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heavy spin-1 states at the LHC and at future colliders. We devise an efficient semi-analytic
method to convert experimental limits on o x BR into bounds on the free parameters of the
theory and we recast the presently available 8 TeV LHC data on experimental searches of
spin-1 resonances as exclusion regions in the parameter space of the models. These latter
are conveniently interpreted as a test of the notion of naturalness.
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1 Introduction

The discovery of a new scalar resonance at the LHC marked an important step towards our

comprehension of the dynamics hiding behind electroweak symmetry breaking (EWSB).
The remarkable compatibility of its properties with those of the Standard Model (SM)
Higgs boson and the absence of any new physics predicted by many beyond-the-Standard-

Model (BSM) scenarios are forcing us to deeply reconsider the role of naturalness in the

dynamics of this particle. A concrete realization of naturalness is offered by the composite



Higgs scenario: a new strongly coupled sector confining at the TeV scale and inducing the
spontaneous breaking of a global symmetry can produce a light pseudo Nambu-Goldstone
boson (pNGB) Higgs at 125 GeV, [7]. Probing the compositeness of the newly discovered
scalar is therefore a crucial task for understanding how natural its features are. This is
indeed the main question we would like to address in this paper: assuming naturalness as
a good guiding principle for the existence of a new strongly coupled physics at the TeV
scale, how can the presently available LHC data be used to test the validity of our notion
of naturalness?

A possible way to answer this question is to study the phenomenological properties
and the possibility of a direct discovery of other composite resonances generated by the
strong sector. In particular, one of the robust predictions of this class of theories is the
existence of spin-1 resonances excited from the vacuum by the conserved currents of the
strong dynamics. They form multiplets of the unbroken global symmetry and can behave
rather differently from the heavy Z’ states in weakly coupled extensions of the SM. These
vectors, in fact, interact strongly with the longitudinally polarized W and Z bosons and
the Higgs and thus tend to be broader than the weakly coupled ones. The strength of
their interactions with the SM fermions depends on whether these latter participate to the
strong dynamics or are purely elementary states. A simple possibility is that SM fermions
couple to the EWSB dynamics according to their masses, so that the lightest ones are
the most weakly coupled. This idea has an elegant implementation in the framework of
partial compositeness [8] and can give a qualitative understanding of the hierarchies in
the Yukawa matrices of the SM fermions in terms of RG flows [11, 12]. A second robust
characteristic of composite Higgs models is the existence of spin-1/2 resonances, the top
partners. In the most natural realizations, these fermionic states are lighter then the heavy
vector particles, [15-20]. In a natural scenario we therefore expect the phenomenology of
spin-1 states to be significantly affected by the presence of lighter composite fermions.

In this work, we study the phenomenology of spin-1 resonances in composite Higgs
theories by means of a simplified description based on an effective Lagrangian, focussing
on their interaction with lighter top partners. This is aimed at capturing the main features
relevant for the production and decay of the heavy vectors at high-energy colliders and their
effects in low-energy experiments, avoiding the complications of a full model. Although
simplified, our procedure will be sophisticated enough to properly include those aspects
which are distinctive predictions of the class of theories under consideration, such as for
example the pNGB nature of the Higgs boson. We will focus on the minimal SO(5) x
U(1)x/SO(4) x U(1)x composite Higgs model and consider vector triplets transforming as
a (3,1) and (1,3) of SO(4) ~ SU(2) x SU(2) g and vector singlets transforming only under
the unbroken U(1)x. We will study in detail the interactions of these bosonic states with
top partners and include the effects implied by the partial compositeness of SM fermions.
The importance of lighter composite fermions on the phenomenology of vector resonances
has been pointed out also in [31] and in [35]; this latter considered the case of a SU(2)y,
charged heavy spin-1 state. Our approach, however, differs for the method used in deriving
the effective Lagrangian and for taking into account all the spin-1 resonances in the simplest
representations of H.



Our construction provides a benchmark model to be used in searches for heavy spin-1
states at the LHC and at future colliders. A simple kinematic model based on the width
and the production cross section times decay branching ratio (o x BR) is sufficient to guide
searches for narrow resonances in individual channels and to set limits, see the discussion
in [24]. However, combining the results obtained in different final states as well as inter-
preting the limits on ¢ x BR in explicit models of BSM physics and developing a detailed
analysis of the interaction with lighter fermionic states requires an underlying dynamical
description, such as the one given by a simplified Lagrangian. Here we provide such a
dynamical description for spin-1 resonances coupled to lighter top partners appearing in a
natural and sufficiently large class of composite Higgs theories. Our simplified Lagrangian
fully takes into account the non-linear effects due to multiple Higgs vev insertions and does
not rely on an expansion in v/f, where v is the electroweak scale and f is the decay con-
stant of the pNGB Higgs. In the limit v/f < 1, it can be matched onto the more general
one of [24], which covers a more ample spectrum of possibilities in terms of a larger number
of free parameters. In this sense, the main virtue of our model is that of describing the
phenomenology of spin-1 resonances in composite Higgs theories in terms of a minimal set
of physical quantities: one mass and one coupling strength for each heavy vector. Express-
ing the experimental results in such a restricted parameter space is thus extremely simple
and gives an immediate understanding of the reach of current searches in the framework
of strongly interacting models for EWSB. It also provides an immediate way to test how
natural the Higgs sector is expected to be.

This paper is organized as follows. In section 2, we review the most important charac-
teristics of the minimal composite Higgs model that are relevant for our construction and
we analyse the dynamical assumptions that justify our effective Lagrangian approach. In
section 3, we introduce the models for the three vector resonances under consideration and
we discuss their mass spectrum and physical interactions.! The main production mecha-
nisms and decay modes are discussed in section 4, where we describe the most important
channels that can be relevant for a future discovery at the LHC. The presently available
8 TeV LHC data are used to derive exclusion limits on the parameter space of our models
in section 5. Our conclusions are finally summarized in section 6.

2 Behind the models

Our main purpose is to introduce an effective Lagrangian description of the interactions
between heavy vectors and top partners in the minimal composite Higgs scenario. We
aim at deriving a simplified model, based on a minimal set of free parameters, which is
suitable for studying the production and decay of these new heavy states at colliders, but
still capable of capturing the most important features of the underlying strong dynamics.
We will indeed make some robust assumptions on the symmetry structure of the theory,
dictated by the pNGB nature of the Higgs, and some plausible dynamical assumptions on
its spectrum, dictated by naturalness arguments, that can provide enough information to
determine the most prominent phenomenological aspects of these constructions.

IPart of the results appearing in this section has already been presented in [36].



2.1 The symmetry structure and the degrees of freedom

We start analysing the basic features of the minimal composite Higgs model that will have
relevant consequences for the phenomenology of the heavy resonances. We assume the
existence of a new strongly interacting sector with an approximate global symmetry in
the UV, G = SO(5) x U(1)x, spontaneously broken to H = SO(4) x U(1)x ~ SU(2), x
SU(2)g x U(1)x at an energy scale f.2 The four Goldstone bosons, IT%, resulting from the
spontaneous breaking of the global symmetry transform as a (2,2)¢ under the linearly-
realized unbroken subgroup, H; in the absence of an explicit breaking of SO(5) they are
exactly massless. The SM electroweak bosons gauge the SU(2)z x U(1)y subgroup of the
global group, thus introducing a preferred orientation in the coset space SO(5)/SO(4) with
respect to the global SO(4). The misalignment between the direction fixed by the local
group and the vacuum where the theory is realized can be conveniently parametrized by an
angle 6, which serves as an order parameter for EWSB, [2]. The interaction between the
Goldstone bosons and the SM fields explicitly breaks the global symmetry and generates
a potential for the Higgs at loop level resulting in a non-vanishing vev for its modulus.
As a consequence, three Goldstone bosons are eaten to give mass to the SM gauge bosons
and a massive Higgs field, h(x), remains in the spectrum. The misalignment angle can be
identified as @ = (h) /f and the electroweak scale is dynamically generated at v = fsin6.
It is convenient to introduce the parameter

€ =sin20 = (;)2 (2.1)

characterising the separation between the electroweak and the strong scale; in a natural
theory, we expect £ ~ 1, but it is conceivable that a small amount of tuning can give rise to
¢ < 1. In particular, compatibility with the constraints coming from electroweak precision
tests and Higgs coupling measurements generically implies £ < 0.2, [24, 37, 39].

In this framework, we will construct effective Lagrangians respecting the non-linearly
realized SO(5) global group using the standard CCWZ formalism, as developed in [3]
and [4]. According to this procedure, a Lagrangian invariant under the global SO(5) can
be written following the rules of a local SO(4) symmetry; the basic building blocks are
given by the Goldstone boson matrix, U(II), and the d, and E, symbols, resulting from
the Maurer-Cartan form UTD#U , which are reviewed in appendix A.

Considering now the degrees of freedom, they comprise elementary states, which in-
clude the gauge bosons W, and B, and the SM fermions, and composite states, which,
besides the pNGB Higgs and the longitudinally polarized W and Z bosons, include par-
ticles with specific transformation properties under the unbroken SO(4). As regards the
interactions between these two sectors, the gauge bosons couple through the gauging of
the SM subgroup of G, whereas the elementary fermions couple linearly to the composite
dynamics, according to the paradigm of partial compositeness, [6]. Since this linear interac-
tion is responsible for generating the masses of leptons and quarks, we expect the heaviest

2The abelian group U(1) x must be included in order to reproduce the correct hypercharge of the fermion
fields, which is given by Y = Th + X, T3 being the third generator of SU(2)g.



SM fermions to be more strongly coupled to the new sector and to have the strongest
interactions with the composite resonances. At the energy scale that can be probed at
the LHC, it is therefore a well justified approximation to consider all leptons and quarks,
except for the heaviest doublet q; = (t1,br) and the right-handed top quark tg, to be
fully elementary and massless, so that we can neglect their linear coupling to the strong
dynamics. On the other hand, the top-bottom doublet is taken to have a direct linear
interaction with an operator Og, transforming in a representation rp of SO(5) x U(1)x,
so that in the UV the Lagrangian is:

L=y Aa1,0r° +hc. = y(Qr)1, O™ + h.c., (2.2)

where I denotes the indices of the operator O and (QL)r, = §3Aa.1, indicates the

Io
embedding of ¢z, into a full representation of SO(5), as discussed in [13]. This kind of
mixing explicitly breaks the global symmetry of the strong dynamics, yr, A being a spurion
under G, generating a contribution to the Higgs potential via loop effects. In order to
obtain a sufficiently light Higgs, we therefore expect y;, to be a relatively small parameter.
The choice of the representation r» does not depend on the details of the low-energy physics
and it is to some extent free. Many possibilities have been studied in the literature, [1, 26];
for simplicity, we will only consider the minimal case where ro = 533, so that the form of

the embedding will be unambiguously fixed:

(Qi)[ = \2 (ib, by itp —tg O)T, (2.3)
which formally transforms under g € SO(5) as (Q3); — g7 (Q3)s and has X-charge equal
to 2/3. As regards the tg, we will consider two different scenarios. First, we will assume
that this particle arises as a composite resonance of the strong sector, transforming like
a singlet under SO(4) and with hypercharge 2/3. Then, similarly to what happens to
the heaviest doublet, we will be interested in studying the phenomenological implications
of a partially composite tg, for reasons that will become clear in the following. In this
particular case, the tg is assumed to be linearly coupled to an operator Oy, of the strong
sector transforming as a 53,3, with the UV lagrangian

L =yptrA;O 4 hc. = yp(Q%) 0L +hc., (2.4)
where the embedding is in this case fixed by the standard model quantum numbers to be:

Q@%r=@0 0 0 0 tg)'. (2.5)

(Q%)1 formally transforms under SO(5) like (Q%); and has X-charge 2/3. The parameter
yr is expected to be of the order of the corresponding y; in order to accommodate a
reasonably tuned light Higgs in the spectrum.

We have discussed all the basic ingredients of the model, concerning both the new
symmetries and the particles we have to deal with. In this work, as highlighted in the In-
troduction, we will be mainly interested in studying the phenomenology of composite spin-1
states, p,, focusing on triplets transforming as a (3,1)p and (1,3) under the unbroken



SO(4) x U(1)x and on vector singlets, which are left invariant by SO(4) and transform
only under the abelian group U(1)x, analysing in detail their interplay with lighter spin-
1/2 heavy states.

