 5 and 10 of SO(5) under SO(4) one finds:

I = e, 0 =11, 119 = My ,
I} = 2(I — ), I, = 1,0 — T, , I} = 2(I 0 — )
mgzo, mgsz(G),

v =V2M,u , my = 2(Myu — Mye)) - (3.23)

where the hatted correlators are given in appendix C.3.
The prediction for y,,/my, is:

s _ B s 2Ama(Qlma(0)) +[Z, 0 (0) + MO, +4Z, + MO, )
m®  sufh Jn 2(Z, + T13,(0) + TT5(0)][2Z, +2115(0) + I11(0)) C
5 Fo o 2ma(O)llmy(O) +4[Z0 IO, — 22, +210,(0) + Uy Oy o
m®  sufa I 4[Zg +115(0)]2Z, + 211(0) + 115(0)] o

yp/ My in this model is exactly as in the MCHM ;g when expressed in terms of the correlators,
although the correlators themselves are different in both models. This can be understood
because the bottom mass arises from the coupling between ¢ and d, that share the same
embedding in both models.

3.4 MCHM5_5_10

In this model: Q,U ~ 53/3 and D ~ 104/3. In unitary gauge the Yukawa terms of the
fermion Lagrangian (3.1) read:

Ly = yu(Qr®)(®'UR) + yaQrLDr® . (3.26)

The correlators of the effective Lagrangian (3.3) are:

S
M, =TIy + 0,2 Iy, =1,
2
S
M, =110 + ., My, =109+ H}qh : (3.27)
SKCh 1 5h

where the Hf/) are defined in analogy to egs. (3.11) and (3.17), with the ®-dependent terms
following the structure displayed in eq. (3.26) for the Yukawa terms in this model [see also
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comments following eq. (3.11)]. Using the previous decompositions of 5 and 10 of SO(5)
under SO(4):

I = ﬂq(4> , 0 =10, , I = e
Iy =T, — M I, = 1,0 — M, I} = 2(T 0 — ye)
0 =M, mg =0,
=M, — My, my = V2My . (3.28)

where the hatted correlators are given in appendix C.4.
The prediction for y,,/my, is:

W R o 2Oy + 22, IO 2+ 060) + ILOWT o

m”  sufn o fa 2[Zu +115,(0) + IT,(0)][Z, + 113(0)]

yl()o) F, Sh 2|mé(0)|‘m}l(0)|/ - [Zq + Hg(O)]Hé
~ 2k ( (3.30)

ml(;O) snfn o I 4[Zd + Hg 0)][Zq + HS(O)]

For the top quark we obtain a result similar to the MCHMj5. Eq. (3.30) shows that the
O(s?) corrections to yl()o) / mZ(JO) in this model is also suppressed by s2 < 1.

3.5 MCHM5_10_10

In this model: @ ~ 55,3 and U, D ~ 105,3. In unitary gauge the Yukawa terms of the
fermion Lagrangian (3.1) read:

Ly = yuQrLUr® + yaQrDr® . (3.31)

In this model the interactions ®U;,Dr® and ®TUrD;® are also compatible with the
symmetries. However they lead to a logarithmically divergent Higgs potential, therefore
we will not include them.

The correlators of the effective Lagrangian (3.3) are:

2
s
M, =10 + 102 g, =103,
0 15% 0 15}21
Sh 15h
M, =-m} —= Mg=mj—" .
S VoA 1T

where the Hjﬂ are defined in analogy to egs. (3.11) and (3.17), with the ®-dependent terms

following the structure displayed in eq. (3.31) for the Yukawa terms in this model [see also

comments following eq. (3.11)]. Since the Higgs dependence on M, is the same as in the

MCHM;g_5-10, the behavior of the Higgs potential and the top Yukawa are similar.
Using the previous decompositions of 5 and 10 of SO(5) under SO(4):

Hg = 1:‘[q(4) ) ]'_‘[?L = ﬂu(ﬁ) ) Hg - ﬂd(6> ’
I} =10 — M I, = 2,0 — @), I = 2(Ig — gw)
m(u) = 0, mg = 07
= V2M,a my = V2Myu) . (3.33)
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where the hatted correlators are given in appendix C.5.

The prediction for yy,/m, is:

y”  F sy ml0)|lmi(0)] — [Z + H(0)]IL}, — 2(Z, + I (0)]IL,

m"  sufn Ju 42y + T(0)][Z, + T15(0) o
uO B, s 2mb0)[mi0)] - [Z, + T (0)]11} (3.35)
mz(;()) snfn  fn A[Z4 + T19(0)][Z, + T19(0)] |

yp/myp in this model is exactly as in the MCHMj5_5_19 when expressed in terms of the
correlators, although the correlators themselves are different in both models. This can
be understood, again, because the bottom mass arises from the coupling between ¢ and
d, which share the same embedding in both models. Eq. (3.35) shows that the O(s?)

corrections to y, © / m in this model is also suppressed by 83 < 1.

3.6 MCHM14_14_10

In this model: Q,U ~ 145/3 and D ~ 10y/3. In unitary gauge the Yukawa term of the
fermion Lagrangian (3.1) includes:

Ly D yu®'QLUR® + y;®'QLDR® . (3.36)
The following term is also allowed by the symmetries
Ly D G, (21QL®) (TUR®), (3.37)

having potentially important consequences for the phenomenology, as will be discussed in
the next section.

The correlators of the effective Lagrangian (3.3) are:

s
HuL=H2+H;(2 £)+H2shch, HdL:H2+H§h
4 s (4c? — 57)? s
I, = I + 11 <5ch+2’6>+nihmh, My, = 119 +Hd—h (3.38)
. 3 . ShCh
M, =iml ——s,c —|—zm spep(4e s2), My = im}
" u /B \[hh(h 0) d 155 °

where the Hﬁp are defined in analogy to egs. (3.11) and (3.17), with the ®-dependent terms
following the structure displayed in eqgs. (3.36) and (3.37) for the Yukawa terms in this
model [see also comments following eq. (3.11)]. Since a 14 of SO(5) decomposes under
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SO(4) as 14 ~1+ 4+ 9, we find

g =Ty I = M0,
19 = T,
H; = Q(ﬁq(‘U - ﬂq(g)) ) Hzlt = Q(ﬂu<4) - ﬁu(Q)) P

~

H%l = 2(ﬂd(4) - Hd(ﬁ)) )

12 = %(mq(l) — 8w + 31 , 2 = i(mu(l) — 81T, +3M,0), (3.39)
my = M), my =0,

me, = 2(M, — M), my = 2iM ) ,

my = 1(5Mu<1) — 8M, ) + 3M0)) -

4

where the hatted correlators are given in appendix C.7.
The prediction for y,,/my, is:

yt(o) Fy ~ 5h ) —3|my,(0)|[I11(0) — 4I12(0)] + 16|mZ(0)|[5Z, + 5II9(0) + 211} (0) + 2I12(0)]
mgo) snfn  fn [3ImL(0)] + 8m2(0)[][2Z + 2119(0) + I11(0)]

—[3[my, (0)] + 8|m3 (0)[][3[m,(0)|" + 8|m7 (0)['] + 5[2Z4 + 2119(0) + I13(0)][311;,(0) + 8T (0)]
+ [5Zy + BII0(0) + 4TIL(0) + 4112 (0)] 22, + 2110(0) + 11 (0)] ’

(3.40)
v By s 2AmiO)lmy(0)/ +4[Za+ TO))11; — 27, + 2M15(0) + T (O)]1T;
mz(;O) snfn  fn 4Zq + 119(0)][2Z4 + 2119(0) + 13(0)]

. (3.41)

yp/ My in this model is exactly as in the MCHM ;o when expressed in terms of the correlators,
although the correlators themselves are different in both models.

3.7 MCHM14_1_10

In this model: @ ~ 145/3, U ~ 15,3 and D ~ 10y/3: In unitary gauge the Yukawa term of
the fermion Lagrangian (3.1) reads:

Ly =y (®'QL®)UR + ya@'QLDR® . (3.42)

The correlators of the effective Lagrangian (3.3) are:

0 1 C% 5% 222 0 10%
HuL = Hq + Hq (2 + 4> + Hqchsh, HdL = Hq + Hq? s
52
I, =119, My, =109+ H}qh , (3.43)
Sh ShCh
My = —my = Mg = —m} 20
u mu 2 9 d d2\/§
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where the Hfb are defined in analogy to egs. (3.11) and (3.17), with the ®-dependent terms
following the structure displayed in eq. (3.42) for the Yukawa terms in this model [see also
comments following eq. (3.11)]. Using the previous decompositions of 14 and 10 of SO(5)
under SO(4):

HEI) = 1ﬁ‘[q(9) ’ Hg = f‘[u<1) ) Hg = 12[d<6> ’
H; = 2(ﬂq<4) - IA1q<9)) ) Hfli = 2(ﬂd(‘l) - IAld(‘s)) ’
1 . . .
Hg = Z(an(l) — 8L, + 3Hq(9)) , (3.44)
mg = 0’ mg - O,
1 5 ~ 1 oA
m, = 7Mu(1) y mg = 22Md(4) .

where the hatted correlators are given in appendix C.6.

The prediction for y,,/my, is:

B sn —SImu0)[mi(0))' + [Zu + I (0))[11(0) — AIIZ(0)]

@ s T h 20+ IMO)RZ, 20 + 0] (34
A F s 200 2 TGO 22, + 2050 + O
m®  snfn A[Zq + 115(0)][2Z, + 2115(0) + 113(0))] o

The prediction for y,/mp in this model is exactly as in the MCHM;jy when expressed in
terms of the correlators, although the correlators themselves are different in both models.

3.8 Other models based on the lowest-dimensional reps. of SO(5)

Although we will not provide all the details, we list here the other possible models one can
consider when using the 1, 5, 10 and 14 representations of SO(5) in all possible combi-
nations for the quark sector (assuming the same assignments for all the families). Besides
the cases given above, one can have an MCHM;5_1_19, MCHM14_19—10, MCHM19_14—10,
MCHM4_5_19 and MCHM5_14_19. This would exhaust all the models that allow to write
Yukawa couplings (in particular for the top quark, which is hard to imagine arising from
other than tree-level effects). For instance, the MCHM;jg_1_x does not allow to write
the operator y,(®TQ®)Ur + h.c. since it vanishes due to the antisymmetry of the 10.
Some of these models (the MCHM1475710 and MCHM5,14,10), like the MCHM14,14,10
described in detail in section 3.6, allow for two Yukawa structures in the up sector, which
can a priori lead to qualitative differences with the remaining models that allow only a
single Yukawa structure. We will study in detail only the MCHM 141419 to illustrate the
possible features in such cases, and will restrict our comments for the models mentioned
in this subsection to only a few general remarks in the following sections (but enough to
get a feel for their phenomenology).
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4 Corrections to low-energy observables in the MCHM

To analyze the low-energy consequences of the model one can either diagonalize the gauge
and fermion mass matrices, explicitly including the heavy states and their mixing with the
elementary fields. The SM fields are then identified as the lowest lying states in the presence
of a given (h). The latter is actually determined dynamically as discussed in section 5,
but the procedure works for any fixed vev. Finding the Higgs mass, however, requires
the minimization of the potential, and incorporating this information will be deferred to
later sections.