2.2 Dynamical assumptions

Since we aim at building a simplified description of the interactions between vectors and
top partners, we need to make some generic assumptions on the dynamics of the strong
sector that can guide us in the construction of an effective Lagrangian and can give a basic
understanding of its regime of validity. Following the SILH approach, [14], we can broadly
parametrize the new confining dynamics with a mass scale m, and a coupling g., which
are related by the NDA estimate

My ~ Gu f, (2.6)

reproducing the usual relation between the Goldstone boson decay constant and the mass
of the composite states. We will however generalize this simple approximation, taking
into account both the theoretical implications of naturalness and the constraints coming
from electroweak precision tests. On the theoretical level, in fact, we naturally expect
the fermionic resonances to be light, since they are directly responsible for cutting off the
quadratically divergent contributions to the Higgs mass coming from the SM top quark
loops, as explained in [15-20]. In particular, a reasonably tuned pNGB Higgs generically
requires top partners to have a mass around 1TeV. On the other hand, as described also
in appendix B, vector resonances contribute at tree level to the S parameter, thus implying
their mass to be generically bigger than 2 TeV.

These considerations are the main reason for parametrizing the confining dynamics
with two different scales, a lighter one for the spin-1/2 and a heavier one for the spin-
1 resonances, pointing towards a natural scenario where the phenomenology of vector
particles can be considerably affected by the presence of a lower-lying layer of fermionic
states. We therefore introduce a mass scale, my, and a coupling, gy, for the top partners,
such that

my = aygyf, (2.7)

and a mass scale, m,, and a coupling, g,, for the vector resonances, with the analogous
relation

mpy = apgpf, (2.8)

where a,, and a, are O(1) parameters, as implied by NDA. Supposing the fermionic scale
to be smaller than the vector scale therefore implies the obvious relation between the two
couplings of the new dynamics:

a
9y < ~gp- (2.9)
ay

In particular, a naturally light composite Higgs generically requires the fermionic coupling
constant to be favoured in the range 1 < gy < 3. We will be mainly interested in studying
how these assumptions on the strong sector can be tested in the context of a phenomeno-
logical model for the production of heavy spin-1 states and their decay to top partners and
SM particles.



We have some other considerations to make on the two scales in order to justify our
effective Lagrangian approach. Following the criterion of partial UV completion, firstly
introduced in [2], we assume that the bosonic resonances we want to study have a mass
M, much lower than the vector scale and bigger than the fermionic scale, my < M, < m,,
so that we can integrate out all the heavier states and write a Lagrangian in an expansion
of M,/m,. This approximation obviously starts loosing its validity as soon as the mass
separation becomes smaller, m,, < M, ~ m,, in which case the interference effects with
other resonances become non-negligible and our analysis is only a qualitative description of
the underlying dynamics. We apply this point of view to the triplets in the representation
(3,1)0, pﬁ, and (1,3)o, pff, and to the singlet, pff, building one model for each of them.
In every case we will suppose that the other two vectors have a mass M, ~ m,, so that
they belong to the tower of heavier resonances that are being integrated out, resulting in
a great simplification of the phenomenology. This assumption is dictated mainly by the
need of building the simplest description of the interplay between heavy vectors and top
partners and we have no deep reasons for excluding the opposite case, namely that the spin-
1 resonances are almost degenerate in mass. We will however make some comments about
this possibility in appendix D, showing under which conditions the mutual interaction
between the vectors can be safely neglected even when their spectrum is degenerate.

Finally, we must discuss the role of the fermionic scale in our effective expansion. In
fact, since we are about to derive a phenomenological Lagrangian which is valid up to the
first vector resonance, we should in principle include its interactions with all the fermions
at the scale my, and falling into various representations of the unbroken SO(4). In order to
avoid the complications arising from such a full model, we will only take into account the
lightest heavy fermions, assuming that their mass satisfies the condition My < my, so that
the decay channel of the vectors to these fermionic states is the most favoured one among
the decays to other resonances. Under this conditions, we can more safely neglect the
remaining tower of spin-1/2 states. For our construction to be fully meaningful, we need
a criterion to understand under which representation of SO(4) the lightest heavy fermions
should transform. This is easily found by noticing that in explicit models the lightest
fermionic resonances that must be present in the spectrum are the top partners falling into
the representations of H that can be excited from the vacuum by the operators Or and Oy,
linearly coupled to the g7, doublet and the tgr, when this latter is partially composite, [16].
Since we chose 70 = 55,3 for both cases, we can decompose Or and Op, under SO(4),
obtaining 53/3 = 43,3 + 153, therefore justifying the introduction of top partners in the
fourplet and in the singlet of the unbroken group. Moreover, we must notice that limiting
our analysis to the lightest fermionic resonances becomes a very crude approximation when
My ~ my, requiring a more complete construction; we leave this study to future work,
with the aim to provide in the present analysis a simplified model with a few degrees of
freedom and parameters that can be more thoroughly used to guide searches of new physics
at the LHC.

We now have all the elements to derive a phenomenological Lagrangian describing
the interplay between vector and fermion resonances, based on symmetry principles and
general reasonable assumptions on the nature of the strong dynamics. In conclusion, we



will write three models, one for a pﬁ and top partners in the fourplet, one for a pl}f and
again top partners in the fourplet, and a last one for a p% and top partners in the singlet.

3 The models

After the clarification of the symmetries and the dynamical assumptions behind our ap-
proach, we are now in a good position for explicitly introducing the Lagrangians for the
three vector resonances. We will devote this section to describe the three models and some
of their basic phenomenological characteristics.

3.1 A Lagrangian for pﬁ

We start considering a theory for the (3,1)¢ triplet and top partners in the fourplet,
introducing therefore the fermionic field

iB—iX5/3
1 B+X5/3
U=— 3.1
V2 iT +1iXy3 (3:-1)
=T+ X3

which has X-charge 2/3. The vector resonance transforms non-homogeneously under the
unbroken SO(4),
Py = h(IL, g)plh (1, ) — (11, 9)8,h (11, g), (32)

where h(II, g) € SO(4), as described in appendix A. The partner field transforms instead
linearly, so that
U h(IL, )V, (3.3)

and it decomposes into two doublets under SU(2)z, x U(1)y, the (T, B) doublet with the
same quantum numbers of top and bottom quarks and the (X5 /3, X2 /3) doublet with an
exotic particle of charge 5/3 and a second top-like resonance, Xy /3.

Following now the CCWZ prescription and considering the tg a full composite conden-
sate of the strong sector, at leading order in the derivative expansion the Lagrangian is:

L1, = Light + Lo + L, (3.4)

where the three different contributions stand for:
2 - 1 1 . 5o
Lright = - (dp)? = SWi, W — By B + 9" (10, + ger 5 Wi PL + glaY Bu)
+iqr1Pqr + itgpDtR,
Ly = Uy* iV, + XgyBy — My)V + [ierWditr +yof(Q) Uni¥h 55)
+yreaf(Q7) Urstr + hec.],
2

1 m 24 ‘
Lo = =3P + g0 i = Bt )" calinlgpu pi = BT,
L



In the first Lagrangian, containing the kinetic terms of the elementary sector, the composite
Goldstone bosons and third family quarks, we have collectively indicated with ) all the
massless fermions, namely the leptons and the first two quark families, so that the v field
has to be understood as a sum over these different species. The second Lagrangian, Ly, on
the other hand, describes the kinetic term of the top partners and their interactions with
third family quarks, which are generated in the IR by the UV Lagrangian (2.2). We have
used the notation of appendix A to indicate the CCWZ covariant derivative, V,, which is
necessary to respect the non-linearly realised SO(5), and we have added the contribution
of the B, field in order to preserve the SM gauge invariance. Finally, the last Lagrangian,
‘CPL’
with the top partners. In particular, since py transforms non-homogeneously under the
unbroken SO(4), the field strength must be

introduces the kinetic and mass terms of the vector resonance and its interaction

PZ:L/ = ausz _ VpZL + gpLECLLbLCLpZLplC/L. (3.6)

We note that additional higher derivative operators can in general be included in the
previous Lagrangian and they can play a relevant role at energies of order of the resonances
mass, as discussed for example in [2]. We will omit them for simplicity, referring to [24] for
a more complete discussion of the effects of these additional terms on the phenomenology
of vector resonances.

From eq. (3.5), we immediately see that the only source of interactions among the
composite p;, and the elementary gauge fields is the pr, — W and the p;, — B mass mixings
that follow from the mass term in £,,. Given the expression of the CCWZ connections,
the global mass matrix of spin-1 fields (W, B, pr,) is non-diagonal and must be diagonalised
by a proper field rotation, in order to obtain the couplings and the Lorentz structure of
the vertices in the mass eigenstate basis. Similarly, the mass matrix of these spin-1/2 fields
arising from the Lagrangian Ly is in general non-diagonal and we need another rotation,
on the fermionic sector, in order to describe the particle spectrum.

Before discussing the two rotations, let us first count how many parameters appear in
our Lagrangian. There are eight couplings, (ger; 9.;, 9py.» €1, €2, €3, YL, f), two mass scales,
(mp,, My), and the misalignment angle, that can be conveniently traded for the variable
&, for a total of eleven free parameters. Notice that we have listed the NG decay constant
f as a coupling, since it controls the strength of the NG boson interactions. The couplings
ger and g, arise as a result of the weak gauging of the SM subgroup of H, g,, instead sets
the strength of the interactions between the vectors and other composite states, including
the Higgs and the longitudinally polarized W and Z bosons, whereas c1, c2 and c3 are
O(1) parameters, as suggested by power counting. All the Lagrangian input parameters
can be re-expressed in terms of physical quantities in the mass eigenstate basis. Three
of them must be fixed in order to reproduce the basic electroweak observables, which we
conveniently choose to be G, a¢pn and myz. Of the remaining eight input parameters,
& controls the modifications of the Higgs couplings from the SM values and is thus an
observable, co will be fixed in order to reproduce the physical top mass and the other
six can be traded for the following physical quantities: the masses of two top partners,
for instance mx, /s and mp, the mass of the charged heavy vector and its couplings to



elementary fermions and to the top-bottom pair, and finally the coupling of one heavy
fermion to a gauge boson and top quark.

In order to fix three of the input parameters in terms of G, ae, and myz, we need
the expression of the latter in terms of the former. It turns out that G and a.,, are very
simple to compute and read:

G 1 1 1 1 n 1 1 n 1 47
F= s = —5 5 o — o 9 .
VIPE dmaen 4B a3 P 4P (37)
where we have conveniently defined the SM coupling g and ¢’ as
1 1 1 , ,
— ==+ -, g = gq. (3.8)
92 ggl ggL ‘

It is important to notice that ., does not get corrections after EWSB at any order in &,
due to the surviving electromagnetic gauge invariance. The formula for Gg can be most
easily derived by integrating out first the composite p using the equations of motion at
leading order in the derivative expansion, pir = EjF + O(p?). From equation (3.5), one
can then see that the low-energy Lagrangian for the elementary fields contains one extra
operator, (Eﬁy)Q, which however does not contribute to Gr. This means that the expression
of G in terms of the elementary parameters does not receive any tree-level contribution
from the composite p, hence the simple formula in (3.7). Finally, the expression for my
is in general quite complicated and can be obtained only after the rotation to the mass
eigenstate basis; we will not report it here, but we will discuss its approximation while
describing the physical spectrum of our theory. By making use of such a formula and of
equation (3.7), for given values of the other input parameters, we can fix ge;, g, and f so
as to reproduce the experimental values of G, aey, and my.

We now discuss the rotation to the mass eigenstate basis and the physical spectrum of
the model. As regards the fermionic mass matrix, it has already been extensively analysed
in [1] and we will not examine here the details, limiting ourselves to report the basic results.
After the diagonalization, it is straightforward to derive the masses of the top quark and
of the four top partners; they are found to be:

cyLf My

262 (M2 _ (2 — 1) 02 2
mT:\/W_ny (Mg — (3 1)ny)§+O(§2), mB:\/W7

4(M2 +y212)*? 59)
3.9

where we have listed the expressions at leading order in £&. The lightest top partners are

Mtop =

VEIL+O0(9)], M, = Mx,,, = My,

X5/3 and Xy/3, whose mass is exactly equal to the Lagrangian parameter My and does not
receive any correction after EWSB; in particular the X553 particle cannot mix because of its
exotic charge and it is left invariant by the rotation. The B fermion is the heaviest particle
and also in this case its mass is not altered after EWSB. The T partner, on the other hand,
is relatively lighter than B, due to O(§) corrections, whereas the bottom quark remains
massless, since we are not including the linear coupling of br to the strong sector. This

~10 -



latter interactions will in general induce small corrections to the above relations of order
O(mp/myop). In order to obtain the correct order of magnitude for the top mass, we expect
yr ~ Yt, where y; is the top Yukawa coupling. We will use the above expression for mgqp
in the following in order to fix the parameter co to reproduce the top quark mass. Finally,
neglecting EWSB effects, we can find very simple expressions for the rotation angles; the
mass matrix is in fact diagonalised by the following field rotation:

M M
tp — = tL — ) Ty, br— - b — 2] By,
VYifP Mgyl P+ MG VY2 Mg\ Juif?+ Mg
(3.10)

with the Ty, and By, particles transforming orthogonally. The right-handed tr, Tr and Bgr
and the top partner X are instead left unchanged.
Let us now focus on the spin-1 sector of the theory. The mass term of the Lagrangian
can be written as
Lomass = X TM2X™ + %XOM(?XO, (3.11)

where X+ = (X' £iX?)/v/2, with X2 = {W12 p;*}, and X° = {W3, pr, B}. The mass
matrix therefore decomposes in a 2 x 2 charged block, M2, and a 3 x 3 neutral block, Mg .
The expression for the charged sector is

9o (2 g2 2\ _ _Yel 2
(95, f7€ + AE)my,) B(§)m,,

M2 = | 495, 29, , (3.12)
B Gel B 2 2
29/JL (S)mﬂL mPL
while the neutral block can be easily found to be
2 /
Jel (2 ;2 2 Jel 2 gelGel (2 2 2
4 e2 (gPLf £+ A(g)mPL) 9 . B(g)mpL 4 2e (mPL —f gPL)5
91 91 Ior
2 _ Jel 2 2 Jel 2
/ / / 2
geld g (9e1)
49 261 (m/QJL - fQQ/QJL) £ _2 o C(&)m%L 4612 (giL f2£ - D(é.)ml%L)
9oL 9oL, o1,
(3.13)

where we have expressed the misalignment angle 6 as a function of £, according to equa-
tion (2.1), and we have defined the functions

AQ = (2v1-€+2-¢).  BEO=(1+V1-¢),
o) = (1-vi-¢g), DE) = (2/T-€-2+¢).

It is now straightforward to analytically diagonalise the two matrices, but in general the

(3.14)

expressions for the eigenvalues and the eigenvectors are quite complicated. It is thus more
convenient to perform a numerical diagonalization, unless specific limits are considered in
which expressions simplify. We will provide in appendix E a Mathematica code which makes
such a numerical diagonalization for given values of the input parameters and generates
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all the relevant couplings and masses. In the rest of our study, however, we will work in
the limit £ < 1, which, besides being experimentally favoured, can also lead to simple
analytical formulae for the physical couplings between the heavy triplet and the other
particles in our theory. We will therefore expand the mass matrix and its eigenvectors and
eigenvalues at leading order in £ so that our approximation will break down when £ 2 0.4,
in which case the corrections coming from subsequent powers in the expansion become
non-negligible.

The spectrum of the spin-1 sector is easily found once the mass matrix is diagonalised
at linear order in &; after EWSB, the only massless state is the photon, since it is the
gauge field associated with the unbroken U(1),,,, whereas for the remaining massive bosons

we get:3
2 2, /2
g 9g-+g
m%/l/:zfaﬁ m%:Tfo,
2 2 2 2 (3.15)
M2:t — M20 — gPL m2 o ﬁ f U 2TrLPL
Lo g =gt 4\ g )

where we have used the SM couplings g and ¢’ introduced in equation (3.8). As it is
clear from the previous expression, the masses of the W and Z bosons originate only after
EWSB; if we now define the electroweak scale as v = /£ f, through equation (3.7), then
my and myz have formally the same expression as in the SM.* The masses of the heavy
triplet arise instead at zeroth order in £ and get corrections after EWSB; at leading order in
&, these corrections are equal for the two charged and the neutral resonances, since they do
not depend on ¢’, which is the only parameter in the bosonic sector to break the custodial
symmetry. This degeneracy will be in general removed by O(£2) contributions.

Once the form of the rotation to the mass eigenstate basis is derived, it is straightfor-
ward to obtain the physical interactions between the vector resonances, the SM fields and
the top partners. We will focus in the following on trilinear vertices, which are the most
relevant ones for studying the production and decay of heavy spin-1 states at the LHC,
and we will refer to appendix C for the expression of the Lagrangian and the couplings in
the mass eigenstate basis.

We start analysing some qualitative features of the interactions among the vector
resonances, the gauge bosons and the Higgs field. We notice first of all that the Lorentz
structure of the vertices involving the heavy spin-1 states and two gauge bosons is the same
as the one for triple gauge vertices in the SM. This is because the kinetic terms for both
composite and elementary fields in eq. (3.5) imply interactions of the SM type, since £, has
been truncated to two derivatives interactions, and rotating to the mass eigenbasis does
not obviously change their Lorentz structure. Moreover, the values of the Iptwz 9w

3Here and in the following we will generically indicate with m,, the lagrangian parameters corresponding
to the mass of one of the vector resonances and with M, the corresponding physical masses obtained by
inverting the expressions of the latter in terms of the former.

4With this choice, the O(£?) corrections appear in mw and mz, but not in v. One could equivalently
define v through the formula mw = %7, so that Gr in equation (3.7) deviates from its SM expression at
O(£%), once rewritten in terms of v.
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90 ww and 90 zH couplings can be easily extracted by using the Equivalence Theorem
for M,, > my,y; in this limit, the leading contribution to the interaction comes from the
longitudinal polarizations of the SM vector fields and the overall strength equals that of the
coupling of one pﬁ to two NG bosons, pﬁmr, up to small corrections of order O(m?% W /M 3L).
As it can be directly seen from equation (3.5), the pﬁmr coupling is proportional to g,, aﬁL,
where the O(1) parameter a,, = m,, /(g,, f) is introduced analogously to eq. (2.6) in order
to enforce the NDA relation between the mass and coupling of the resonance. The free
parameter g,, plays therefore a dominant role in setting the strength of the interaction
between the vectors and the SM gauge fields and Higgs.

The interactions of the heavy vectors with the SM leptons and first two quark families,
on the other hand, follow entirely from the universal composite-elementary mixing, that
is from the elementary component of the heavy spin-1 mass eigenstate. As a consequence,
the three couplings 9ot riLe 999 FFL and 900 £y do not depend on the fermion species and
are therefore universal. After rotation to the mass eigenstate basis, the first two couplings
scale like ~ g2/ 9pr.» Whereas the last one is of order ~ g%/ 9pr,- Moreover, since the pﬁ
triplet mixes with the elementary W, before EWSB and with the gauge field B, only after
EWSB, the functions 9pt frL and 909 FFL arise at zeroth order in £ and they are equal
up to O(&) terms, since the breaking of the custodial symmetry due to the hypercharge
g’ enters only through EWSB effects. The coupling 99 11y is instead generated only by
the pﬁ — B, mixing and is therefore proportional to &, so that its contribution to the
interaction between the neutral vector and massless fermions is sub-leading. From the
above discussions it obviously follows that, in the limit g,, > g, the heavy resonances are
most strongly coupled to composite states, namely the longitudinal W and Z bosons and
the Higgs, whereas their coupling strength to lighter fermions is extremely weak.

Let us now consider the interactions among the heavy triplet and the partially compos-
ite top-bottom pair and the tg. Besides the universal terms in the functions g ptib IpQtrts
and 991, coming from the vector elementary-composite mixing, these couplings also re-
ceive an additional contribution before EWSB, due to the fermionic mixing, from the direct
interaction of the vector resonances with top partners proportional to the O(1) parameter
c3. The heaviest SM quarks are thus effectively more strongly coupled to the resonances
than the lighter ones. After rotation to the mass eigenstate basis, all the previous functions
scale in the same way and are of order

9 yi.f?

g+~ — +C30p;, 58 —5- (3.16)
T

As regards the tg, the additional contributions to the function 900 tpty, OUSE arise only
after EWSB, because this particle is a singlet under the unbroken group H, whereas the pﬁ
resonance has isospin 1 under the SU(2)z, subgroup of SO(4). Isospin conservation therefore
forbids any new interaction coming both from the term proportional to the parameter ¢y
in Ly and from the term proportional to c3 in £,, before EWSB, so that this coupling
does not receive a relevant enhancement for small values of the misalignment angle.

The last set of interactions that has a prominent role in the phenomenology of compos-
ite vectors is that involving the top partners; we start considering how the spin-1 resonances
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couple with a heavy fermion and one third family quark. Before EWSB, the only couplings
allowed by isospin conservation are g i by 9ot Buty 9p0Tuts> 9p0 Brbr they are generated
by the last term in £, , since the kinetic terms are invariant under the rotation in the
fermionic sector and the interaction ic;U;d'tg in Ly can only contribute after EWSB.
Once the rotation to the mass eigenstate basis is performed, all the previous couplings
scale obviously like

yrf My
gpzTLbL 3gpL 2f2 + M2 ’

(3.17)
and will receive further O(&) corrections for non-zero values of the misalignment angle.
We thus expect the decay channels to Th, Bt, Tt and Bb to play an important role in the
decay of the heavy vectors, especially for large values of the strong coupling constant g,,
and for high degrees of quark compositeness. All the remaining couplings between a spin-1
resonance, a top partner and a third family quark must originate after EWSB, since at
least an insertion of the Higgs vev is needed to conserve the isospin, so that they will in
general give a sub-dominant contribution to the phenomenology of vector resonances.

We now consider the couplings between two heavy fermions and one heavy boson.
The same analysis made for the previous situation is valid also in this case and we still
expect the dominant interaction to be given by the term proportional to c3 in £,,. The
universal contribution due to the elementary-composite mixing in the top partners kinetic
term scales indeed like g2/ gp, and the direct interaction between spin-1 and spin-1/2
resonances induces an additional contribution proportional to g,,. For large values of
the strong coupling constant, the universal piece will therefore be suppressed whereas the
second will be enhanced, analogously to what happens for the partially composite quarks.
The functions generated before EWSB are those allowed by isospin conservation, namely
9pt1B> IpYTLTL 9pY BLBL which all scale like

2 M2

9pfTiBL ™ s T V224 M2

(3.18)

and gp+X2X5, 9+ T B gpLX5X5, gpLXQXQ, 909 TRTr and 909 BrBR> which instead are all

of order
2

Iptxox5 ™ gi+03gpL- (3.19)
303 oL
These second set of couplings does not receive any contribution from the rotation angles
in eq. (3.10) because the X5/3, Tr and Bpg fields are left invariant by the rotation in the
fermionic sector before EWSB. We therefore expect the decay channel of vectors to T'B,
TT, BB, X2 Xs, X5 X5 and X2 X2 to be the most important one, when kinematically
allowed, among the decays to two top partners. The other possible decay channels will
instead be suppressed by the small value of £ since they must originate only after EWSB.

We have finally summarized these results in table 1, where we have listed all the
relevant couplings arising before EWSB, neglecting the O(§) corrections.
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Couplings Scaling
2
ghWLZL’ gperLH’ gp%WLWL7 gp%ZLH Qs 9oL
2
g,+ 90 £ g
L> J9p; ffL
PLff L gpL
2 2
Dot 90 1t 90 S -
pptb? Jpptrte Jppbrbr 9oL pr ya f2+ M2
. . . yrf My
+ + -5 s
Ipttrorr 9ptBrirr 9p) Trtr> 9pQ Brbr SSpL y/%fQ + M\% )
9t 9,0 9,0 Iy gyt
T.Byr> Jp;TLTL> Jp; BrBL PL 2 £2 2
priLbr L L 9pr. ny +M\1;
e
Ipt X3 X5 Ipy TrBr> Ip) X5 X5 9p) X3 Xg0 Ip) TrTr Ip) BrBr 9 T 3901
3 3 L

Table 1. List of the couplings arising before EWSB and their scaling with the strong coupling
constant g,, in the mass eigenstate basis, for the p resonance coupled to top partners.