Alternatively, one can obtain an effective theory for the fields on site-0, as done in
section 2.4 for the gauge fields and in section 3 for the fermion sector. The zeroes of the
correlators thus obtained determine the spectrum of the model. The correlators also encode
in their Higgs vev dependence information regarding the couplings of the physical fields
and the Higgs boson, as discussed in the previous section.

Although the numerical analysis to be presented in section 6 has been obtained by
the previous methods (and we have checked that they agree), it is useful to have a simple
analytic approximation that captures the main phenomenological features of the Higgs
sector in composite Higgs models. To do so, one starts from the following relation that
holds in the simplest situations, which includes most of the models we study:

(n)

Y 1d t 1
D~ = 5 gy logdet(MMy) = Fy(sn), (4.1)

n Ty,

(n)

where m,, and y(")

are the mass and the Yukawa coupling of the n-th fermionic resonance
to the Higgs, respectively, and M, is the h-dependent mass matrix. The fact that the
above trace depends only on sj, = sin(h/f;,), but not on other parameters of the model'®
is not a general statement, but a consequence of the particular models considered in this
work. In the simplest situation there is just one Yukawa term that leads only to one
non-trivial SO(4) invariant for each sector, resulting in a determinant that factorizes as
det(MJ)Mw = Fw(sh) hy(y, A, m). Therefore, its logarithmic derivative depends only on
sp and fp. F¢(sh) is a model-dependent function that depends on the representation of
the fermions under G; [19, 35, 36].

In the general situation, for arbitrary representations of the composite fermions, there
is more than one non-trivial SO(4) invariant arising from the Yukawa interactions in each
sector. The determinant does not factorize in this case and its derivative generically de-
pends on other microscopic parameters as well, such as the composite Yukawa couplings.
This is the case for the most general MCHM 141410 discussed in section 3.6. This could
be important for the phenomenology, since in the general case one could in principle obtain
enhancement or suppression of the gluon fusion process in different regions of the parameter
space, while there is no such freedom for the minimal cases with just one invariant.

However, one should remember that (h) itself is determined by the effective potential, which is calculable
and depends on various microscopic parameters. Therefore, the most precise statement is that the r.h.s. of
eq. (4.1) depends on the microscopic parameters only through h/ fp.
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Under the assumption that eq. (4.1) holds, the additional useful observation is that,
to leading order in € = sin(v/ fy), the sum is saturated by the zero-mode term, leading to

1
o~ o [P0+ 0, ) + 0 )] (12)
m
Y

where sy, and s, are the LH and RH elementary-composite mixing angles, respectively.
This was explicitly shown in section 3 for each model, and in section 6 we will further show
numerically that the above approximation works reasonably well even in the top sector (we
will also discuss the cases where important deviations arise).

Except for the case considered in section 3.6 and two embeddings described in sec-
tion 3.8, we find only two different functions for the models considered in this work:

1 — 26
_ — /1 _ .2
F1 == m 5 F2 = 1 €« . (43)
The MCHM14_14_10 presented in section 3.6 is somewhat different in that two different
Yukawa structures are allowed [see egs. (3.36) and (3.37)]. As a result, the trace involves
a function with a non-trivial dependence on these Yukawa couplings, not just on e:

1 (66 —3) yu — 2 (20" — 23€2 + 4) gy,

efn V1-E(2(& —4)ju—3ya)

1
— Fy=tr(Y M, ) =

o (4.4)

which can change the size and sign of F3. Being F3 a homogeneous function of the Yukawa
couplings, it depends only on the ratio 7y = ¢y /Y. For ry = 0 one recovers the F function
of the other models: F3|.,—o = F1. In the opposite limit we define a new function

- 4 — 2362 + 20t

F3= lim F3= .
ST e V1 —€?2(4—5€e2)

(4.5)

For r, — oo one can obtain in principle a large suppression, since Fy changes sign for
¢ ~ 0.46. Fj interpolates between F} and Fj as ry varies, thus one can expect a suppression
larger than Fj in the general case (see right panel of figure 3). However there is a small
region of the parameter space where there could be an enhancement and a violent change
of sign of F3, as a consequence of an accidental cancellation in det M, that leads to a
singularity of F3 (this has also been observed in ref. [21]). This is connected to the existence
of a very light resonance in this region. For € € (0,0.5) the singularity is present if r, €
(—6/11,—3/8), thus for points of the parameter space near the singularity the value of
F3 can be very large, changing sign across the singularity. Although a large correction in
any direction is possible in this model it requires tuning of the Yukawa couplings. This
large correction, being associated with a zero of det M,,, signals the presence of a very light
mode in the spectrum, that can be in conflict with bounds on top partners. Moreover, by
performing a random scan we have checked that the points able to reproduce the spectrum
and EW constraints are usually far from the singularity. Thus, we typically obtain a
suppression as opposed to an enhancement from this more complicated function.
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5, 10,
5-10-10, | 14-1-10
T/ MCHM | 10-5-10 | 5-5-10 14-14-10 | 14-5-10 | 5-14-10
5-1-10 14-10-10
10-14-10
Tt Fy Fy Fy Fy F3 Fy Fs
Tp Fy Fy Fy Fy Fy Fy Fy
TV F2 F2 F2 F2 FQ F2 FQ
Tg F2 Fl F2 Fl Fg F4 F5

Table 1. Ratio of Higgs SM and MCHM couplings, r = c¢MCHM /cSM " approximated by the
functions F;. g stands for the loop induced gluon coupling (we have only considered the top sector
effect for 14 in this table, but in the numerical results we have included the bottom sector as well),
1 =t,b are the Yukawa couplings and V = W, Z is the coupling to the massive EW gauge bosons.
For completeness, we include also the result for additional models that were not described in full
detail in the main text.

Another important consequence is that the presence of two different flavor structures
leads to missalignement of Higgs coupling in LR operators [38]. For anarchic models, these
new sources of flavor violation mediated by Higgs exchange are too large compared with
bounds from flavor physics, requiring extra protection. For this reason we will perform
one scan imposing 7, = 0, and a second one allowing %, # 0. It turns out that the latter
ends up preferring regions with y, < §u, so that it is effectively described by Fj (e) given
in eq. (4.5) above.

The other models mentioned in section 3.8 can be described by the same F;(e) above,
except for the MCHM14_5_19 and MCHMj5_14_10 which lead to the following new functions
that, like the one for the MCHM;14_14-_10, also depend on the microscopic Yukawa couplings
[Fy and F5 are defined in analogy to eq. (4.4)]:

V1—€ (yu + 20u — 67uc?)
Yu + 20y (1 — €2)

V1 =€ (yu — Ju (4 — 15€%))
Yu — gu (4 - 562)

In the limiting cases where only one of the two Yukawa couplings is turned on, the above

Fy =

) F5:

. (4.6)

become functions of € only. In such limits, they lie between the curves for Fy and Fj in the
right panel of figure 3 in section 6.2 (they are not shown in the figure).

The F; functions defined in eqs. (4.3)—(4.6) encode the deviations from the SM cou-
plings, r = cyvcomm/csm, as shown in table 1,11 and determine the ¢; coefficients of the
following set of operators in the low-energy theory:

Oy =hG}, G, O, =hA,A", Ozy =hALZ", (4.7)
Op =hWiW™H, O.,=hz,2",
Of =qrH fr+h.c.

Some of these functions have been shown previously in refs. [33] and [21].
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These are the leading order operators involved in Higgs production and decay at the LHC.
Since the operators O, and O, break the shift symmetry of the pNGB Higgs and must,
therefore, involve the explicit symmetry breaking parameters such as the SM gauge and
Yukawa couplings, they are generated at loop level. Our computation gives the contribu-
tions to the Wilson coefficients of these operators in the MCHM after EWSB to all order
in the Higgs vev, leading to coefficients co(v/f). Expanding these coefficients in powers of
v/ f one can do the matching to the Wilson coefficients of dimension-six operators which,
in the basis of refs. [39-41], are

1 2 _
On = 2 (8,U|H|2) ) Oyf = |H|2QLHfR)
Oce = |H|*G ., G" | Opp = |H|*B,, B" ,
Ow = % (HTa“ﬁﬂH) DYWe, Op = % (HT%);LH) 9" B,
Onw =i (D'H)' o* (D" H) WS, Opp =i (D*H)' (DH) By, . (4.10)

By redefining the Higgs field one can show that Oy renormalizes the Higgs couplings
to all the other SM fields. Ogg,Opp and O_ = (Ow — Op) — (Ogw — Ogp) enter in
the interactions hgg, hyy and hZ~, respectively, and O, enters in hf f [9]. The Wilson
coefficients cp, ey and cp are universal for all the MCHM with SO(5)/SO(4) breaking and
have been computed in the SILH description [9]:

2772
256

¢y has been computed in [9] for the top sector in the MCHMs5. In general it can be obtained

cg=1; cw =cp = ~1.0. (4.11)

from the functions F, that codify the deviation of the Yukawa coupling, leading to:

cy =1, for the MCHM35, 10, 14—14—10, 14—1—10, 5—5—10 »

cy, = 0, for the MCHM19—5-10, 5—10—10 ,

cy, =1, for the MCHMs5, 10, 14—14—10, 14—1—10, 10-5-10

cy, =0, for the MCHM5_5_10, 5—10—10 - (4.12)

The coefficients ¢4, and cyw,pp are generated at loop level. Starting with O, this oper-
ator is generated by fermion loops. For each fermion species there is a contribution (see
appendix D)

For heavy fermions, A, (7')‘T_>0 — 4/3. Thus, considering heavy resonances we obtain:

ORI
tr(Yp M) — = |+ =2 Ay a(m0) (4.14)

Cg X
(0) (0)
My, My,

3
with the index 0 referring to the would-be 0-mode, associated with the SM mass eigenstate.
The last term is similar to the SM one, up to corrections in the Yukawa coupling. These
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corrections are important only if the mixing is large. Since A;/9(T) =700 0, this term is
small for light fermions, my, < my. As was shown in section 3, the first term is also small
if the mixing of both, the Left and Right chiralities, is small. For the top quark one can
take the limit A;/5(7;) — 4/3, and eq. (4.14) is dominated by 4/3 tr(Y; M, '), which is the
sum considered in eq. (4.1). Thus, one can also obtain an approximate expression for the
gluon fusion process in terms of the functions above, as shown in table 1. For the coupling
of the Higgs to two photons, there is an additional contribution due to the heavy spin-1
resonances. However, a similar sum rule applies which allows to obtain an approximate
analytical expression. These will be studied in more detail in section 6, after taking into
account the constraints from the recently measured Higgs mass [42], as well as the masses
of the Z gauge boson and the top and bottom quarks, which have the most important
impact on the Higgs potential and the Higgs phenomenology.

5 Higgs potential

Discrete models of pNGB Higgs can lead to a finite Higgs potential under some suitable
assumptions. The degree of divergence of the Higgs potential depends on the particular
mechanism of collective breaking, being thus model dependent. There are at least two
concepts involved: distance between the sites where the symmetries protecting the pNGB
potential are broken, and number of symmetries broken on each site.