3.2 A Lagrangian for pﬁ‘

We now introduce the Lagrangian for the (1,3) vector resonance coupled to top partners
in the fourplet, with fully composite tg; it is given by:

Lr = Liight + Lv + Ly, (3.20)

where Liight and Ly have the same expression as in eq. (3.5), whereas £, is

2
Lop = _%pZ};pGRHV + ;Z]%Z(ngPZR - EZR)Q + c4@i7#(ngpZR - EZR)EZ‘R\I,J" (3.21)
The theory possesses again eleven parameters with m,,, g,, and c4 indicating respectively
the mass and strong coupling constant of the p‘f% resonance and the O(1) parameter which
plays the analogous role of ¢3. As in the previous case, we can re-express all the Lagrangian
input parameters in terms of physical quantities and fix g, ¢, and f in order to reproduce
the experimental values of o, Gr and my, as described in eq. (3.7). We can define the SM
g and ¢’ weak couplings as

! ! + . (3.22)
9 = Gel B =5t 5 .
e g/2 212 ggR 9
so that, differently to the pﬁ case, we can now identify g as the elementary gauge coupling
constant.

Due to the interaction between the composite pr and the elementary gauge fields
induced by the pr — W and pr — B mixings, the mass matrix of the bosonic sector of
the theory is again non-diagonal. Analogously to eq. (3.11), we can introduce the 2 x 2

charged block

2
Gel (2 2 2 Jel 2

Gon €= D(Emy, ) — cE)m
M2 = | 495, " T 2y (3.23)

Gel 2 2
-
2 (&)mpy, Mpp
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and the 3 x 3 neutral block

(gt/el)Q ( 2 f2§ _ D(ﬁ) 2 ) _ gél C(f) 2 gelgél ( 2 f2 2 )5
4g2 9pr Mpr 20pm Mpr ig2 Mpr 9pr
R R
9. gel
Mg = 39, COM, Mo 59, B, :
, PR 92 PR
GelYel (. 2 2 9 Jel 2 | ) 2
4 2e (mpR —f gﬂR)g D) B(g)mpR 4 62 (ngf £+ A(f)mpR)
9br 9 9br

(3.24)
that can be diagonalized numerically with the code provided in appendix E. The spectrum
contains the massless photon, the W and Z boson, whose masses, at linear order in &, get
the same expression as in eq. (3.15), and the right-handed triplet with masses

2 9 2 12 2

g g2 [ 79" —2m

M2 :m2 O 2 M — PR m2 o PR
o = Mon F O My =0 T mon T \ T g,

) + 0(£?). (3.25)

We see that the mass of the charged heavy vector coincides with the Lagrangian parameter
Mpp, up to O(£?) corrections, and that the spectrum is degenerate even at zeroth order in
¢ due to the dependence on ¢’ which explicitly breaks the custodial symmetry.

We can easily derive the couplings of the spin-1 resonance to SM particles and top
partners in the mass eigenstate basis once the rotation is performed; we will briefly describe
their most important features, stressing the main differences from the left-handed vector.

Following the same reasoning of the previous analysis, we can verify that the functions
Iptzws Dptwir 9pwws 99 zH scale all like azRng, in the limit when the Equivalence
Theorem is a very good approximation, namely Mpﬁ/o > myy/z. As regards the fully
elementary fermions, the universal composite-elementary mixing is such that also the cou-
plings ¢ phriLe 9p% L and 9p0. 1Y scale in the same way as in left-handed case. However,

since the pﬁ triplet mixes with the elementary W, field after EWSB and with the gauge
boson B, before EWSB, the couplings g hfIL and 901 1L arise at linear order in ¢ and
are no longer equal due to the effects of the hypercharge ¢’, whereas the 9p0. 1 fY function,
induced only by the pﬁ — B, mixing, is generated at zeroth order in § and gives the most
relevant contribution. As a consequence, the charged heavy vectors couple very weakly
to the lightest SM fermions, contrary to the pﬁ resonance. Finally, the couplings to the
partially composite t;, and by, are enhanced by the interaction proportional to ¢4. However,
being pr an SU(2), singlet, before EWSB it can couple only to the SU(2), singlet current
(tf+bb), so that the enhancement in pkth is proportional to £ and therefore suppressed by
the small value of the misalignment angle. On the other hand, the couplings 90ty and
9p0brby, A€ allowed by isospin conservation even at zeroth order in £ and they scale like
their left-handed counterparts.

Considering now the couplings to one top partner and one third family quark, the
functions arising before EWSB are ngX%LbL’ ngX%LtL’ 909 Tpty and 909, Brby and again
they are generated by the interaction proportional to ¢4. Differently to the previous case,
the charged resonance will therefore be more strongly coupled to X2b and X; /3t_, since it

3

can interact only to the SU(2)y, singlet current (X2b+ X5%) at zeroth order in &. For the
3 3
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Couplings Scaling
2
gP;WLZL7 g FWLH> gp WirWrp,» gp Z,H a’pRng
g/2
9% 1 1Y P
R 9or
2 2 £2
9,0 t t 9,0 brb < + C4gp 4ny
9 R, 2 2
pRtrtry IpRbrbr 9or ny2+M\1/
g,t g,+ C49, vt
pRXZLbL’ pR,XéLtL PR 5 9
3 3 v f2+ Mg
g g c1g yLf My
0 0 4 R B a—
prTLtr JprBrbr PR y%fQ 4 M\%
My
95tx, B C40pr
PrRAEZLPL 2 2
3 v f?2+ Mg
g/2 \%
91T 9p%BLB + Ca9pr— 2
rRILIL rRPLDL 9pr nyZ + M\I}
g2
gp}X%LTLv gp;X%RTR’ ngX%RBRv X5 X5 90§ X3 Xg0 IR TrTr: 9p}BrBr 9om + C49pr

Table 2. List of the couplings arising before EWSB and their scaling with the strong coupling
constant g, in the mass eigenstate basis, for the pf; resonance coupled to top partners.

neutral vector, on the other hand, the decays to Tt and Bb will still be the most important
one among the heavy-light channels, analogously to the pﬁ heavy vector. Finally, as regards
the couplings to two top partners, the situation is similar to the previous one: the relevant
interactions of the neutral resonance are the same as the ones listed for the left-handed
case, whereas the charged pR will couple preferably to X 2B and X 5T again because of
the different quantum numbers of the left-handed and rlght handed vectorb

We have summarized all the relevant couplings for this second model in table 2, where
their scaling with g, is given neglecting corrections arising after EWSB.

3.3 Two Lagrangians for pff

We consider now the phenomenology of a spin-1 resonance transforming only under the
abelian U(1)x as a gauge field,

o = ot O, (3.26)

with o € U(1)x, and interacting with top partners in the singlet of SO(4), T'. This vector
has very different properties with respect to the left-handed and right-handed cases; we
expect it to be more strongly coupled to particles which do not transform under SO(4),
tr and f, so that its phenomenology can be significantly different if the tgz belongs to the
composite sector or if it is an elementary state linearly coupled to the new dynamics. We
explore both these possibilities building two models, M%( for the first situation and M%
for the second. The Lagrangians for the two models read, respectively,

£M§< = Liight + L71 + L1 (3.27)

Pl £M§< = £light + ETQ + L2

p 9
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with

ﬁrfl = T’lef — quf'f + ny(Q%)IUBTR + yLCQf(Q%)IUjg,tR + h.c.|,
2

1 L om _
Eﬂk - _prb(l/pXu T 2ggx (gpxpff - gélBu)2 + C5tR7H(9pxpft{ — guButr (3.28)
X

+ CﬁfWM(ngP,)f - g({le,u)Ta
and

Lz = TipT — MyTT + |y f(Q7) UisTr + yrf(Q%) UssTy, + h-C-} ,

1 ¢« m2 N _ . _ (3.29)
ﬁpg( = _ZPWP "+ 29p2X (gpxpu - gélBu)Q + cﬁT'y“(ng,Ou - gélBu)T-
PX

The Lagrangians L7, and Lz, contain the kinetic term of the top partner and its interaction
with the tr allowed by the symmetries; the fermion mass matrix is in general non-diagonal
and must be diagonalised in both cases. The Lagrangians £ Pl and L % describe the kinetic
term of the vector singlet, with the field strength pff,j obviously defined as
p;)fu = sz)f - aup;)fa

and its direct coupling with T. In model M%( also a direct coupling with tp is present
whereas the same interaction is forbidden for a partially composite tg. The pff mixes in
every case with the abelian gauge field B,,, which is needed to preserve invariance under
U(1)x, so that the mass matrix of the neutral spin-1 sector must be diagonalised by a field
rotation. The two models have nine parameters in common, g, g/, and f, that will be fixed
to reproduce the experimental values of o, Gr and myz according to eq. (3.7), &, yr, the
mass scales My and m,,, the strong coupling g,, and the O(1) parameter cg. Model Mx
has two additional parameters, co, which must be fixed in order to reproduce the top mass,
and cs5; apart from & which is an observable, the six unfixed parameters could be traded for
the mass of the heavy fermion, ms, and its coupling to a gauge boson and top quark, the
mass of the heavy vector, its coupling to leptons, to the top quark and to the T particle.
Model M%c, on the other hand, has one additional parameter, yg; in this case we will fix
yr, to reproduce the top mass and the remaining free parameters can be expressed in terms
of physical quantities similarly to the M%( case.

We discuss now the rotation to the mass eigenstate basis and the spectrum of the
models. As regards model M%(, the mass matrix of the fermionic sector has already been
analysed in [1], which we refer for the details. We just report here the expressions for the
masses of the top quark and T at leading order in &,

c 2 r2
Miop = Qj%f VE, mg = My + Z?\;f (3.30)

and we notice that the two fields do not mix before EWSB, because the mass matrix is
diagonal when £ = 0. On the other hand, the mass matrix in model M%{ is

<t> - K <t> 30
T Tr |’ ’
L fVv1-¢&yr —My
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with eigenvalues

2 f2 2f2 4 M 2 2 _ 2y 2
S yryrf*veE , mp= [f2y 2 My — (2f%yr v’ (yL - R ))5’
\/51 /yR2f2+M\IJ 4 (nyRQ + M\I}Q)
(3.32)

which receive further corrections from higher orders in an expansion in £. In this case, the

field rotation needed to diagonalise the mass matrix before EWSB is

M.
R v . Yrf
VVRFZHME L\ JuRfP+ MG

with the orthogonal transformation for the fR field. Considering, on the other hand, the

Tr, (3.33)

spin-1 sector, the mass matrix is the same for both models and, in the basis of eq. (3.11),
it is given by:

1 1
1921]025 0 —delgélf%
!
2 Gel | 2
M2 — 0 me _wjme s (334)
1 g. (gi) % [4m]
gl e Sy O (T pog
PX PX

where we notice that the zero entries are due to the absence of mixing of the pff singlet
with W[j’ The spectrum of the neutral sector contains the massless photon, the W and Z
boson, whose masses have the same expressions as in eq. (3.15) at linear order in £, and
the vector singlet, with mass

2 _ o 2 (¢ f% 2

PX ggx - (g,)Qmpx + ggx _ (g,)2 4 + 0(5 )’ (3-35)
where we have defined the SM coupling ¢’ as in eq. (3.22), with g,, replaced by g, .

Once the rotation is performed, it is straightforward to derive the couplings of the

vector singlet to the heavy fermions and SM particles in the mass eigenstate basis; we
discuss here their basic phenomenological features, stressing the differences with respect
to the left-handed and right-handed cases. First of all, the couplings to gauge bosons and
fully elementary fermions are the same in both models. Since pff is not charged under
SO(4), it cannot couple directly with the longitudinally polarized W and Z bosons, so that
the functions g, ww and g, zg arise only because of the mixing with the B, gauge field
and must be generated after EWSB. They scale like g2/ 9px € and are therefore strongly
suppressed, contrary to what happens for pﬁ and pff. The couplings to elementary fermions,
on the other hand, behave similarly to the previous cases: they are generated only because
of the universal composite-elementary mixing and scale like g’?/g,,. In particular, the
function g, rry is produced before EWSB, because the mixing with B, arises at zeroth

order in £, whereas g,,srr must be proportional to §, since the singlet does not mix
with W
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Couplings | Scaling M%( Scaling M%{
ooy | L 9
Px gPX ng
12 12 2 r£2
g g Yrt
Gpxtrtr 9ox + C59px 9px + C69px y%fg + M\%
g - ceg yrf My
pxTrtn Nyt MG
9/2 /2
9o T\ T — + ¢ — + 69
pxTrTr, ng PX ng PX
G T T LQJrCeg i+069 My
oxTuln | g, = N g TN YR 2+ MG

Table 3. List of the couplings arising before EWSB and their scaling with the strong coupling
constant g,, in the mass eigenstate basis, for the p resonance in models My and MZ%.

The two models differ in the couplings of the vector singlet to the top quark and
TV, as it can be seen from table 3, where we have summarized the scaling of the relevant
couplings arising before EWSB. In both models, the function g, ¢,¢5, besides the universal
contribution from the elementary-composite mixing, receives an additional enhancement
which in model MY is due to the direct interaction proportional to c5 and in model M%
results from the interaction proportional to cg as a consequence of the fermionic rotation.

The coupling g must be generated in both cases at linear order in &, since t7 and

pxTrir
T;, do not mix before EWSB, whereas the function 9o Frtr arises after EWSB in model
MX, because in this case tr and Tk mix when ¢ # 0, and before EWSB in model M%,
since now the two fields mix even before EWSB and the coupling is proportional to the
rotation angle. Finally, as regards the interaction between the vector singlet and two
top partners, following the same reasoning, it is clear that the function 9o\ T, must be
the same for both models, whereas the coupling 9o T receives the contribution of the
rotation angle before EWSB in model Mg(, which is instead absent if the ¢ is a full singlet
of the strong dynamics.

As a result of the previous analysis, we expect a relevant decay channel of the vector
singlet to be tf in both models; among the channels involving the top partners, TT has great
importance in both cases, whereas Ttis suppressed by the small value of £ in model M%( and
is instead enhanced in model M%{ This features will lead to a different phenomenology
for the two models, so that the vector singlet is particularly sensitive to the degree of

compositeness of the tg quark.

4 Production and decay of vector resonances at the LHC

We discuss in this section the main LHC production mechanisms and the decay channels
of the vector resonances under consideration. We will parametrize the production cross
section in terms of some fundamental functions that can be computed with a Monte Carlo
code, like MadGraph5 [42], and some universal couplings, whose expressions can be derived
either analytically or numerically once the rotation to the mass eigenstate basis has been
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performed. This procedure is very useful to scan the parameter space of the theories, as we
shall see when discussing the bounds from LHC direct searches. We will then study the most
relevant decay channels and introduce an efficient analytical computation of the branching
ratios with the FeynRules package, [41], as functions of the couplings in appendix C.

4.1 Production cross section

The main production mechanisms of the vector resonances at the LHC, at a center of mass
energy of v/s = 8 TeV, are Drell-Yan processes and VBF. Under the validity of the Narrow
Width Approximation (NWA), each production rate can be factorized into an on-shell cross
section times a decay branching fraction. For the Drell-Yan case, the on-shell cross sections
are controlled by the universal couplings g,+f¢r, 9,01, 9po ¢y and can be written as

olpp— pt +X) = g§+ffL “Oud
0(pp—>p_+X)=g§+ffL'0daa (4.1)
o(pp = 0"+ X) = Gou " Cuis + Gpaa O

where p stands for pr,, pr or px and g,0,, and g4 are the coupling strength of respectively
up- and down-type fermions to the resonance,

1 5 9 971/2
Ipouu = <2 (9052 = Gpopsy) + 39p0ffY> + <39p0ffY> ] ;
- 4.2
9podd = <_2 (9p0prL = 9p015v) = 39p°ffY> + <3gp0ffY> ]
We have furthermore defined the partonic cross sections as
o= Y o(pp = butha = pt + X) g4 ppn=1
wuﬂlfd
oaa= Y olpp = by — p° + X) g6 n=1
¢uﬂ/)d (43)
oun =Y _0(pp = Yt = P+ X) |, 1
hu
Ogd = Za(pp — Pabg — p° + X) |gp0dd:1 ,
L

where we have schematically indicated v, = u,c and ¥4 = d,s. The total production
rates (4.1) are thus simply given in terms of the fundamental cross sections, which include
the contributions of all the initial partons and can be computed with a Monte Carlo code,
appropriately rescaled by the couplings g,+ frr, gp0uy and g,044-

Analogously, the VBF production cross sections are controlled by the couplings g,+w 7,
gooww and can be parametrized as

o(pp — P+ +X) = gi*WZ OWw+Z,
olpp = p~ +X) = Gy ow-z, (4.4)

olpp— pP* + X) = 9§0WW COWW,
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Figure 1. Fundamental cross sections as functions of the physical mass of the resonance at /s =
8 TeV. Left panel: fundamental cross sections for the DY process. Right panel: fundamental cross
sections for the VBF process.

with the fundamental cross sections now given by:
o =olpp = WTZ = pT + X) |
w+z pp p 9prwz=1"

ow-z=0pp—>W"Z—p +X)| (4.5)

9ptwz=1"
owiw- =opp = WIW~ = p° + X) |ngva:1 .
Again, once these cross sections are computed numerically at the partonic level, we can get
the total production rates by simply rescaling with the couplings of the vectors to gauge
bosons which are easily computed in the mass eigenstate basis. Finally, since both the
couplings of the resonance to lighter quarks and to gauge bosons depend on ¢, g, and M,
the production cross section for Drell-Yan and VBF processes is a function of only these
three parameters.

We now discuss the relevance of these two production mechanisms for the three vectors
in our models. In general, we expect the fundamental cross sections for the VBF process
to be much smaller than the corresponding ones for the DY process. In fact, DY is a
one-body process and the corresponding cross section goes like ~ g%/ gﬁ, whereas VBF
is a three-body process, so that the cross section is further suppressed by a phase space
factor and scales like ~ g%/ ((16772)2gz). This is confirmed by a quantitative estimation of
the two mechanisms, as it can be seen in figure 1, where the various fundamental cross
sections are plotted as a function of the resonance mass. The relative importance of the
two complete production rates depends however on the coupling strengths that rescale
the partonic cross sections. Since the couplings of the resonances to elementary fermions
decrease with increasing g,, the Drell-Yan process is smaller for larger values of the strong
coupling constant. On the other hand, the couplings to longitudinally polarized gauge
bosons increase with g,, so that the VBF mechanism can have a chance to compete with
the DY one for more strongly coupled scenarios. The total production cross sections for
the two processes are illustrated in figures 2 and 3, where we plot the contours of constant
cross sections, both for DY and VBF processes, for the three heavy vectors in the (M,, g,)
plane. In every case, in order to enforce the NDA relation (2.8) between the coupling and
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Figure 2. Contours of constant cross section (blue lines for the DY process, red dashed lines for the
VBF process) in the plane (M,, g,) for the production of the charged (left panel) and neutral (right
panel) left-handed (top) and right-handed (bottom) vector triplets. The yellow region corresponds
to & > 0.4, the light blue one to £ > 1.
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the mass, we have rescaled ¢ as

1 g 2
2 P
=a == 4.6
< PV2GE <Mp> (4.6)
and we have fixed a, = 1, for illustration. We have also indicated the region of the

parameter space where the value of £ exceeds 1, and is therefore not allowed, and the
region where ¢ exceeds 0.4, which corresponds to the experimentally disfavoured limit
where our analytical expressions for the couplings at leading order in & start losing their
validity. From figure 2, we see that, despite the suppressed couplings of the resonances
to elementary fermions, the DY cross section for both the charged and neutral pl]j vector
dominates over the VBF one even for large g, and increases for smaller values of the
strong coupling, since in that limit the couplings to SM fermions get larger as a result
of the larger elementary-composite mixing. The VBF cross section increases for higher
values of g,, but remains nevertheless sub-dominant in all regions of the parameter space
where £ < 0.4. Analogous considerations are valid also for the production cross section
of the neutral pf; the shapes of the contours are similar, but the overall size of the cross
section is smaller by a factor ~ (¢'/g,)?. As regards the charged pff vector, the couplings
to the SM fermions are weaker than the previous cases, since they arise after EWSB; as
a result, the two production rates are both very small and comparable, so that in this
case the VBF mechanism competes with the DY in every region of the parameter space.
Since for both mechanisms the production cross section is extremely small, however, this
resonance is produced at low rate at the LHC and is much more difficult to discover.
Finally, the vector singlet will be mostly produced by DY process, as shown in figure 3,
since it does not interact with longitudinally polarized gauge bosons before EWSB and the
VBEF cross section is therefore further suppressed. These results on the behaviour of the
production cross sections for the various kinds of vector resonances are in agreement with
those obtained in a similar context in [27-32].

4.2 Branching ratios

We now turn to the study of the vector resonances decays. Following our natural assump-
tions on the dynamics of the strong sector, we consider the top partners to be the lightest
heavy states and we fix for illustration Mg = 800 GeV. This value for the masses of the X5
and X2 fields is in agreement with the bounds coming from the LHC direct searches of nev?/
exotic :iquarks of charge 5/3, [44], and automatically satisfies the bounds from searches of
other top-like fermions, which are generally weaker. Under these conditions, we will study
the most relevant decay channels of the heavy bosons and how the presence of the lighter
top partners affects their branching ratios. All the partial decay widths described in this
section can be computed analytically by using the Feynrules package once the couplings
in appendix C are derived at leading order in &.

We start considering the case of the neutral right-handed and left-handed vector res-
onances; their decay widths are very similar, since they couple to the same top partners
fields before EWSB and their couplings to gauge bosons and SM fermions are comparable.
We have therefore shown in figure 4 the different branching ratios as a function of the
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Figure 3. Contours of constant cross section (blue lines for the DY process, red dashed lines for
the VBF process) in the plane (M, , g,,) for the production of the vector singlet. The yellow
region corresponds to & > 0.4, the light blue one to £ > 1.
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Figure 4. Decay branching ratios of the neutral left-handed vector as a function of the resonance
mass for g,, = 3, Mg = 800 GeV and two different sets of the free parameters. The various curves
correspond to the following decay channels: WW + Zh (blue), tf + bb (red), [T1~ (brown), ua + dd
(cyan), X's X% +X2 X% (purple), TT+ BB (orange), X%T (yellow), X%t_ (magenta), Tt+ Bb (green).

resonance mass only for p%, omitting the analogous case of ,0?%, for the benchmark value of
the strong coupling constant g,, = 3 and varying £ as in eq. (4.6). The importance of the
different decay channels depends obviously on the choice of the various free parameters of
the theory; in particular, a,, , c3 and yr, play a dominant role in setting the strength of the
interaction with gauge bosons, third family quarks and heavy fermions, whereas we do not
expect c¢1 to give a relevant contribution to the different decays. We have thus set ¢; = 1
and shown the branching ratios for two different choices of the remaining parameters that
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change the behaviours of the branching ratios as a function of M,, . In the first case, the
three relevant parameters are all set to one, according to the most natural expectations dic-
tated by NDA. We see that in the lower mass region, M,, < 2My, the dominant decays are
WW/Zh, tt/bb and Tt/Bb,”> whereas above threshold, M,, > 2My, the vector resonance
will mainly decay to pairs of heavy fermions, in particular X2 and Xs. The relevance of
the light decay channels below threshold, when the free par;meters ;re chosen so as to
perfectly match their NDA estimate, has also been pointed out in [8]. The situation can
be considerably changed with a slight violation of NDA, as shown for the second choice
of free parameters, a, = 0.5 and c3 = 3. In this case, the decay width to gauge bosons
and Higgs is extremely reduced in the lower mass region, since their couplings now get
smaller, and the heavy vector mainly decays to two tops or two bottoms, whereas above
threshold the decays to two 5/3 charged exotic states and to two top-like X 2 particles
remain still the dominant ones. We notice that for this particular choice of parameters
the fermionic elementary-composite mixing is stronger, so that the couplings of the vector
resonance to a heavy fermion and a third family quark are weaker than the corresponding
couplings to two tops or bottoms. The branching ratio for the heavy-light decay channels is
therefore reduced, whereas the tf and bb decays are considerably enhanced. In both cases,
the branching ratios for decays to leptons and first two quark families are instead strongly
suppressed, as expected, as well as the decays to the top partners whose couplings to the
heavy vectors are not allowed by isospin conservation before EWSB. We note finally that
the branching fractions to WW and Zh are equal to a very good approximation, as implied
by the Equivalence Theorem, which works well since M, > myy,7 for the chosen values
of parameters. The approximate custodial symmetry also implies that BR(tt) ~ BR(bb)
and BR(uti) ~ BR(dd) ~ 3BR(I*17).