The Higgs potential can be computed by the holographic method

dp [3 3 3 )
V(h) = /(%)4 [2 ;log I, + 3 log [Hwiﬂb — (s ) ]

— 2N ) log[pTy, Iy, — \M¢2]] , (5.1)
P

where the correlators are obtained from sections 2.4 and 3, taking care to add the “bare”
kinetic terms, as in egs. (2.7) and (3.3), which were not included as part of the definition
of the correlators in those sections:

p* v
HwiL:%—i_Hwi? Hw%b:Hw?ﬁév HbZE—FHE, (5.2)
and similarly for the fermionic correlators. Equivalently, one can use the standard expres-
sion for the Coleman-Weinberg potential in terms of determinants involving the Higgs-
dependent mass matrices of the gauge and fermion fields. We have checked that the same
results can be reproduced with either approach. Note that eq. (5.1) contains the photon,
although it does not contribute to the Higgs potential, and one can regularize the divergent

constant terms by subtracting V(0).

5.1 Finiteness of the 1-loop Higgs potential

In this subsection we illustrate in a toy example how the inclusion/exclusion of certain
operators in the Lagrangian affects the divergence structure of the Higgs potential. Our
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example is based on the fundamental representation of SO(5), but the conclusion holds for
other representations as well. In order to understand the structure of divergences of the
h-dependent terms, let us consider the 2-site model with the following set of fields:

e site 0: an elementary fermion doublet ¢r and a singlet tp of a global symmetry
Go = SU(2) .12

e site 1: four chiral composite fermions Qr,Qr, 11, Tr, each transforming in the fun-
damental representation of a different global SO(5), called: Gg,, G, G1,,, G- In
this site there is also a scalar ®; transforming in the fundamental of another SO(5),
called: G1. The vev of ®; spontaneously breaks G to H1 = SO(4).

Notice that before introducing fermion masses, each chiral fermion of the composite
sector transforms independently, leading to a large global symmetry (in fact, the symmetry
is much larger, but we need only focus on this subgroup). The Higgs, being a NGB, is in
the coset G1/Hi. The following operators break different symmetries:

* Mg QQ Gg, x Gg, — GQL+R = S0(5),

e mpTT: Gr, X Grp = Gy = SO(5),

AgqrQr +h.c: Gy x Gg, — Gopto =SU(2),

Ay ERTL + h.c.: Gg x GTL — GTL—H) = SU(2),

yr QL‘IH(I)J{TR + h.c.: GQL X GTR x G — GQL+TR+1 = 80(5),

° yéw QR(IM(I)];TL +h.c.: GQR X GTL x G1 — GQR+TL+1 = 80(5) .

There is some abuse of notation in the previous paragraph, since G, 1, and Gg have dif-
ferent dimensions, so that when writing G, 10 we really mean the diagonal subgroup
0 =SU(2). In addition to the above, the symmetries allow operators of the form
QL<I>1<I>IQR + h.c. or TL<I>1<I>]£TR + h.c., which would also lead to divergences in the Higgs
potential of the 2-site model. With three or more sites, these would lead to a finite 1-
loop result [28, 29]. For illustration, we limit the following discussion to the operators
listed above.
A Higgs potential requires insertions of yr and/or y/.. Let us consider the follow-
ing cases:

(a) y» = 0: the yr term only preserves the diagonal subgroup G, +1,+1. The Higgs
is in the coset G, +1,+1/M1, and thus a Higgs potential requires explicit breaking
of Gg, +1r+1- This necessitates interactions with the elementary sector, which arise
from the A, and/or A; terms. However, due to their chirality structure, insertions
of Ay still do not break G, +14+1: GQ,+Tr+1%xGo is broken only after additional
mq, insertions. Thus,

Vir ~ (Bgumqryr)” - (5.3)

12For simplicity we ignore U(1)y in this discussion.
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(b) yr = 0: the y7 term only preserves the diagonal subgroup Ggp4+71,+1 and the
Higgs is in the coset Gg,47,+1/H1. In this case, insertions of A, and/or A; break
GQp+1,+1%XGo without the need of mg 7 insertions:

Vi ~ (Aguvr)” - (5.4)

The previous arguments show how the dimension of the operators leading to Vi de-
pends on the presence of y/., leading to logarithmic divergences at 1-loop for y/. # 0. The
presence of the operators my, QpTr and mg,t QrT; modifies the potential but not its
degree of divergence.

One can also understand this result from Feynman diagram considerations. For in-
stance, the contribution to the quartic term in ®, at leading order in insertions of m,, and
Ay is given by:

(b)

and similar diagrams changing ¢ <+ t and Q) r <+ Tr . These diagrams allow to under-
stand the superficial degree of divergence of Vi depending on which operators are present
in the theory.

6 Higgs phenomenology

We turn now to the Higgs phenomenology of the composite Higgs models previously de-
scribed. We present in this section the results of a detailed numerical analysis obtained by
scanning over a sizeable region of the parameter space of each model. The minimization
of the Higgs potential will be fully taken into account. Note, however, that we assume
that for the light fermion generations both the LH and RH chiralities have a small degree
of compositeness, as opposed to allowing one of them to have a large mixing angle with
the composite sector, and the other a very suppressed one that accounts for the small
SM fermion mass [43-46]. This assumption is more natural given the EW precision tests,
which indicate that the light quarks and leptons are mostly elementary, although one could
imagine exploring the second option. As a result, the Higgs potential is affected mainly
by the top and bottom sectors, as well as by the gauge sector of the models. Nevertheless,
when discussing the Higgs decays we will take into account some of the light fermions, most
prominently the 7 lepton, as discussed below.
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6.1 Numerical scan

The effective description of a composite Higgs described in the previous sections depends
on a number of parameters. The gauge sector is described at the Lagrangian level by the
two decay constants { fo, fo, } and gauge couplings {g,, gx } associated with the SO(5) and
U(1) y (composite) factors, while in the elementary sector one has the two gauge couplings
go and g, [see eqgs. (2.4) and (2.7)]. The latter are related to the SM gauge couplings as given
in eq. (2.17), while it is convenient to parametrize the composite gauge couplings in terms of
the elementary/composite mixing angles of the gauge sector: ty = go/g, and ty, = 90/ 9x -
However, for simplicity, in our scan we will fix gx by imposing the relation discussed
after eq. (2.17), so that there is effectively a single gauge mixing angle 9. The two decay
constants can in turn be exchanged for the two mass scales m, and mx defined in eq. (2.13),
but it is more convenient to scan over a subset of the physical masses after taking into
account the elementary/composite mixing effects (before including EWSB effects). Thus,

we choose to scan over m; = (/1 + tg my = mp/ cp [see discussion of the last paragraph
of section 2.2], and we also choose the variable m ¢ = mx/cg. However, since we focus
on a region of parameter space with tg < 1, quantitatively there is not a large difference
between mj; and m, or m¢ and mx.

The fermion sector depends on a set of “diagonal” masses my, one for each composite
fermion, and on the “off-diagonal” masses my, and m,, of eq. (3.1). The composite sector
also involves a number of “Yukawa-like” mass parameters that we have called y, and yq4
[see egs. (3.9), (3.15), (3.21), (3.26), (3.36), (3.37) and (3.42) which define these for each
model]. In spite of the notation, the y, have dimensions of mass, although they represent
interactions with the Higgs field ®. Finally, there are the mixing parameters, A,, A,
and Ay, which also have mass dimension 1. In practice, the scan will be restricted to
the third generation, so that one should reinterpret the indices as v — t and d — b. We
find convenient to exchange the mixing parameters A, for “mixing angles” defined by
ty = tanfy, = Ay /my, where U is the composite fermion associated with the elementary
fermion ¢ [for the MCHM5 we introduce two mixing angles t;u and t,a corresponding
to Agu and A a; see comments after eq. (3.1)]. Analogously to the gauge sector above,
we also prefer to scan over diagonal fermion masses that have been rescaled according to
mg, = my/cy, Where ¢y = cosfy, involves the corresponding mixing angle defined above.
This choice leads to light custodians when the mixings are large, since their masses are
given by meusy ~ O(mycy) [47, 48]. Thus, the parameters for the fermionic sector consist of
{mg,ty, my w,yw}, where the indices run over the field content in each model, as described
in section 3 [we fix Zy =1 in eq. (3.1)].

Since one expects that the masses of the various resonances will be of the same order, for
simplicity we have fixed a common mass scale, by restricting our scan to mj; = mg = mpg =
mp (for the MCHMj5 we impose the condition on mGu and de). This is not necessary,
but we do not expect that the results will depend on this simplifying assumption.'® Thus,

13Note that the physical masses are obtained after taking into account all the mixing effects, as well as
EWSB, and will therefore present a nontrivial spread. It is also worth noting that by scanning over mj,
myg and mg, i.e. by factoring out the elementary/composite mixing angles, we are proceeding in analogy

~ 99 —



the final set of parameters used in the scan is

{fhamﬁathtqattvtbamyTvmvayTvyB}a (61)

where we used the notation yr and yp instead of y; and y; to avoid confusion with the SM
top and bottom Yukawa couplings, and we also included in the list the Higgs decay constant
fn defined by egs. (2.3) and (2.9). We also chose to fix m¢ = sg,, /\/Cagy, M5 =~ 0.65my,
which amounts to fixing fo, = fo in eq. (2.4), given the choice of gx described above. We
choose 1/5 < tg < 1/3, so that g, is large but perturbative, and scan over the fermionic
mixing angles according to sy € [0.4,1], with a uniform distribution (but we adjust s,
to reproduce the bottom quark mass with little effect on the EWSB properties of the
parameter point). For the mass parameters, (mﬁ, My, My g, Y7 and yB), we scan in units
of fp, as follows:

e m;/fy € [2.5,5], which is consistent with the underlying relation m, ~ g, f, with g,
in the range of interest,

® |yy/fn| < 2m, which encodes the idea of having a perturbative proto-Yukawa coupling,

e and ’myT/th |my3/fh| S 2m,

while fp is scanned over a wide range, but we choose only points with € < 0.5, which
corresponds to f, = 500 GeV. The final set of points has f} as large as ~ 2.5 TeV (except
for the MCHM5_109-19, which has some points with f; as large as ~ 6 TeV). We also
required in the final set of points that m; > 2 TeV. This final set of numbers already
assumes that we have normalized to myz (see below).

Having chosen a given point in the parameter space described above, we minimize the
1-loop Higgs potential to select those points that do break the EW symmetry. For each
such point, we can rescale all parameters with dimension of mass so as to reproduce my,
thereby normalizing to the EW scale. We further select those points where the Higgs mass
matches the measured value of ~ 125 GeV, and also select those points where the top and
bottom quarks match the experimental observations. In practice, our final points have
my, € [120 — 130] GeV, my € [140 — 170] GeV and my =~ 2.7 GeV.'* We can then compute
the couplings of the Higgs to the vector bosons and fermions (both the SM ones as well as
the new resonances), which are then used as input to compute the Higgs production cross
sections and branching fractions. This is done numerically without any approximations, as

to the extra-dimensional realizations, where the compactification scale and therefore the overall Kaluza-
Klein (KK) scale is treated as an input parameter. The elementary/composite mixing angles of the 4D
realization are related to the 5D localization parameters and boundary conditions for the various fields.
When obtaining the exact spectrum one can get modes much lighter than the overall KK scale, typically
for large mixing angles in the third generation fermionic sector.