As concerns the decay channels of the charged left-handed and right-handed vector
resonances, their behaviour is now completely different, as implied by their different quan-
tum numbers. The branching ratios for both cases are shown in figure 5, for the same
value of the strong coupling as before and the same two sets of free parameters, the first
one fully matching the NDA estimate, the second one slightly departing from the natural
expectations. The decay to two gauge bosons, WZ, and to Wh is dominant in the low
mass region for both resonances when a, = 1, but a soon as a, gets smaller and c3/4 is
increased this channel is strongly suppressed. The tb decay becomes the most important
one in the low mass region when a, = 0.5 and c3 = 3, for the pz particle, as implied
by partial compositeness, whereas it is always sub-dominant for the pjg case, because of
its suppressed couplings to third family quarks. The heavy-light decay channel for the
charged left-handed vector is again reduced for the second choice of parameters because,
analogously to its neutral counterpart, for smaller values of a,, the couplings to one heavy
fermion and a third family quark are weaker. Above threshold, the most relevant decay
channel of the left-handed vector is that involving two top partners, for every choice of the
free parameters. This latter charged vector will in fact mainly decay to X 5 X 2 with almost

unit branching ratio. Among the pE decays involving top partners, on the other hand, the

SFor the importance of heavy-light decay channels in a similar context, see for example [33].
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Figure 5. Decay branching ratios of the charged left-handed (top) and right-handed (bottom)
vectors as a function of the resonance mass for g,, ,, = 3, My = 800 GeV and two different sets
of the free parameters. The various curves correspond to the following decay channels: WZ + Wh
(blue), tb _(red), lv (cyari), ud (brown), X%X% (purple), TB (orange), X%T + X§B (yellow),
ngJr X2b (magenta), T'b + Bt (green).

dominant ones are the channels X t/X 2b which is kinematically favoured since it opens
up as soon as M,, > My, and X5 T/ X zB They are both dominant above the threshold
for the first choice of parameters, Whereas in the second case the decay to Xst/X> b is the
most relevant one among all the others for every value of the resonance mass. Finally, the
decay to leptons and first two quark families are again suppressed, but the branching ratios
for the ,0;5L are much smaller, since its couplings to fully elementary fermions are further
suppressed by a factor of .

We finally discuss the most important decay channels of the singlet in the two models
M:)l( and M%; the branching ratios are shown in figure 6, for g,, = 3. In both models,
the decays to lighter SM fermions, gauge bosons and Higgs are always suppressed, due to
their extremely weak couplings to the vector resonance; the parameter a,, therefore does
not play any major role in improving the relevance of the WW and Zh channels. The
most important decays are thus tt, Tt and TT, as expected. In the M%( case, the two
important parameters are c; and cg; setting them to one, as illustration, shows that, below
the threshold for the production of two heavy fermions, the singlet mainly decays to two
tops, whereas above the threshold the channel to two top partners becomes the dominant
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Figure 6. Decay branching ratios of the vector singlet as a function of the resonance mass for
gpx = 3 and My = 800 GeV in models My (left panel) and M% (right panel). The various
curves correspond to the following decay channels: WW + Zh (blue), tt (red), [T~ (cyan), uti+dd
(brown), bb (purple), Tt (orange), TT (green).

one. The decay width to one top partner and the top quark, on the other hand, is smaller
since it is generated only after EWSB. The situation is different in model M%; after setting
the relevant parameter cg to one, we see that the channel Tt is the most important one
below the threshold, because it now arises before EWSB. When M, > 2My, on the other
hand, the decay to two top partners is still the most relevant, even if now the channel
involving the top and T is stronger than in the previous model.

5 Bounds from LHC direct searches

Many searches of spin-1 resonances have been performed by the ATLAS and CMS collab-
orations, with the data collected at the 8 TeV LHC, both for neutral and charged heavy
vector particles. The main decay channels that have been considered for the charged reso-

nance can be summarized as follows:
e the decay to third family quarks, p* — tb, both by ATLAS in [58] and CMS in [51],
e the leptonic decay p™ — I, by ATLAS in [57] and by CMS in [53],

e the fully hadronic decay to gauge bosons, p™ — WZ — jj, by CMS in [48] and
in [49],

e the fully leptonic decay to gauge bosons, p*™ — WZ — 3lv, by ATLAS in [59] and
by CMS in [52].

As regards the searches of new neutral resonant states, the decay channels which have been
extensively analysed by the two experiments are:

e the leptonic decay, p° — [T1~, by ATLAS in [55] and by CMS in [45],

e the decay to two tops, p° — tt, by ATLAS in [54] and by CMS in [47],
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e the decay channels to two 7 leptons, p® — 77, bt ATLAS in [56],
e the semi-leptonic decay to two gauge bosons, p° — WW — I7jj, by CMS in [46],
e the fully hadronic decay to two gauge bosons, p° — WW — jj, by CMS in [48].

The results of these searches are all presented as limits on the production cross section
times branching ratio, ¢ x BR, as a function of the resonant mass. This allows us to
recast very easily these analyses as exclusion regions in the parameter space of our models:
once the cross section is computed semi-analytically with the method described in the
previous section and the branching ratios are derived as a function of the couplings, we
can immediately compare the theoretical predictions with the experimental data. Similar
exclusion contours on the parameters of a vector resonance, charged under SU(2)y, have
already been presented in [24], without considering the effects of partial compositeness or
lighter heavy fermions. We will show how these bounds are altered by the stronger coupling
of third family quarks to the resonance and by the presence of lighter top partners, for which
we will conveniently choose again Mg = 800 GeV, and compare them with the indirect
information coming from the resonances contribution to Electroweak Precision Observables,
derived in appendix B. In deriving the exclusion bounds on the parameters of our models,
we will finally take into account only the DY production mechanism and compute the total
production cross section without considering the contribution of the VBF process, this
latter being much smaller than the DY one.

We finally stress that the results presented in this section are based on the validity
of the Narrow Width Approximation. This latter assumes that the production rate can
be factorized into an on-shell cross section times a decay branching ratio and neglects the
interference with the SM background. Experimental analyses performed by following this
approach must be carried out consistently with its underlying assumptions, namely that
the limits on the production rate of the new particles should be set by focussing on the
on-shell signal region; for a detailed discussion of these aspects see ref. [24]. We will take
into account the limitations of the NWA approach by showing in the exclusion plots the
contours of constant I'/M), in the parameter space of our models. In the region where this
ratio is less the 10%, the resonance is narrow enough for the Narrow Width Approximation
to be a reliable estimate of the production rate, otherwise a more refined description must
be considered in order to analyse the results of the experimental searches.

5.1 Bounds on pﬁ

We start the study of the experimental constraints on the parameters of our models by
considering the case of the left-handed heavy vector. The tree-level exchange of this particle
contributes to the S and W parameters [38-40], among which the most stringent bounds
come from the first one, since W is smaller by a factor of g%/ g%L. In figure 7 we show the
excluded regions in the (M), , g,,) plane from four different direct searches, one for each
of the main decay channels considered by the experimental groups, and we compare them
with the limits coming from the S variable. We also show how the bounds change for two
different choices of the free parameters: in one case, we fix a,, = c3 = y;, = 1; in the second
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Figure 7. Excluded regions in the (M,,,g,,) plane for the charged left-handed vector resonance
for two different sets of the free parameters and for My = 800 GeV. The exclusions are derived from
the p* — tb searches in [51] (blue), the p* — I searches in [53] (red), the p* — W Z — jj searches
in [48] (purple) and the p™ — W Z — 3lv searches in [59] (green). The plot also shows the contours
of constant I'/M,, (dashed black lines), of constant £ (dashed blue lines) and of constant gy (dashed
red lines). The region on the left of the thick black line is excluded by experimental constraints on
the S parameter. The yellow region corresponds to £ > 0.4, the light blue one to & > 1.

case we have analysed the set a,, = c3 = 0.5, y;, = 3. The variable §{ always scales as in
eq. (4.6). Only the bounds for the charged heavy vector case are presented, for illustration;
the exclusion limits for the neutral resonance are similar and are not reported here.

Let us discuss the results for the first choice of parameters. The searches of a heavy vec-
tor decaying to gauge bosons, which subsequently decay fully leptonically or fully hadron-
ically, give the most important constraints in the low mass region, M,, < 2My, since
for the chosen value of a,, the branching ratio of the W Z channel is still dominant be-
low the threshold. These searches do not give any information in the high mass region,
my, > 2My, however, due to the opening of the X 5 X 2 channel, which significantly reduce
the branching ratio to gauge bosons. On the other hand, despite the suppressed couplings
to the vector resonance of SM leptons, the searches in the [ channel are competitive with
the previous ones and can also provide exclusion limits above the threshold for small values
of the strong coupling constant. From figure 7, we also see how the direct results compete
with the indirect bounds from the S parameter; this latter excludes the mass of the heavy
resonance up to ~ 1.8 TeV and still gives the most powerful information on the parameter
space of the model.

These bounds derived for the charged left-handed heavy vector, for a,, = 1, agree with
the results obtained in analogous contexts; the relevance of the experimental searches in
the gauge bosons and leptonic channels was for instance already discussed in [24]. However,
taking into account the enhanced coupling of third family quarks to the resonance, we see
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that exclusion limits can be obtained below threshold and for small values of g,, also from
the tb search, which does not give any constraint when treating the top-bottom doublet as
fully elementary.

Figure 7 also shows different contours in the plane (M,, ,g,,) which provides infor-
mation on the validity of the NWA approach and of our theoretical assumptions based on
naturalness requirements. The curves corresponding to the contours of constant I'/M,,
show that the experimental constraints are always confined in the region when this ratio is
smaller than 10%, so that the NWA works well for all the four main searches. The dashed
blue lines, on the other hand, correspond to contours of constant £ and give thus informa-
tion on the amount of tuning required for different combination of the mass and coupling
of the heavy resonance. The most natural region compatible with the experimental con-
straints on ¢ is the window between £ ~ 0.1 and £ ~ 0.2, a portion of which is already
excluded by the direct searches below the threshold; below the £ ~ 0.1 line, more tuning is
required to accommodate a reasonably light Higgs in the spectrum, so that these regions
correspond to the more unnatural ones where our hypothesis of lighter top partners is no
longer justified. Contours of constant gy are also shown; the fermionic coupling constant
can be in fact derived, using both eq. (2.7) and eq. (2.8), as

_ Gy My

e N 5.1
iy MpLgpL ( )

9w
we have shown the lines corresponding to the naturally favoured values gy = 1 and gg = 2
fixing ay = a,, for illustration. We see that the preferred natural window corresponds
also to the portion of parameter space where the fermionic coupling is in its theoretically
expected range; the region where gy < 1, on the other hand, coincides with the unnatural
one, where £ assumes very small values and the lightness of top partner can no longer be
justified by naturalness arguments.

We focus now on the exclusion limits for the second set of parameters. In this case,
the values of a,, and c3 are reduced and yy, is instead incremented in order to show the
effects on the bounds of the reduced interaction strength between gauge bosons and heavy
vectors, on one side, and of a higher top quark degree of compositeness, on the other side.
Since now the branching ratio to gauge bosons is suppressed even in the low mass region,
no excluded region can be extracted from any of the searches involving the W Z decay
channel. On the other hand, the experimental analyses in tb channel provide a bigger
exclusion limit with respect to the previous case, due to the bigger value of y;, which now
increases the strength of the interaction between the charged resonance and the gz, doublet
despite the reduced value of c¢3. The constraints coming from the [v searches are still
competitive and important above the threshold, so that this decay channel is extremely
powerful in providing information on the physics of new heavy states or for a potential
discovery. Another main difference with respect to the previous study is that, choosing
a,;, = 0.5, the limit coming from the S parameter is reduced by a factor of two, excluding
the mass of the heavy vector up to ~ 1 TeV. When the a,, parameter is lower than one, we
therefore find that the direct searches are much more competitive and can exclude portions
of the parameter space beyond the reach of indirect information.
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Figure 8. Excluded regions in the (M,, g,,) plane for the neutral right-handed vector resonance
for two different sets of the free parameters and for My = 800 GeV. The exclusions are derived
from the p® — Il searches in [45] (in red for ¢4 = 1, in blue for ¢4 = 0) and the p® — WW — lvjj
searches in [46] (in green for ¢4 = 1, in orange for ¢4 = 0). The plot also shows the contours of
constant I'/M, . (dashed black lines), of constant £ (dashed blue lines) and of constant gy (dashed
red lines). The region on the left of the thick black line is excluded by experimental constraints on
the S parameter. The yellow region corresponds to £ > 0.4.

As regards the NWA approach, also in this case the bounds are well constrained in the
region where this approximation is reliable and valid. The natural window 0.1 < ¢ < 0.2 is
now achieved in more strongly coupled scenarios, due to the reduced value of a,, , and still
part of it is excluded by the two shown searches. The contours of constant gy are derived
again for ay = a,, and, as before, the less fine-tuned region coincides with higher values
of the fermionic coupling.

5.2 Bounds on pﬁ‘

We consider now the bounds on the parameter space of the right-handed resonance. This
heavy particle contributes at tree level to the S and Y parameters; this latter being sup-
pressed by a factor of ¢'?/ 9;2737 we again expect the most stringent limit on the mass of
the new state to come from the S variable. Since the total production cross section of
the charged right-handed vector is very small, for both VBF and DY mechanisms at the
LHC, we can only extract bounds on the model parameters for the neutral p%; these are
shown in figure 8, as excluded regions in the (M, g,,) plane for two different sets of the
free parameters and recasting the results of the searches in the lepton channel and in the
semi-leptonic WW channel. We have presented the different exclusion contours for two
values of ¢4, when it is vanishing and when it is 1, in order to clearly analyse the effects of
the lighter top partners on the bounds from direct searches.
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Let us start briefly considering the case in which a,, = 1 and y;, = 1. For these values
of the free parameters, the WW channel provides constraints in the low mass region, anal-
ogously to the left-handed resonance, and it is not sensitive to the portion of parameter
space above the threshold 2My. In the extreme situation where ¢4 = 0 and the direct cou-
pling to top partners is completely eliminated, the constraints are obviously much stronger
and they gradually reduce as c4 is increased and the branching ratios for the top partners
channels become important. As regards the experimental search in the leptonic channel,
the bounds can give exclusions above the threshold and again they are stronger for small
c4, as expected. We note also the main difference between the right-handed and the left-
handed case: the production cross section for the pr resonance being smaller by a factor
(¢'/ gp)2, the bounds in the parameter space of the right-handed vector are in general much
weaker than those of the left-handed counterpart. Finally, the NWA approach works well
also in this situation, the excluded regions being confined in the portion of the (M,,, g,5)
plane where I'/M,, < 0.1. The discussion on the natural window and the comparison with
the limits from the S variable are similar to the pI, case.

We discuss now how the bounds change for a,, = 0.5 and y;, = 3. As expected, no
exclusion contours can be derived from the WW search channel, since the branching ratios
to gauge bosons are now suppressed. The only bounds come from the analysis performed
with the [l decay channel; for ¢4 = 0, they are much stronger, whereas, when the decay
to top partners and third family quarks are enhanced with ¢4 = 1, a very tiny region of
parameter space is excluded. This is again due to the smaller production cross section
that makes this resonance in general much harder to constrain and to discover with respect
to the previous one. The NWA is again well satisfied and the region where our natural
assumptions are well justified has the same behaviour as the analogous left-handed case.

We finally notice that no exclusion regions can be derived from the experimental search
of neutral resonances in the ¢t channel. The experiments performed using this particular
decay are indeed much less sensitive than the others, so that, despite the enhanced coupling
strength of the top quark to the neutral vector, we find no bounds even for high degrees of
top compositeness and for larger values of c¢4. For this reasons, we do not expect this final
state to be enough powerful for the discovery of a neutral spin-1 particle.

5.3 Bounds on pff

The experimental searches for a neutral heavy resonance can also be recast as a bound on
the parameter space of the vector singlet. This heavy particle contributes only to the Y
parameter, which however always gives very weak constraints; in this case, the exclusion
limits from direct searches are therefore the most relevant ones and electroweak precision
measurements have very little exclusion power.5 The excluded regions in the (M, , g,y )
plane are presented in figure 9, both for model M%( and M%{ and for different values of

5Since the vector singlet does not contribute to the S parameter, our theoretical picture of heavier spin-
1 resonances and lighter top partners could be not so well justified for this particle, allowing the possible
existence of a vector which is as light as or lighter than the spin-1/2 resonances. Consistency with the idea
that the new strong sector should be characterised by only two mass scales and that all spin-1 heavy states
should behave similarly, however, leads us to consider also the singlet to belong to the tower of heavier
resonances at the m, scale.
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Figure 9. Excluded regions in the (M, , g, ) plane for the vector singlet in models M¥ (left) and
M% (right), fixing My = 800 GeV. The exclusions are derived from the p® — Il searches in [45].
Left panel: in red the excluded region for c¢5 = 1, in green for ¢5 = 0.5, in blue for ¢5 = 0. Right
panel: in red the excluded region for ¢g = 1, in green for cg = 0.5, in blue for ¢ = 0. The plot also
shows the contours of constant I'/M, . (dashed black lines), of constant £ (dashed blue lines) and
of constant gy (dashed red lines). The yellow region corresponds to £ > 0.4.

the free parameters. In both cases, the most relevant experimental search is always the
decay channel to the Il final state, since the searches involving the decay to WW do not
obviously give any constraint, due to the extremely weak coupling strength of the singlet
to the W boson. We will therefore fix a,, = 1 in all the cases considered, since different
values of this parameter will only alter the shape of the contours of constant £ and gy,
but will not significantly change the exclusion contours. Despite the enhanced coupling
strength to top quarks, finally, the searches with the ¢¢ final state produce no limits on the
parameter space of the two models, similarly to the right-handed neutral resonance.

Considering now the specific results for model M¥, we have fixed y;, = 1 and shown
the bounds for three different values of ¢5. The most stringent constraints on the parameter
space of the singlet are obviously obtained when ¢5 = 0; in this extreme case, the direct
coupling to the tg quark is suppressed and the branching ratio to leptons increases, so that
the experimental search under consideration gives stronger bounds. Increasing cs, on the
other hand, makes the bounds much weaker and for ¢5 = 1 only a very tiny portion of
parameter space is excluded. This is due again to the ¢’ suppression in the coupling of the
vector singlet to lighter quarks, which makes the total production cross section smaller than
the left-handed case. All the exclusion regions are concentrated in the low mass region,
M, < My, and abruptly end when M,, = 2My, due to the opening of the decay channel
to two top partners.

The situation is similar for model M%; we have shown the exclusion regions for a,, =
yr = 1 and for three values of the free parameter cg, ranging from 0 to 1. When c¢g is
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vanishing, the bounds are much stronger and they can extend above the threshold due
to the absence of a direct interaction with the T heavy fermion. Increasing cg makes the
exclusion limits weaker; the bounds are now confined in the low mass region and are less
stringent than the neutral left-handed case due to the hypercharge suppression.

Finally, the NWA approach is reliable for both models. In figure 9, we have in fact
shown the contours of constant I'/M,,, only for ¢s = 1 and ¢ = 1, corresponding to the
excluded region in red. The contours for the other two smaller values of these parameters,
corresponding to the excluded regions in blue and green, lie outside the portion of the
(Mpy, 9py ) plane which is presented. Therefore, the bounds corresponding to ¢5 = 0,0.5
and to cg = 0,0.5 automatically satisfy the requirements of a narrow resonance, whereas
the bound for ¢5 = 1 and ¢g = 1 lie completely in the portion of parameter space where
the total decay width in units of M, is less than 10%. Also in this final case the NWA is
therefore a valid prescription for analysing the experimental results. For both models, the
natural window where our theoretical assumptions are well justified is excluded in the low
mass region, but still allowed for larger values of the resonant mass and for more strongly
coupled scenarios.

6 Conclusions

In this paper we have introduced a simplified description based on an effective low-energy
Lagrangian of the phenomenology of heavy vector resonances in the minimal composite
Higgs model, studying their interaction with lighter top partners. Our approach is based
on two classes of assumptions, one regarding the symmetry structure of the theory and one
regarding its dynamical features. As concerns the symmetries, we considered the minimal
case of a new confining dynamics with an approximate global G = SO(5) x U(1) x symmetry
spontaneously broken to H = SO(4) x U(1)x. The Higgs boson emerges as pNGB and
the electroweak scale is dynamically generated via loop effects. In this framework, we
focussed on heavy vector triplets, transforming as a (3,1) and (1, 3), and on heavy vector
singlets, transforming as a (1, 1) of SO(4). Following the paradigm of partial compositeness,
we introduced a linear coupling to the strong sector for the top-bottom doublet and we
considered the £ to be a bound state of the strong dynamics, except in one case in which we
studied the implications of a partially composite tg quark. In this scenario, we characterised
the couplings of heavy vectors to top partners in the singlet and in the fourplet of SO(4).
In the most natural realizations of the composite Higgs idea these are indeed the lightest
fermionic resonances that must be present in the spectrum. We constructed four simplified
models which are suitable for studying the phenomenology of heavy vectors, capturing the
most important features of the underlying symmetry structure.

As concerns the dynamics, we parametrised the new strong sector with two mass
scales, a heavier one for vector resonances, m,, and a lighter one for fermionic resonances,
my. We have clarified under which conditions our effective Lagrangian description is
a good approximation of the full underlying dynamics and what its regime of validity
is. Our simplified approach is in fact reliable whenever the mass of the heavy vector
satisfies the relation m, < M, < m,, in which case, using the criterion of partial UV
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completion [2], the tower of the remaining and unknown resonances can be integrated
out of the spectrum. Our approximate models provide therefore a systematic simplified
description of the phenomenology of spin-1 heavy states in an expansion of M,/m,. These
constructions loose their validity as soon as M, ~ m,, in which case using an effective
Lagrangian is formally inappropriate. However, we expect our approach to provide a good
interpretation of the experimental results, at least qualitatively, also in this second case. We
have assessed this issue considering the particular situation in which two vector resonances
of the composite tower are present in the spectrum. We show in appendix D that neglecting
the spectrum degeneracy is a reliable approximation for a basic quantitative description of
their phenomenology.

One of the most important simplification of our procedure is to describe the phe-
nomenology of heavy vectors in terms of a manageable set of free parameters. Once the
basic electroweak observables and the top mass are fixed, we are left with one mass and one
coupling for each resonance, the misalignment angle and some additional O(1) parameters
controlling the interaction with top partners and SM fermions. Of these, ¢; has no role in
the production and decay of the vector resonances, so that their phenomenology can be
significantly affected only by the remaining (cs,yr) for pl];, (cq,yr) for pﬁ, (cs,¢6,yr) in
model M%( and (cg,yr) in model M%{ In this sense, the effective Lagrangian approach
based on specific underlying assumptions on the symmetry structure of the theory has the
virtue of expressing all the couplings of the vectors to top partners and SM particles in
terms of only these quantities. This reduces considerably the degrees of freedom that one
would have in a complete model-independent procedure, like in [24, 25], and allows us to
formulate a consistent description of the interaction with lighter fermions, which neces-
sarily requires some knowledge of the underlying symmetries, [1]. Our model-dependent
approach is therefore essential in order to capture the most important features of the inter-
play between heavy vectors and top partners, that would be impossible to analyse without
any robust assumption on the symmetry structure of the theory.

For each resonance, we studied the main phenomenological features, analysing the mix-
ing angles, the spectrum and the most important couplings arising before EWSB. We have
shown that the left-handed and right-handed vectors couple strongly to the longitudinally
polarized W and Z bosons and Higgs, thanks to the Equivalence Theorem, and that they
both couple very weakly to fully elementary SM fermions. Concerning their interaction
with top partners and third family quarks, conservation of isospin gives the most impor-
tant rationale to extract the relevant couplings: only those conserving isospin without any
Higgs vev insertion can arise before EWSB and the corresponding decay channels give a
dominant contribution to the decay width. We have also considered the very different case
of the singlet, which has peculiar properties with respect to the other resonances. It cou-
ples very weakly both to SM fermions and to gauge bosons, whereas it interacts strongly
with the tg and the top partner f, with interaction strength depending on whether the
tr is partially composite or not. This vector is also special since it does not give any
contribution to the S parameter, so that direct searches are the most important mean to
constrain its parameter space. We have finally studied the decay branching ratios of all the
three vectors, noticing the dominance of the top partner decay channel above the threshold
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M, = 2M, and studying the relevance of the decays to SM particles below the threshold
for different values of the free parameters.