1YWe note that the relevant masses from the point of view of the scan should be the running masses at
the scale where the heavy resonances are integrated out. These would then be run down to the weak scale
with the SM RGE’s to make contact with the experimental measurements. Since each parameter point
has a different scale for the heavy resonances, we have simply defined generous windows to capture the
spirit of the matching procedure. Although a more precise analysis is possible, we do not expect that the
conclusions will change.
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Figure 2. A random subset of the points that present electroweak symmetry breaking, but without
requirements on the Higgs, top or bottom masses (however, we have normalized to my). The vertical
and horizontal bands indicate the windows we have defined for m; and m;. In the left panel we
show the models we have presented in detail in section 3. In the right panel we show the models
mentioned in section 3.8, showing again the MCHMj; for comparison.

is done for the 1-loop induced couplings (hgg, hyy and hZ~) which are computed using the
exact spectrum and couplings to the Higgs. However, we also compare to the analytical
approximation described in section 4, which in general gives a qualitative understanding
of the numerical scan.

In figure 2 we display a random subset of the scanned points that display EWSB,
in the plane of m; versus my, (after normalization to myz). We have not imposed here
any requirements on my, m; nor my, only that the desired symmetry breaking pattern be
obtained and that the brp mixing angle be suppressed (as is necessary to obtain a light
bottom quark in models with just one operator coupled to ¢z ). In the left panel we present
the (color coded) models described in detail in section 3, showing that some of the models
reproduce more naturally the Higgs and top masses than others. In particular, the models
involving the 14 representation have a tendency to produce a too large my, [33], although
one can find a few points in the desired range at the price of tuning (the bands correspond
to the windows we have defined in the previous paragraph).

In the right panel, we show the same information for the models mentioned without
details in section 3.8, together with the MCHMj5 for comparison purposes. We see that
these models also typically do not fall in the phenomenologically desired window: for the
MCHMj5_1_1¢ the quartic coupling is usually too small, since the only source of breaking
is the mixing with gy, that leads to a factor s, in 1I,,, and 3}2Z in M, in agreement with the
results found in [33]. The MCHMp_14—10 leads to a heavy Higgs. The MCHM;i4_5_1¢ and
MCHM5_14—10 allow for two independent proto-Yukawa interactions: £, D Y Us WP +
Ju(U5®)(®TW14®), similar to the MCHM4_14_10. Both of them generically lead to a heavy
Higgs, while EWSB prefers 3, # 0 for the MCHMq4_5_19 and ¥, # 0 as well as ¢, # 0
for the MCHM5_14_19. For the remaining three models we did not find points with the
proper my, and my by performing a random scan. Finally, the MCHM;i4_19—10 generically
does not lead to EWSB.

In all these models there is a correlation between mj, and m; [55], that can usually be

approximated by: m}% ~ a]T\rfg 7?5 mw, with my, the scale of the lightest fermionic resonance

~ 31—



1.00 1.0F
0.95F
0.90F 0.9
« MCHM. « MCHM;5
22085 ’ B
= = 0.8
: 0.80 * MCHM 9519 ; * MCHM9-5-10
' » MCHMs_s_19 x MCHMs_5-19
0.75f * MCHMs_10-10 07l * MCHMs_j0-10
McHMS™e N - mcamSimre
0.70f « MCHM 4-14-10 * MCHM4_14-10
0.65 [ MCHM411o \ \ \ \ 0.6 MM 110 \ \ \ E
X() 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
€ €

Figure 3. Bottom (left panel) and top (right panel) Yukawa couplings in several models, normalized
to the SM (defined as yiM = my/vsm with vgm = 246 GeV). The points correspond to a random
scan in parameter space, while the solid curves correspond to the analytic approximation discussed
in the main text.

cutting off the 1-loop potential and a a factor that is model dependent. Usually a ~ O(1),
however in some cases it can be suppressed a ~ O(e?) or enhanced a ~ O(e2), as shown
in [33]. The analytical approximations of [33] are in qualitative agreement with the full
numerical results of figure 2.

From here on we focus on the models described in detail in section 3, which seem to be
phenomenologically preferred due to the previous observations. As mentioned earlier, we
analyze the MCHM14_14—10 in detail, even though it tends to produce too heavy a Higgs,
as it may serve also to illustrate the situation in those models we do not elaborate any
further. All the numerical results of the following sections correspond to points that lie at
the intersection of two bands of figure 2.

6.2 Corrections to the gauge and Yukawa couplings

We start by comparing the simple analytical approximation described in section 4 for the
deviations in the Higgs couplings to the SM gauge bosons and fermions w.r.t. the SM
expectation [see also the discussion after eq. (3.6)]. As discussed there, this approximation
is expected to work well when the elementary/composite mixing angles are small, which
typically happens for the light fermions in our scenario. However, we find that even for
the top quark, the approximation y; ~ [Fi(€)/(efn)] m; is reasonably good, even when
the mixing angles are sizeable, provided there are no “ultra-light” fermionic resonances.
This is illustrated in figure 3, where we show the bottom and top Yukawa couplings as
a function of € in several models (normalized to the corresponding SM Yukawa coupling,
yiM = my/vsm with vgm =~ 246 GeV). The points correspond to a random scan over the
parameter space described in the previous subsection, while the solid curves correspond to
the approximation described in section 4 (see table 1).

We see in the left panel of figure 3 that the approximation described in eq. (4.2) works
very well for the bottom sector all the way up to relatively large values of . A notable
exception occurs for the MCHM;g_5_10 (green stars), where the analytic expectation, F; =
cos(2v/ fr)/ cos(v/ fr), systematically overestimates the suppression in y, compared to the
SM. The sizeable deviation observed can be understood by considering the next to leading
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Figure 4. The largest of the mixing angles between s, and s, versus the lightest @ = —1/3

resonance (left panel) and @ = 2/3 resonance (right panel) in several models. For the MCHMj5 we
plot the largest between s, , 54, and s;.

order term in the expansion of y;/ beM in powers of €, as shown in section 3. We obtain
that, after the selection of points explained above, the coefficient of the O(e?) term for the
MCHM;g-5-1¢ is of O(0.5). In contrast, the corresponding coefficient for the MCHM,
MCHM,4_ 1410 and MCHMS™S | is of ©(0.1),'% for the MCHM5 and MCHM 410 it
is of O(1072), and for the MCHMj5_5_190 and MCHM;5_1¢_1¢ it is O(107), in all the cases
increasing with s, as expected. Since h — bb is the dominant decay mode, deviations of 1
can have a deep impact in the Higgs phenomenology.

It is also interesting to note that the bulk of the points in the MCHMy_5_1¢ display
relatively light (Q =
angles. We illustrate this in the left panel of figure 4, where we show the largest of the

—1/3) fermionic resonances, together with relatively large mixing

mixing angles (s4,s;) versus the lightest vectorlike resonance mass in the bottom sector.
Indeed, most of the green stars (MCHM;jp_5-19) exhibit resonances below 1 TeV and
sq > 0.9. Note that the MCHM;o (yellow +’s), the MCHMj4_14—109 (brown x’s), and
to a somewhat lesser extent the MCHMS™

points with light states together with sizeable elementary-composite mixing angles, which

(magenta *’s), also contain a subset of

is reflected in the somewhat larger dispersion in figure 3, compared to the other models.
However, note that the MCHM 4119 (dark magenta “’s) has light @ = —1/3 resonances
together with large mixing angles, and nevertheless follows the naive approximation from
eq. (4.2) for the bottom Yukawa coupling rather well.

The right panels of figures 3 and 4 display the same information for the top sector
(using the lightest Q = 2/3 fermionic resonance as the relevant variable). Here, the dis-
persion of the points around the continuous curves is larger, but the general behavior is
still well described by the simple analytic formulas given above, again with the excep-
tion of the MCHMp_5_10 (green stars), which all fall below the “expected curve” given
by F» = cos(v/fr). Thus, the analytic approximation underestimates the suppression in
the top Yukawa coupling compared to the SM in this model. We also note here that the
analytic approximation, Fj(e), slightly underestimates the exact result for the MCHM;,

MCHMS™P/S | refers to the model described in section 3.6 with g7 = 0 in eq. (3.6) [making u — T].

We refer to the general model with yr, yp and §r turned on as MCHM14_14—10.
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MCHM;i4-14-190 and the MCHM;i4_1_19 (with the effect being more pronounced for the
latter two). Finally, we point out that after imposing the physical conditions described
in the previous section, the points in the MCHM14_14_1¢ typically have yr < yp. This
means that the deviations from the SM in the top sector are reasonably well described by
the function Fy(e) [see discussion around eq. (4.5)], as can be seen in the right panel of
figure 3.

Besides the above resonances, one can also find light exotic resonances with charge
Q = 8/3,5/3 and —4/3, depending on the fermion representations involved. These reso-
nances are also custodians, thus their masses are also suppressed if they belong to SO(5)
multiplets with large mixing with the elementary fermions. They can have a rich and
exciting phenomenology at colliders, although we will not consider this issue in this work.

The Yukawa couplings of the light fermions should be very well described by the
analytical approximations, at least when both LH and RH mixing angles are small, as
we are assuming. In particular, all of them can be expected to deviate from the SM
expectation by the same order as the couplings of the third generation, reflecting the
“universal” character of the leading order deviations found in composite Higgs scenarios
(those parametrized by the F; functions of table 1).

6.3 Higgs production and decay

Based on the above observations, we can write simple analytical expressions for the Higgs
branching fractions and production rates that allow us to understand the qualitative (and
often quantitative) behavior. However, for the numerical computations in the scan we will
not perform any such approximations, as already mentioned.

For the tree-level Higgs decays, we have

['(h — bb,77) = Tspm(h — bb, 77) x 72 (€)
T'(h — c¢) ~ Tgm(h — ce) x 2(e),
D(h — WW,ZZ) ~ Tsm(h — WW, ZZ) x 1% (),

where T'sp(h — @) is the SM Higgs partial decay width in the i-th channel. We have
assumed here that the leptons (in particular the 7) are in the same SO(5) representations
as the bottom quark. Similarly, all up-type quarks (in particular, charm and top) will be
assumed to belong to the same SO(5) representation, hence r.(€) = r¢(€), which can be
read from table. 1 for the different models.'¢

For the loop-level Higgs decays, we write

T(h—gg) _ |ri(€) Aijo(mi/4mi) + ry(€) Ay ja(mi [4my)

~ , 6.5
Tl 00) ~ [Ayalm famd) + Ayalmd /im3)P o
m?2 m2 m?2
P(h—)"y")/) N ‘TV(E) A1(4m%V)+NCQ% Tt(e) A1/2(4Tnh§)+NCQg 7ﬁb(e) Al/2(ﬁ)|2 (6 6)
z

Tom(h —vy) — |Ai(m3/4m?,) + N.Q?A, Jo(m2 /Am2) + NeQ2 Ay o (m2 /4m?)

161 different generations are assigned to different SO(5) representations it is straightforward to generalize
our expressions by simply computing the corresponding Fy (¢) from eq. (4.1), although it may happen that
this function has additional dependence on other microscopic parameters.
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Figure 5. Left panel: branching fractions (normalized to the SM) into fermions and gauge bosons
for several models following from the approximation in eq. (4.2). Here VV = WW, ZZ,~vv, gg. The
color coding of the lines matches the color coding of the closest legend. Right panel: gluon fusion
production cross section (normalized to the SM) in those models. The vector boson fusion (VBF)
cross section coincides with the curve marked as “MCHM;5_19_19, MCHM1¢_5_1¢”.

where A;/5(7) and A;(7) are the well-known loop functions (see appendix D), N, = 3 is
the number of colors and Q¢ = 2/3, Q, = —1/3 are the top and bottom quark electric
charges, respectively. Note that here we have formally included only the effects of the zero-
modes, since in the limit where eq. (4.2) holds, the contribution of the associated towers
of heavy resonances becomes negligible. However, to the extent that A, /2(%) ~ 4/3

(its asymptotic value for 4m? > m7), and given the sum rule eq. (4.1), the above set of
approximations effectively include the effects of the full top tower. For the bottom quark
contribution, the situation is different since |A; /5 (m3/4m3?)| ~ 1/16 < 1 for my, ~ 125 GeV
and my ~ 2.7 GeV. In addition, in some cases (as in the MCHM_5_1¢), the contribution
of the heavy towers can be as large as 10% of the sum in eq. (4.1). As a result, the
contribution of the heavy ) = —1/3 states to the above loop-induced processes can be
of the same order as the actual contribution of the bottom quark, since although y;/my
still dominates the sum in eq. (4.1), it has to be multiplied by the small A;/o(mj/4m})
for the physical processes. Given that the contribution of the bottom-like resonances is
not included in egs. (6.5) and (6.6), our approximation could carry an uncertainty of the
same order as the bottom contribution, which can be as large as 10%. However, for most
models, the approximation is significantly better.

In the left panel of figure 5, we show the Higgs branching fractions into fermion and
gauge boson pairs in the MCHMjs, MCHM;g, MCHMI™!  "MCHM 4119 (solid lines),
MCHM;i4-14-10 (dash-dotted lines), MCHMj5_19_1¢ (short dashed lines), MCHMjp_5_1¢
(dotted lines), and MCHMj5_5_1¢ (long dashed lines). We see that in some cases the BR’s
are enhanced with respect to the SM while in others they are suppressed. One should
notice that all partial decay widths always present a suppression, in particular for the bb
decay channel. As a result the total decay width is suppressed, and the BR’s in some
channels can end up being enhanced due to the smaller denominator. In contrast, the
Higgs production cross sections are always suppressed with respect to the SM, as shown in
the right panel of figure 5 for the gluon fusion Higgs production cross section, normalized
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Figure 6. Left panel: rates in the h — ZZ decay channel separated according to production
mode: gluon fusion (+tth) versus VBF (+hW/Z). The larger black dots indicate the positions of
e = 0.1,0.3,0.5. Right panel: same for the h — 7 channel. The solid curves correspond to the
analytical approximation discussed in the main text, while the points correspond to a random scan
that reproduces mj ~ 125 GeV, m; ~ 160 GeV and my ~ 4 GeV. The shaded region corresponds
to the current 95% CL curve by ATLAS. The CMS 95% CL region would cover the full area of the
figure. The production signal strengths are defined as p; = o™°4¢(7) /oSM(4). The production cross
sections used correspond to the 8 TeV run of the LHC.

to the SM. We also note that the VBF production cross section coincides with the upper
curve in this plot.

Consequently, the total cross sections in given channels can be enhanced or suppressed
with respect to the SM, depending on how these opposing effects play out. We illustrate
this in figure 6 for the ZZ (left panel) and v+ (right panel) decay modes, separating the
gluon fusion (+tth) production from VBF (+hW/Z), as done by the ATLAS and CMS
collaborations [49]. The continuous lines correspond to the expectation based on the above
analytical approximation. We have superimposed the exact predictions for the scan in
the models we consider. We see that the approximation tracks well the actual analytical
predictions for all models (up to some dispersion due to the effect of the bottom sec-
tor explained above), except for the MCHMj_5_19 on which we comment further below.
One can understand the behavior of these curves from figure 5. For instance, for the
MCHM5-_10-10, since all channels (gauge, down-type and up-type) are suppressed by ex-
actly the same r(¢€), the BR’s remain exactly as in the SM, while the production in all modes
is suppressed identically. Thus, the curve points at a 45° angle towards the left-down, as
e = sin(v/f) increases and the deviations from the SM increase. The MCHMj5_5_1¢ shows
a very mild enhancement in the ZZ and v BR'’s (see left panel of figure 5), which is not
enough to compensate the suppression in production. Since the latter is more significant
in gluon fusion than in VBF, the curve in figure 6 points to the left-down but closer to
the horizontal than for the MCHM5_1¢_19. For the MCHM5, MCHM 19, MCHM14_14_10,
MCHMimfilfflo and MCHM 14_1_10, the left panel of figure 5 shows a stronger enhancement
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in both BR(h — ZZ) and BR(h — ~v7), which is sufficient to compensate the suppres-
sion in the VBF production but not enough to compensate the significant suppression in
gluon fusion (see right panel of figure 5). As a result, the analytical prediction curves to
the left-up. Note, however, that the scanned points for the MCHM?K‘ETAO show a more
pronounced tendency to compensate the suppression in gluon fusion by the enhancement
in the branching fractions than the naive analytical expectation. This can be traced to the
systematic (albeit small) deviations exhibited in figure 3 for the top and bottom Yukawa
couplings. Finally, we see that the analytical prediction for the MCHM1g_5_19 does not re-
produce the qualitative behavior of the scan. While a line at 45° to the right-up is expected
(from figure 5 one can see that the enhancement in BR’s dominates over the suppression
in production in all the modes), most of the points actually present a suppression with
respect to the SM. This can be traced back to our previous comments in regards to this
model: the analytical approximation systematically overestimates the suppression in the
bb channel [hence overestimates the enhancement in BR(h — ZZ) and BR(h — 77)], while
it systematically underestimates the suppression in the top Yukawa coupling, which trans-
lates into an overestimate of the gluon fusion Higgs production rate. These O(10%) errors
are sufficient within this model to change the qualitative behavior. The VBF production
is still well described by the analytic approximation, as is for all the other models, since
the gauge resonances are always heavy.

It is interesting that the different fermionic representations lead to a different behavior
in the plane of figure 6, so that a precise measurement of these rates could be used to
distinguish between different scenarios (although there could still remain a degeneracy be-
tween the MCHM5, MCHM o, MCHMI™! | “and MCHM 4110, which in fact could be
confused with the more general MCHM;j4_14-19). We also show the current 95% C.L. el-
lipse from the ATLAS analysis [49], and indicate the position along the solid line in each
model that corresponds to € = 0.1, 0.3,0.5. We see that the experimental uncertainties still
allow for relatively large values of €. The 95% C.L. ellipse from the CMS analysis would
fill the region shown, so we do not indicate it.

The ATLAS and CMS collaborations have measured other properties of the 125 GeV
resonance. For instance, by taking channel by channel ratios of the ggH + ttH and
qqH + V H production modes, and performing a fit to the data, they can set a bound
on fgqH+VH/ hggH+ttH- This analysis only assumes that the same boson H is responsi-
ble for all observed Higgs-like signals and that the separation of gluon-fusion like events
and VBF-like events, based on the event kinematics, is valid. For instance, the ATLAS
collaboration sets a bound of peqrve/thegh+1tH = 1.2Jj8:g [50]. The models in our scan
have 1 S pgqa+vH/ g+t S 1.5, so that they are not yet probed by these analyses.
However, if a ratio below one was established it would disfavor the pNGB Higgs scenarios
based on the lowest dimensional representation of SO(5). This is a manifestation of the
generally important suppression in the gluon fusion process w.r.t. the SM. ATLAS also sets
bounds on the Higgs production by gluon fusion alone, in terms of the rescaling factor x,.
However, the analysis assumes that all the BR’s are as in the SM and therefore does not
apply to the present case.

From the LHC data one can also derive bounds on ratios of branching ratios, e.g.
on pyyzz = [BR(yy)/BR(yy)sml/[BR(ZZ)/BR(ZZ)sm], etc. ATLAS finds pyy /7, =
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Figure 7. Left panel: similar to figure 6, but for the h — 77 channel. Right panel: we show the total
rate (i.e. inclusive production) in the 77 channel, normalized to the SM, versus e. The horizontal
bands correspond to the 95% C.L. limit set by the ATLAS [51] and CMS [52] collaborations.

1.1Jj8:§ [50]. Our scans have 1 < py /77 S 1.1, so that they are not yet probed in such mea-
surements. Similarly, due to the custodial symmetry, we have py w7z ~ 1, and it would
be very challenging to differentiate it from the SM at the LHC; a significant deviation from
the custodial limit would disfavor both the SM and the pNGB scenarios we have studied.

Apart from the indirect sensitivity to the top quark via the loop processes above, the
fermionic channels, in particular h — 77 are starting to be measured with interesting
precision [51, 52| for the present work, although the uncertainties are still sufficiently large
to be consistent with the great majority of our parameter point sample. In the left panel
of figure 7 we show the expectations for this channel, discriminating between the Higgs
production by gluon fusion (+¢tH) and VBF (+V H), together with the 95% C.L. region
from ATLAS. In the right panel we show the signal strength for the inclusive h — 77
production as a function of e. The horizontal bands correspond to the 95% C.L. regions
from ATLAS [51] and CMS [52]. We note that under our assumptions, the 77 channel
is always suppressed w.r.t. the SM. However, one should remember that one may be able
to consider different representations for the 7 sector, without affecting the properties of
the Higgs potential. Hence, establishing an enhancement in the 77 channel over the SM
would be in conflict with our assumptions, but we cannot claim that it would rule out the
general framework.

In contrast, in models with a minimal content of composite fermion multiplets, one
expects a robust suppression w.r.t. the SM in the A — bb decay mode, so that this would be
an interesting channel to probe the scenario. We find a suppression of 10 — 20% for € = 0.3
and 20 — 40% for € = 0.5, with smaller dispersion between different models than in the 77
channel. This is because at the LHC one must consider pp — h + X — bb+ X in order to
be able to discriminate against the large QCD background, so that only VBF + VH +
ttH contribute, but not ggH which is most sensitive to the new fermionic resonances that
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distinguish between different models. Unfortunately, at the LHC the precision may not be
sufficient to provide a clear test, but its high luminosity phase or a linear collider could set
useful bounds.

6.4 h— Z~

We turn now to the last decay channel we consider: h — Z+~, which has not yet been ob-
served, but could be seen in the near future. The decay of a pNGB Higgs to Z~ has received
considerable attention recently. Ref. [37] has shown that there can be large corrections to
this decay, while being simultaneously compatible with precision EW measurements, thus
providing a very interesting test. In order to obtain a large effect in this decay the composite
sector itself must break the Prr symmetry, otherwise the only source of Pr g breaking is the
interaction between the elementary and composite fields, and the effect is suppressed [40].
We have not considered breaking of Prr by the composite sector in our work, so that we
expect small corrections in the h — Z~ channel. We have computed the corrections to this
rate in the models presented in the previous sections. Below we discuss the main features
of this decay and show our results.

In the SM the interaction hZ+ is a radiative effect, generated at 1-loop by virtual W’s
and fermions. Similar to hy7y, the bosonic and fermionic contributions have opposite sign.
The first one dominates over the second one by a factor ~ 10, and the fermionic loop is
dominated by the top contribution. In the MCHM one can distinguish the corrections from
the new particles in the loop from those arising from the modified couplings between the
Higgs and the SM gauge and fermion fields, as was the case for the hy~y process. However,
unlike in the h — v~ diagrams, there can be two different particle species running in the
loop, since only one of the external particles is a gauge field of an unbroken symmetry.
Therefore, in theories with extra W'’s, besides the loop with a single heavy field there are
1-loop effects involving two different virtual states. We will refer to these contributions
as “diagonal” and “non-diagonal”, respectively. Similarly, in theories with new fermions
there are 1-loop effects involving a single new fermion as well as effects involving prop-
agators of two different fermion species. We will clarify below which diagrams give the
leading contributions.

As in the SM, in the models we are considering there are no tree-level contributions to
the h — Z~ process, so we focus on the 1-loop effects, starting with those due to bosonic
fields. Each diagonal contribution is suppressed by a factor (mw /mw,)? ~ O(1073).
Although there are several charged vectors, whose contributions add up, we find that the
total effect is less than 1% of that of the W gauge boson in the SM. Next we consider
the corrections from a loop with a SM-W and a heavy charged vector. The product of
the non-diagonal couplings ZWW,, and hWW,, are suppressed by a factor < O(1072)
compared with the SM coupling, thus they can be neglected as well. For the non-diagonal
contributions involving heavy fields the product of the couplings ZW,,W,, and hW,,,W,, can
be of the same order as in SM. However, as in the diagonal contribution, in this case there
is also an extra factor (my/myw, )% ~ O(1073). Therefore, the leading correction to hZ~v
mediated by loops of vector bosons is captured by the correction to the couplings AW W~
and ZWTW . The correction to the first one can be approximated by Fb(e) = /1 — €2,
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Figure 8. Left panel: the amplitude for A — Z~ due to the top sector in all the models, normalized
to the top-mediated amplitude in the SM. Right panel: the full amplitude (absolute value), arising
from vector bosons and fermions in the models of section 3, normalized to the hZ~ amplitude in the
SM. The continuous line corresponds to the SM-W loop, with its modified coupling to the Higgs as
encoded in Fy(e).

whereas the correction to ZW W ~ is very small. Thus, one can expect the bosonic 1-loop
correction to cpz, [see comments after eq. (4.10)] to be modulated by Fj(e), leading to a
suppression in the amplitude compared with the SM.

The correction from the fermionic sector is dominated by the top quark and its part-
ners. The resonances associated to the light SM fermions decouple and do not contribute.
This can be understood from the fact that hZ~ requires breaking of Prr, and in the present
models that breaking arises only from the mixing between the two sectors of the theory.
Since we are assuming that the light fermions have small mixing for both chiralities, the ex-
plicit Pr g breaking is suppressed by these small mixings. The effect from the top partners
can have different signs for different representations. In the left panel of figure 8. we show
the corrections to the amplitude coming from the top sector of all the models, normalized
to the top contribution in the SM. We have included all the diagonal and non-diagonal
contributions. The corrections to the SM top result can be of order 50%, or even larger for
€ ~ 0.5 and for most of the models there is a suppression. However one should remember
that the bosonic contribution is one order of magnitude larger that the fermionic one.

In the right panel of figure 8, we show the total amplitude in the MCHM models
normalized to the SM, where we have used the full diagonalization of the mass matrices
and couplings to take into account all the fermionic contributions, the diagonal spin-1
contributions, and the (small) modification of the ZW W~ coupling. However, we do
not include the non-diagonal gauge contributions (which have been argued to be negligible
above). See appendix D for further details of this computation.

Since for most of the models and regions of parameter space the leading order effect
is captured by the lightest states running in the loop, either bosons or fermions, the cor-
rections to cpz, can be approximated by the corrections to the Higgs couplings with W
and t. The left panel of figure 9 shows that this approximation works rather well for the
models we are considering. The deviations arise mainly from the diagonal and non-diagonal
contributions of the top partners. In the right panel we exhibit the correlation between
the rates into Z~ and ~vv. We see that this correlation is slightly different between the
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Figure 9. Left panel: similar to figure 6, but for the h — Z~ channel. Right panel: we show the
total signal strength p(i) = o(pp — h — i)/SM (i.e. inclusive production) in the Zv channel versus
the v channel, showing a high degree of correlation. The larger deviations from (1,1) correspond
to larger values of e.

MCHM19_5_19 and MCHMj5_19_1¢ on the one hand, and the other models on the other,
which could allow for a distinction if sufficient precision is achieved, depending on the size
of the deviations from the SM. We note that for the MCHM5_19_1¢ there is a very good
agreement between the analytical approximation and the full numerical result in . How-
ever, the top sector gives contributions of order 5-10% to Z=, as can be seen in the right
panel of figure 8. Those corrections lead to the small disagreement between the analytical
approximation and the full numerical result for the MCHM5_10_1¢ seen in the right panel

of figure 9 (a similar effect but in the opposite direction is present for the MCHMS™' | .

7 Tuning in the MCHM

In this section we comment on the degree of fine-tuning associated with the phenomeno-
logically viable points found above. Consistency with the EW precisions tests (EWPT)
in these models, mainly the S-parameter and the Zbpby coupling, require ¢ < 0.3 [18].17
However the Higgs potential generically leads to no EWSB, ¢ = 0, or to maximal EWSB,
e = 1.8 A careful analysis of the structure of the Higgs potential shows that the MCHM
requires some tuning in the parameter space of the theory to produce ¢ < 0.5, and the
amount of tuning depends on the fermion embedding [18, 54]. Besides these conditions,
the Higgs potential must also lead to a light Higgs. Since the top contribution to the 1-loop

17 Although we do not perform a detailed analysis of the EWPT on all the models we consider, we recall
that the presence of light fermionic resonances can play an important role in opening up the viable region
of parameter space, as studied in [53].

8For v = fn, besides the problems with EWPT, many models lead to massless SM fermions, as can
be seen from the cancellation of the LR correlator M,. This is a consequence of the restoration of an
accidental chiral symmetry [55].
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Higgs potential is cut off by the fermionic resonances mixing with the top, a light Higgs
prefers light top partners. Ref. [55] has shown the correlation between my, and the mass of
the lightest resonance for MCHMj5 and MCHM;y. Ref. [54] has also discussed the impact
of light fermions in the tuning of the MCHM, arriving to similar results. In our setup,
similar to models in a slice of AdSs, large compositeness of the SM fermions automatically
lead to light custodians that can alleviate the tuning (see the discussion in 6.1). Below we
show our results for the tuning of the models presented in the previous sections.
Following refs. [54, 56, 57] we use the sensitivity parameter

3 log my ‘phys

A= i
ax 0log x;

(7.1)

as a measure of fine-tuning. Here x; are the parameters of the effective theory and my, as
given in eq. (2.16), depends explicitly on f;, and €, with € a function of all the parameters
of the theory. By mz|phys we mean that we have selected a region of parameters of the
theory that leads to the observed Higgs and SM masses. We have followed the procedure
of ref. [54] which has shown that eq. (7.1) can be rewritten in terms of the Higgs potential,
allowing for a simple calculation of A. As explained at the beginning of section 6, we
have considered the dependence of the potential on the following parameters: the mass
scale of the composite resonances m,, the decay constant of the pNGB f,, the composite
proto-Yukawa couplings, the masses mixing composite fermions m,, the fermion mixing
angles sy, and the ratio of gauge couplings tan 6.

We have computed the tuning of the models presented in the previous sections, eval-
uating A in those points of the parameter space that were selected after the random scan,
as explained at the beginning of section 6. We find that the gauge contribution is subdom-
inant, and the tuning is usually dominated by the top mixings s4, s, the Yukawa yr and
the mixing mass m,,. when present. Below we comment on the size of the tuning for the
different models and discuss some details about its parameter dependence.

We find that the MCHMj5 and MCHMj5_5_1¢ have generically A ~ 5 — 40, with the
sensitivity parameter dominated by m,, and sometimes by s;. The second model shows
some regions of parameter space with A ~ 100 as well as some points where s, dominates
the tuning. Notice that the MCHM;5_5_10 has less freedom, since there is no m,, and
the by, mixing is controlled by the same parameter that controls the ¢; mixing, namely s,
whereas for the MCHMj5 there are two mixing parameters, Sqd and squ. The MCHM;q has
A ~ 5 — 80, although there are points with A ~ 300. The larger tuning of the MCHM;
could be related with the Clebsch-Gordan coefficient v/2 suppressing my in the latter model,
that requires larger mixing and Yukawa coupling. In this model A is usually dominated by
sq and sometimes by s, y7 or my,.. As explained in the previous sections, MCHMj5_19_19
and MCHM¢_5_19 require a large degree of compositeness of at least one of the chiralities
of the top, leading to the largest tuning of the models that we have studied with fermions in
representations 5 and 10. We find A ~ 100—1000, usually dominated by s, and sometimes
by s;. MCHM?TEIZ_N and MCHM4_1_10 have A ~ 80— 300, dominated by s; for the first
model and by s, for the second one. The main reason for the larger tuning of these models
compared with MCHM;5 and MCHM; is that they generically predict a larger my [54].
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Thus, requiring my, ~ 125 GeV selects special regions of the parameter space with non-
natural cancellations in the Higgs potential. On the other hand, for the MCHM14 1410
that has an extra proto-Yukawa coupling in the top sector, we find A ~ 10 — 150, with the
tuning dominated by s; and sometimes by m,, or fj,.

We find that, after applying our selection criteria over the random scan, the models
with larger tuning also show many points in a region of the parameter space with large
composite scale, f, = 4TeV. In fact, for these models there are some points where the
tuning is dominated by fj.

8 Conclusions

We have used a simple two-site realization of the composite Higgs scenario [28] to systemat-
ically investigate the consequences of several fermion representations of the spontaneously
broken symmetry leading to the Higgs as a pNGB. We have restricted ourselves to the
SO(5) — SO(4) symmetry breaking pattern, which is denoted here as the “Minimal Com-
posite Higgs Model”, but we have explored several combination of the lowest-dimensional
representations of SO(5) in the composite fermion sector. In particular, we have fully taken
into account the dynamically generated Higgs potential, which receives crucial contribu-
tions from the states associated with the third family, especially the top quark. We can
therefore consistently incorporate the measured mass of the resonance discovered at the
LHC in 2012, interpreted as a SM-like Higgs boson, and investigate the restrictions im-
posed by the experimental information. We have also taken into account the effects of the
bottom quark sector, which, although subdominant in determining the dynamics of EWSB,
can have a non-negligible effect on the resulting Higgs phenomenology. We have assumed
that the light families are mostly elementary, and therefore have a negligible effect on the
Higgs potential. However, the couplings of a composite Higgs to all fermions can receive
sizeable corrections leading to important deviations from the SM expectations. This can
be important in the near future, as decays such as those into a 7 pair are being measured
with better precision [51, 52].

By including the “first level” of heavy (spin-1 and spin-1/2) resonances, we can also
compute in detail the effects on loop-induced processes, such as the Higgs production
through gluon fusion and the Higgs decays into vy and Zv. Such processes consist of
two conceptually different, but related parts. First, the couplings of the Higgs to the
SM fermions are modified w.r.t. the SM, and therefore when they run in the loop the
corresponding contribution is different from the SM one. Second, the heavy resonances
give an additional non-SM contribution to the loop diagrams. At zeroth-order and in
the simplest models, the sum of the two effects for the dominant contributions (from the
top-related states, as well as from the W-related ones in the case of vy or Zv) results
in a “universal modification” that depends on the microscopic parameters only through
e = sinv/ f,. However, we find that the corrections to this leading order result, in particular
those of the bottom sector, can have a qualitative impact on the Higgs properties.

Importantly, we find a generic suppression of the gluon fusion process in all the mod-
els we investigated. This is also the case for the MCHM14_14_10, which presents a richer
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structure of invariants and leads in general to a sum rule that has dependence on mi-
croscopic parameters beyond e. Although a priori there exists the potential for finding
regions of parameter space with an enhanced gluon fusion Higgs production cross sec-
tion [36], we find that all the phenomenologically viable points exhibit a rather significant
suppression instead.

Due to the generic suppression of the various decay widths, in particular I'(h — bb)
which dominates the total Higgs decay width, one can often find branching fractions that
are larger than those in the SM. The experimental rates then result from competing effects
between production and decay, and can present enhancements or suppressions in given
channels, depending on the model under consideration. This offers an interesting handle
—were a robust deviation from the SM to be established— to get indirect information about
the composite fermion representations, which would constrain the nature of the underlying
strongly interacting theory.

Another interesting decay channel is h — Z~. We have shown that the deviations are
small and dominated by the corrections from loops of SM weak bosons, as expected if the
Prr symmetry is not broken by the composite sector [40]. Moreover, the contributions
from the heavy resonances are small and the deviations can be approximated at leading
order by the corrections to the AW W~ coupling, that are given by a simple function of e.

We have also investigated the degree of fine-tuning, which is in general considerable but
seems in most cases to compare favorably against the simplest SUSY scenarios (although
this statement should not be taken as a rigorous one, given the lack of a proper UV
completion for the composite Higgs scenarios). Interestingly, we find examples where the
sensitivity of the weak scale to the underlying model parameters is below 10%. However,
models such as the MCHMj5_19_19 and the MCHM;jg_5_19 present a sensitivity at the
few per mille level. We also note that the models based on the 14 representation, which
have been claimed to present little tuning [54] actually are tuned at the per cent or worse
level (although we have not considered a purely composite tg). These considerations may
be suggestive of which case is more likely to be realized in nature, although of course
experimentally the approach should be open-minded.

As the LHC and the experimental collaborations prepare for the (close to) 14 TeV and
higher luminosity run, the Higgs sector offers a unique window into physics beyond the
SM. The possibility that the Higgs boson is a pNGB of some underlying strong dynamics
remains as an attractive framework for understanding the breaking of the EW symmetry,
and the opportunity of learning something about the detailed properties of such a theory
from Higgs measurements can be a realistic one, as illustrated in this work. Eventually one
should be able to produce the strong resonances, studying their properties directly, and
start cross-checking against the previous low-energy information.
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A Representations of SO(5)

We consider the following 5 x 5 matrix representation of the generators T2 of SO(5):

00 0 —%0 00% 00 0-20 00
00-% 00 0 00-3%0 10000
i=0i0 oo0|, Ti=|-ioooof|, TE=|0o0o0-io0],
100 00 02000 00400
000 00 000 0O 00000
000 %0 0 0 500 0-% 000
0 0-200 0 0030 10 000
Th=| 0 io000|., Ti=|-io0oo000|. Ti=|o0o0 0 io0].
—20 0 00 0 —2000 00 —200
00000 0 0000 00 000

4
0000-75 0000 0
2
) 0000 O A 0000~
=] 0000 0 |, T°=[(0000 0 |,
0000 O 0000 O
4 %
5000 0 0500 0
0000 O 0000 O
0000 O 0000 O
T°=10000-7% |, T*=1000 0 0 (A1)
1
0000 0 0000 —75
00550 0 00075 0

The generators TP act on the fundamental representation 5 of SO(5) as: T5y5. One
can label the components of a 5 by their transformation properties under TI?j and T}%‘ The
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following are eigenvectors of those generators:

i 0
Vo) = 1 (1) , V—q) = 1 (z) ; (A.2)
V2 |, V2
0
0 —i 0
V() = - —Oi U(44) = - (1) V(o0) = 8 (A.3)
V2 1 7 V2 0 | 0 7
0 0 1

with the subindices (7, j) labeling the TE, g value, & for £1/2. Thus, a fermion 7 in the
fundamental representation can be written as:

i — Viy)
. Y+ Yyt
V5 = thivgy = 7 (- —hy-) | - (A4)
Yt +U4-)
V2t00

By using the 5 x 5 matrix representation, the generators T2 act on the adjoint repre-
sentation 10 of SO(5) as: TBv19 = [T?,10]. The matrices defined in eq. (A.1) provide
a basis for this representation. Other useful basis is one which can be labeled by the
TiR cigenvalues v ;3. Since a 10 decomposes under SO(4) ~ SU(2);, x SU(2)y as
10 ~ (3,1) & (1,3) @ (2, 2), we obtain:

(3,1): V(+1,0) = \}i(TLl +iT7), v =11,
(1.3): oy = (Th1TH). w00 = T4, (4.5)
(2.2): v1ja1js = %(Ti _iT?), Ver1j2 a1z = \}ﬁ(Ti it
V(—1/2,41/2) = \}i(T?’ —iTh), V(41/2,-1/2) = \}ﬁ(Tg +iTY) .
A field in the adjoint of SO(5) can be written as:
Y10 = i v (A.6)

Similar to the 10 representation, the 14 representation of SO(5) can be written in terms
of a 5 x 5 symmetric and traceless matrix. 77 acts on the 14 as: TBy14 = [TB,414]. A
14 decomposes under SU(2); x SU(2)p as 14 ~ (3,3) + (2,2) + (1,1). One basis for this
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representation is

1
(3,3) : ﬂ?b:ﬁ(5$5§+5§6§’), a<b,ab=1
Ty = (dr07 — arrianet) a=1,2,3,
- 1
(2,2): Tg:ﬁ(égagmgaf), a=1,...4,
1
1,1): T = diag(1,1,1,1,—4) . A7
(L) 5 = Sozdine ) (A7)
Using this basis one can define a new one labeled by the Tg p eigenvalues: {v(ti £, )},
(3,3):
1 .
Vi) = \f(%le F T - T22), ViL0) = 5(—T13 — T T T2y
1
U(1,-1) = 7(22T34 + T33) 5 V(0,1) = 5(—T13 — ’iT23 + iT14 — T24) s
1 1
v00) = 575 TV - T% 4+ T%), vio,-1) = 5 (T =T+ + T,
1 1
v - = —2iT34 + T33 ’ v i T13 o Z'T23 . l-T14 o T24 ’
(—1,1) 2\/5( ) (-10) = 5 )
1
V(1,1) = —=(=20T"? + T = T%%),
’ 2v/2
(2,2):
v Loty v L),
(+1/2,41/2) — f ) (+1/2,-1/2) = V2
i 1 i .5
V(-1/2,41/2) = \ﬁ(T —i1"), V(-1/2,~1/2) = E(T —iT7),
(1,1):
0
Uzo’o) — T
A field in the 14 representation can be written as
Y14 = i V() (A.8)
B Bosonic mass matrices
The charged (squared) mass matrix (in the basis {wj,A}, A} AT} versus
{wy, A, Ay, A™}, where wi = (w} Fiw?)/V?2, etc.), is
30008 5909003 0 0
,%flzs ,Ch
2 —39090/3 i (213 + fis7) 49pf15h ’ 2f} :
MC = 0 1 g,,flshch (B'l)
_ngfl 57 19p (2f9+f ) 22
pfl ShCh pfl ShCh
0 e —% 29, (F8 + fich)
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and the neutral (squared) mass matrix (in the basis {w?,b, A3, A? ,Ag, A‘l, X})is

2
9% £2 909p 12
=14 0 -2 16 0 0 0 0
0 g(%gr% (f522+fgzx) 0 _ gugmgpfg2 0 0 _gUg.r.qX.f(sz
2(g3+92) , y 2\/95+92 o 2v/93+92
_909p £2 9p 2 i5h _ 90 £2.2 9pJiShCh
2 fn 0 2 (szJr 2 ) ) 1 J15h 22\@ 0 0
90929013 95422 9 (2 | fish _gpfisnen
0 2\/95+93 a 1o z (fat V2 0 0
0 0 ) gafisnen gpfisnen A f2 4 202 0 0
o NG 7 (fa+ ficq)
2
9 (2 2
0 0 0 0 0 TG+ 17) 0
90929x f3 9x 2
0 ——X 0 0 0 0 X
2 V 934'9% 2 fQX

C Correlators

In this appendix we express the fermionic correlators of all the models in the SO(4) sym-
metric phase in terms of the following general functions.

21 2 9 2 9 2 9
Ap(my,ma, m3, my, A) =A% [mims + mimi + mzm3

— p*(mi + m3 +m3 +m3) +p*] ;
Agr(m1,ma,ms, ma, A) =A% [mim3 + m3m3 — p*(m} + m3 + m3 + m3) +p'] ;

Apr(ma, ma, mz, ma, A1, Ag) =A1A9 my ma ma(m3 — p?) ;

2.9 2 2/ 2 2 2 9 29 2.9 2.9
B(mi,mg, ms, mg, ms) =mimims — p“(mims + mims + mizms + msmz + msmy)
) 2 2 2 2
+ p*(m? +m3 +mj +mi+m2) —p° . (C.1)

In the following expressions we use the notation yr = yu, YB = Yd, My, = My,,
Myg = My,, Ar = A, and Ap = Ay [where the Lagrangian parameters were defined for
each model in section 3] to emphasize the role of the third generation.

C.1 MCHM;

12[ . AL(mT,O,myT—i-yT,O,Aqu) ﬂ o AL(mT,O,myT,O,Aqu)
v = B(mgu,m7,0,my,+yr,0) ’ v = B(mgu,m7,0,my.,0) °
f[ . AL(mB7O7myB +yB7O7Aqd) ﬁ . AL(mBaOamyBaOaAqd)
g4 = B(mga,mp,0,myp+yp,0) ’ g4 = B(mga,mp,0,myp,0)
12[ o AR(mQu,O,myT—l—yT,O,At) 12[ . AR(MQu,O,myT,O,At)
w) = B(mgu,m7,0,my,+yr,0) ’ u® — B(mgu,m7,0,my;,0)
]j o AR(devovmyB+yBaoaAb) f[ . AR(devovmyBaOaAb)
d(l) o B(deamByovmyB+yB70) ’ d(4) o B(de’mBaOamyB>O) ’
M - AM(mQu,mT,O,myT—i—yT,Aqu,At) M o AM(mQu,mT,O,myT,Aqu,At)
u®) = B(mQu,mT,O,myT +y7,0) ’ u® = B(mQu,mT,O,myT ,0) ’
M o AM (deamB707myB +yB7Aqd 7Ab) ~ . AM (deamBaOamyB aAqd 7Ab)
d = B(de yIMB 707myB +yB 70) ’ d® = B(de amBaOamyB ’0) ’
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C.2 MCHM;o

~

e =

A~

IT,4) =
Iy =

M, =

Md(4) =

Ap(mr,mp,myr+yr/2,my 5 +yB/2,Aq)

B(mQ7mT7mB7myT +yT/27myB +yB/2) ! q(G)

AR(szmBzmyT+yT/27myB +yB/2>At) ]j
B(mQ7mT7mB7myT +yT/23myB +yB/2) ) u(G)
AR(mQamTamyB +yB/2>myT+yT/2aAb) ]j
B(mQamTymBamyT +yT/27myB +yB/2) ’ d(6)
Ap(mg,mr,mB,myn+yr/2,Aq,At) ~
B(mQ,mTymB7myT +yT/27myB +yB/2) ’
AM(mQymBymTymyB +yB/27Aqub) M
B(mQ>mT7vamyT +yT/27myB +yB/2) ’ d(6)

C.3 MCHM10_5_10

A~

@

A

IT,, 4

A

1T

Ar(mpmpyr/V2myp+ys/2,Aq) i
B(mgq,mp,mpyr/v2,myz+yp/2) ’ q©
Ar(mq,mpyr/V2,myp+yp/2,A)
B(mg,mr,mpyr/V2,myp+yp/2) ’
Ar(mq,mr,myp+ys/2,y7/V2,A) il
B(mgq,mr,mpyr/vV2,myg+yp/2) ’ d®
AM (mQ mr,mp ,yT/\/i,myB ,Aq,At)
B(mq,mr,mpyr/v2,myp+yp/2)

=

w(1)

Y

Ay (mg,mp,mr,myp+yB/2,Aq,Ap) ”
vi , Mye) =

B(mQ ,mT,mp 7yT/\/§7myB +yB/2)
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A

@

A
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M4

u

My =

— AL (mT,mB,myT,yB/\/i7Aq) f[ —
B(mq,mp,mp,my,yp/V2) "’ g

_ Ag(mg,mp,my;,ys/V2,At) i _
B(mQamT7mB7myT 7yB/\/§) ’ u(l)

_ AR(mQ 7mT7yB/\/§7myT 7Ab) 2 _

B(mQ ,mr,mp 7myT 7yB/\/§) ’
AM (vamT>mB7myT7Aq7At) M
9
B(mQ ,mr,mp amyT 7yB/\/§)
AM (’ITLQ ,mp,mrt,YyB /\/iAq 7Ab)
B(mQ 7mT7mB 7myT ayB/\/g)

Y
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ﬂq(4) AL (mT7mBayT/\/§7yB/\/§aAq) ﬂ

B(szmT7mBzyT/\/§7yB/\/§) ’

ﬂ 2 = AR(mQ7mBzyT/\/§7yB/\/§7At) f[ 6 =
U( ) B(mQ »mT:mB#JT/\/E:yB/\/ﬁ) ! ’LL( )

2 AR(m 7mT7yB/\/§7yT/\/§7Ab) 2

Hd(4) - = Hd(ﬁ)

B(mq,mr,mpyr/V2,ys/V2)’
Mu(4) _ Apn (mg mr mpyr /V2,A¢,A¢)
B(mqg,mr,mpyr/V2,ys/V2) ’

N _ A (mg mp,mrys/V2,A4,2)
d® B(mg,mr,mpyr/V2,ys/V2) ’
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Ar(mp,mp,myr,Mmyg5,0q)
B(mg,mr,mB,Myp,Myg) ’
ARr(mqg,mp, My, My 5,At)
B(mg,mr,mp,myp,myg) ’
AR(mQ,mT,myB ,myT,Ab)
B(mg,mr,mp,myp,myg) ’

AM (mQ ,mr,mp 7myT aAq aAt)

B(mg,mr,mpB,Myp,Myg)

AM (mQ ,mp,mrt 7myB :Aq 7Ab)
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B(MQ,O,mB,O,MyB) ?

AR(():O;OvO»At)
B(07mT707070) ’

AR(O7mQ 7O7myB 7Ab)
B(mg,0,mp,0,myg °*

AM (mQ,mB,O,MyB aAQaAb)
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B(mQ ,mT 707myT +yT 70) ’
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- _ Ar(0,0,0,0,A4) -
Uy = Blmg0.000)
f[ 5 = AL (mTvovyT V 4/5705Aq)
Q( ) B(mQ7mTa07yT 4/570) ’
A o AR(mQaanT V 4/5a07At)
1L, 1)

B(mQamTaOuyT V 4/570) ’
A AR(mQaanB/Qvova)
Uy =

_ AL(OvaaanB/27Aq)
~ B(mgq,0,mp,0,yB/2) ’

~ AR(0,0,0,0,A
I, = Rr( b)

B(mQ,O,mB,O,yB/Q) ? o B(O,mB,O,O,O) ?
M o AM(mQamTaanT V 4/57AQ7At)
u(4) - 9
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9 . - AM (mQ7mB7O7yB/2aAQ7Ab)
My = —i B(mqg,0,mp,0,yp/2)
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Here we use the notation yr = yr + gr that includes the two Yukawa structures displayed
in egs. (3.36) and (3.37), which enters in the singlet terms below:

i _ Ar(mz,0,my; 0,A9) i _ Ar(mrmp,myp+yr/2,y5/2,Aq)
q(9) B(mQ ,mT,O,’ITLyT ,0) q(4) B(mQ , TV, B, My +yr/2,yB/2) ’
f[ _ AL(mT,O,TTLyT +gT4/5,0,Aq)
q® B(mq,mr,0,my, +y74/5,0)
12[ _ AR(mQ,O,myT,O,At) ﬂ _ AR(mQ,mB,myT—i-yT/Q,yB/Q,At)
u(9) B(mg,m7,0,my;,0) u(®) B(mq,mr,mp,myr+yr/2,y5/2) ’
ﬂ o AR(mQ,O,myT +y14/5,0,A¢)
u(l) — B(mQ,mT,O,myT+37T4/5,O) ’
12[ _ AR(mQ,mT,yB/Q,myT +yr/2,A%) ﬂ _ AR(mQ,O,O,O,Ab)
a® B(mg,mr,mp,myr+yr/2,y8/2) ° d(® B(mg,mpg,0,0,0) °
M _ AM(’n’LQ,mT,O,myT,Aq,At) M _ AM(MQ,mT,mB,myT —‘ryT/Q,Aq,At)
u(®) B(mQ,mT,O,myT,O) ) ul®) B(vamT7mB,myT +yr/2,yB/2)
M _ Ap(mg,m7,0,my+974/5,A4,A)
u@) = B(mq,m7,0,my+574/5,0) )

i AM (mQ>mB7mT>yB/27AQ7Ab)

Md(4) - B(mQ,MT,mB My ‘HJT/ZZ/B/Q) ’

D Loop-level processes

We collect here the expressions for the processes h — gg, h — vy and h — Z~. We focus
on the amplitudes only, since the decay rates are obtained by rescaling the SM rates. This
allows one to include the state of the art QCD corrections, under the assumption that the
K-factors for the SM and new physics diagrams are common. The full details for the SM
expressions can be found, for instance, in [58].

For the h — gg and h — 7~ amplitudes the relevant loop functions are

Aya(r) = 20 + (T = DI, (1)
A(r) = =272 + 31 +3(2r — 1) f(7)]7 2,
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where

arcsin?/T r<1

f(r) = 1 Y p— ~ (D-3)
—— |log ———— —im T>1

7 . V1—7-1
We obtain our amplitude for the gluon fusion process from

(0) (0) 2

4 _ Y Y m
Ah = gg) oc o 3 5 |0 (VM) = =G | + =G A | —@z | ¢ (D)

where yq(f) and mfpo) are the Yukawa coupling and mass of the lightest state (identified with

the SM fermion) in the corresponding tower, obtained by numerical diagonalization of the
full Yukawa and mass matrices, Y, and My, respectively. The traces can be read for each
model from table. 1. The SM amplitude, in the same normalization as eq. (D.4), reads
A(h — gg)S™M o< Ay jp(mj, [4m3) + Ay jp(mi, [4m3).

For the diphoton channel, we use

2 2
A2 g [L) S| SN )
oot I3 4m¥, dmyy,
(0) (0) 2
4 Y e =
2 —1 v - 0
T2 NeQ g 5 | EMY) G G A | g | o (D)
Y=t,b " " o

where for the W-tower we used that the analogue of the fermion trace is
1 dlog(detMZ)/dv = cot(v/ fy)/ frn with M the squared mass matrix in the charged sector
[see eq. (B.1) of appendix B]. The W-mass squared, m3,, corresponds to the lightest eigen-
value of Mé, and the coupling g%V is defined as the diagonal entry corresponding to this
lightest state in the matrix G% = (2/vsm) dME /dv, after rotating to the mass eigenbasis.
Both my, and g‘%V are obtained numerically. The SM amplitude in the normalization of
eq. (D.5) is A(h — v7)SM o A1(m2 /4m3y) + NoQF Ay jo(m2/4m?) + NoQ2 Ay o(m2 /Am2).

The new feature in the h — Z~ process compared to the previous ones [59] is that there
can be two different particle species running in the loop (since the Z vertex corresponds
to a broken gauge symmetry). For the fermionic contributions we use the general formulas
presented in appendix F of ref. [37], which allow to include such “non-diagonal” contribu-
tions. These expressions are written in terms of the Passarino-Veltman 1-loop functions
and we use the package LoopTools [60] to evaluate them numerically.

For the charged W and heavy partner loops in h — Z+ there is no analogue general
formula for the non-diagonal contributions. Since we expect such effects to be negligible
due to the large masses involved, we are satisfied with including only the diagonal gauge
effects, which are completely dominated by the SM-W loop itself (but the result is different
from the SM one due to the modified couplings). The diagonal terms can be written in
terms of

Ay(r, ) =4 (3 - ﬁv> L7, \) + [(1 + i) ? - (5 + f_)] L(r,\), (D.6)

W Cw
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where

nern) = =2 TN ey o))+ 22 [g(r ) — g0 L (D7)
S Try s I Tep YRR (r—an2 WU\ O
I(r,)) = —Q(TTfA) Y - Y] (D)

with f(7) as defined in eq. (D.3) and
V1T =1 arcsin?\/7 <1
. L vVio T . (D.9)

The expression for the h — Z~ amplitude, keeping only the fermionic and the W contri-
butions, is:

A(h — Zv) ~ g, vsm
USM 4m12/v

) Gw sz X Av(md JAmy, m3 /4mdy)

+ Y Y ANQAL AL i F (ms,my, my,mz),  (D.10)

Y=tp,tr,bL,br J

where 9124/ was defined above and gy+y - is the coupling of the Z to a WTIW ™ pair in
the given model (in the SM one has gy +y -7z = gew). It is obtained by projecting the
appropriate mass eigenstates after diagonalization of the full system, and therefore includes
the effects of mixing with the heavy spin-1 resonances. For the fermionic contribution: /\Zvi j
and )\iﬁ are the couplings to the Higgs and Z of the fermion mass eigenstates i and j
(see conventions in eq. (F.1) of ref. [37]), with masses m; and m;. These are obtained
numerically by writing the corresponding coupling matrices in the mass eigenbasis. The
function F'(m;, mj, mp, myz) is given in eq. (F.3) of ref. [37], and in the limit m; = mg = m,
reduces to (1/2m)A; jo(mj. /4m?, m% /4m?), where A (7, ) is the standard fermionic loop
function for this process (see e.g. [58]):

Arja(m,A) = Li(1,A) = (7, A) - (D.11)

Using the same normalization as above, we have A(h — Zy)M «
gew Ar(mj, [Amiy,, m% [Amy) + 3, 2NeQig/ew ) (5 — 2Qisty ) A1 j2(mi /4m3, m3, [4m7).
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