Using our effective Lagrangian description, we have devised an efficient semi-analytical
method to compare the theoretical predictions of our models with the LHC data on direct
searches of vector resonances. These latter are given as exclusion limits of ¢ x BR as a
function of the resonance mass, under the validity of the Narrow Width Approximation.
In order to compute the total production cross section, we have numerically calculated the
parton level contribution once for all, setting the relevant trilinear couplings to unity, and
we have then rescaled with the analytical expression of the couplings at linear order in &.
We have also studied the main production mechanisms, DY and VBF, noticing that the
former is the most relevant one in all cases of interest. Following this method, it is very
fast to analytically recast the experimental searches as bounds on the parameter space
of the resonances, once the LHC data are rescaled with the BRs that can be computed
analytically in our models. The calculation of the cross sections as well as the numerical
diagonalization of the vector mass matrices, at every order in £, have been implemented in
a Mathematica notebook that is available on a dedicated website, [43].

We have applied this methodology to extract exclusion limits on the parameter space
of our models using the presently available 8 TeV LHC data. The results can be found
in figures 7, 8 and 9, where exclusion regions are shown for some relevant direct searches
of heavy vectors. We have analysed what information can be obtained from the decay
channels considered by the experimental groups for different values of the free parameters
of the theories. For the left-handed vector, we concluded that the most constraining decay
channels at the LHC are W Z and lv, when the free parameters are chosen so as to respect
the NDA estimate. A slight violation of NDA, obtained by reducing a,, , shows, however,
that the decay channels to gauge bosons can give no bound at all and that a very important
decay channel that can be extensively studied in the future is the tb, since partially compos-
ite quarks are more strongly coupled to the heavy vectors than to the other SM fermions.
The situation is similar for the neutral right-handed resonance; again, for values of the free
parameters respecting the NDA expectations, the WW and the Il channels give the most
stringent bounds, whereas reducing the value of a,, shows that exclusion regions can be
drawn only from the leptonic decay channel. As regards the searches with a tt final state,
in this case they do not provide any constraint, since the production cross section for pﬁ
is smaller than the corresponding one for the left-handed vector by a factor (¢’/g)%. This
suppression is the reason why the enhanced coupling to top quarks does not improve the
sensitivity of this channel. Finally, considering the pff case, the most constraining decay
channel is the [, since the couplings of the singlet to W bosons are very weak. Also in this
case, the tt channel does not give any significant bound, the production cross section being
again reduced by a factor (¢’/g)?. The suppression in the production cross sections of the
right-handed vector and of the singlet is in general the reason why the bounds for the pff
and pff resonances are much weaker than the bounds on pﬁ , making them more difficult
to constrain or discover at the LHC. Finally, all these results can be readily interpreted
as a test of our notion of naturalness and of our dynamical assumptions on the nature
of the strong dynamics. We have shown the most natural expected window of parameter
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space and considered how the data already exclude part of it in the low-mass and small
coupling region. But for bigger values of the mass and for more strongly coupled scenarios,
there is still room for a natural realization of the composite Higgs idea with heavier vectors
decaying to lighter top partners.
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A CCWZ variables

We report in this appendix some important formulae related to the CCWZ formalism that

o~

are used in the main text. We indicate with T% (@ = 1,---,4) the broken generators
parametrizing the coset SO(5)/SO(4) and with T%¢/%% (ap/ar = 1,2,3) the SO(4) unbro-
ken generators, whose expressions can be found in [1]. The 5 x 5 Goldstone boson matrix,
U = V2T hag the following form in the unitary gauge:

Is |
h i h
U= coS (9 + f> sin <0 + f> , (A1)
—sin (0 + %) cos (0 + %)
with the dz, ENE and EjFR variables defined by the relation:
—iU'D,U = d,T% + E*Ty* + EWRTOR, (A.2)

D,, is the SM covariant derivative containing the elementary gauge fields,
Wi
D,=0,- igelT“JZ —ig,,Y By, (A.3)
where i = 1,2,3 and o’ are the Pauli matrices.
The d and E symbols, on the other hand, can be easily computed once U(II) is known;
up to quadratic order in the unitary gauge their expression is given by:

V2 V2

a a 2 ara pa ara Aa
G = A+ P Ouh G h(0T AR — 5o Ag),
a a a aﬁ a
Ejt = Aj — 0" A (A.4)
V2

B4R = AgR — 5RO 2R AT,

2f
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where we have defined the Kronecker 6%, for a generic index i = 1,2, 3, as:

5ia

We notice that in this work we always use the expression of the connection truncated at

1

Q) )

RNl

i or a=4"

quadratic order, as in equations (A.4), since we are mainly interested in trilinear couplings
and we are neglecting the contribution of dimension-6 operators.

The external gauge fields appearing in the formulae for the d and E symbols, for a
given value of the angle 8, have the following forms:

~  gind n

Al = W(<saigelw,§ —6%BgLB,), AL =0,
a ari 1+ cosO i ca 1 —cosd

L P Y (1) PP
a ani (1 —cost i ca 1+ cosf

A}LR = (5 R (2> gequ + 6 R3 <2> gélBM’

where g and g, are the weak coupling of the elementary sector.
Under a global transformation g € SO(5), the Goldstone boson matrix transforms as:

U(IT) — gU(I)AT(IT, g), (A.6)

where h(II,g) € SO(4). As a consequence of eq. (A.2), the previous relation implies the
following transformation rules for d and E:

df, — h(I1, g)d%h1 (11, g)

) X A7
E,"'" — (L g) E,""h1(IL, g) — ih(IL, 9)9,h' (IL, g), o

showing that both these variables transform under a local SO(4) symmetry when acted
upon with g. Since in particular EZL/  behaves like a gauge field under h(Il, g), we can
introduce the covariant derivative

V=0, — ik " T — i ERTR (A.8)
and a field strength

EYE = 0,BLR — 9, EL/R 4 i[ELE EL/R)
E™ = h(IL g) B/ PhT (1L, g),

where EX/T = BP0 R
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B Contribution to the electroweak precision observables

In this appendix, we briefly study the contribution to the Electroweak Precision Observ-
ables generated by integrating out at tree level the vectors in our models. In general,
the deviations from the SM in the vector boson vacuum polarization amplitudes can be
described by four effective form factors: S, T,W and Y. New physics contributions to the
four parameters can be expressed as a function of the Wilson coefficients of the leading
dimension-6 operators obtained by integrating out the BSM sector. If the BSM sector
respects the custodial symmetry, as in the case of the minimal composite Higgs model, T
is vanishing and we are left with the remaining three oblique parameters. In the SILH
basis, [14], S comes from the linear combination of Oy + Op, W and Y on the other hand
are generated by Og and Osp respectively. In order to get the Wilson coefficients of these
dimension-6 operators, we integrate out the p resonances using the EOM at O(p?):

1 B
quaL/aR o O(p5), Pf =B, — Ou +O(p ); (B.1)

pﬁL/aR — EZL/GR _ M2

PL/R
we have to keep up to three derivative terms in the EOM, because the operators Osp and
O2p include six derivatives according to the SILH power counting (gauge fields count as
one derivative). Once evaluated on the equation of motions, we obtain from the £, term
in egs. (3.5), (3.21), (3.27), the following low-energy Lagrangian:

1 1 1 1 1
£6 - _ ( aL)Q o ( aR)2 . B/“/BMV quaL,uuvaaLp
dgp, T Agp, M Aggy 2M;, 9, " B2
1 1 1 1 '
s VBRI JBORE 9 BRYO, B,
2 M/?R 9or 2 ng Ipx

where the dots imply terms more than quadratic in the field strength and with at least
four partial derivatives. The first two terms will give rise to Oy and Op and the last two
terms will instead lead to Ogpy, O2p. To see this explicitly, we rewrite the formulae for the
E,, connections in terms of the Higgs current; the relevant terms are

Eor = 508 g Wi + fQHTU DoH +-
1 (B.3)
B30 = g \B,, + fQHT D H +-
and, after substituting in B.2, we get:
.y g2
_ lg TU 1227 74 g Tl v 1 a apv
L H DVYHDYW, ———H wHOo,B" —fiD’“‘W D, W
T “”+g§R 5 P 292 M2,
1 gl2 1 g/2
————0"B,,,0,B"” — -————-0"B,,,0,B"". (B.4)
2,005, 27, M,
From the previous formulae, we can immediately find the expression of the three oblique
parameters:
m2 2,2 2,2
A g mW g-my, g my,
S =cwtep =al W+ —W, W = , = . (B.5)
PEME PR ME, 9o, M7, G My, g5 My,
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C Couplings

In this appendix, we give some technical details on the structure of the Lagrangian in the
mass eigenstate basis, for the case of a heavy vector triplet and a heavy vector singlet. We
will focus on trilinear interactions, neglecting for simplicity the quartic vertices.

We start considering the Lagrangian of a vector triplet with top partners in the four-
plet, E;F. Without making explicit reference to the representation under which the spin-1
resonances fall, we can rewrite in full generality the Lagrangian after rotation to the mass
eigenstate basis as a set of three fields, the charged pff and the neutral pz, interacting with
the SM particles and the top partners. The couplings between the heavy vectors and the
other bosons and fermions are in general a function of all the free parameters of the theory
and they explicitly depend on the model under consideration; we will name them g,,+;;, for
the couplings of the charged pair, and g,0;;, for the couplings of the neutral state, where
7 and j generically stand for two particles the resonance interacts with. We can therefore
introduce the following decomposition for ﬁg:

E; = Ez;bh + EZf + Ly + LTpy, + LTp, (C.1)

where Eth contains the interactions between the p’s and the gauge bosons and between the
p’s, the Higgs and a gauge boson, whereas Ezf, E;";, E% pp and E%ﬁ p comprise, respectively,
the couplings of the spin-1 heavy states to fully elementary fermions, to top and bottom
quarks, to one top partner and one heavy quarks and finally to two top partners. It is
straightforward to derive the form of the different contributions in the mass eigenstate
basis and in the unitary gauge; we find:”

. _o 1 b
Lh = igoww [(auw,j — O,W,WH p% + §(aup8 — Oyp)WHTWY™ + hee.

+igprwz [(Oupl — OupYWH™ZV — (0, W, — 0, W) pH* Z¥ (C.2)
+(0uZy — 8, Z,)p" WY + he] + gpoZHh,ogZ“ + gp+WH(hp:[W; + h.c.),

1 _
Loy = \ﬁgp‘*‘ffL(p:@Z)u’)’“PLwd +h.c.)

- 1
+ Pty [Q(QpOffL — 90 ffv)PL+ ngffYQWu]] Py (C.3)

- 1
+ pptbay” {—2(9,;0,0]% — 9o fpv)PL + QpOfnyWd]} Y,

1 _
L= Engrtb(p:tL’}”ubL +h.c.)

+ 90t tn PRELYMEL + 01t n PUERYER + Gpoty by PADLYDL, (C.4)

7All interaction terms between SM fermions and spin-1 resonances in this Lagrangian are flavor diagonal.
This follows from assuming that all the lightest fermions are fully elementary: in absence of elementary-
composite fermion mixings one can always make fields rotations to diagonalize the fermionic kinetic terms
in flavor space. By allowing for some degrees of compositeness for leptons and the first two quark families
and thus for non-vanishing elementary-composite couplings A, the Lagrangian C.1 is valid up to O(A) in
the weak interaction eigenbasis for the fermions. In this basis the fermion masses are not diagonal in flavor
space. After rotating the fermion fields to diagonalize the mass matrices, a Voxy matrix appear in the
vertex pjﬁjuwd, while the interactions of p° remain diagonal.
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1 - _ _
T
Lrpw = 7 [PZ <gp+TLbLTL’Y“ br + gp+X%LbLX 21700 + Gpr ety Br

+9p+ngtLXgL’Y“tL + 9o+ BptntRY" BR + 9p+X%RtRXgR’V“tR> + h~0-}
+ ) (gpomL Try"tr + ngX%LtLX 2 7ML+ 9p0BL0, Bry'by,
9,07, TRY'ER + g0 X%RtRX% e+ h.c.) , (C.5)
Lrp = \}5 [PZ <9p+TLBLTL7“BL + 9p+X%LBLX§L’Y“BL + 9p+X%LTLXgLW“TL
+(L + R) + 9p+XgX%XgW’“X§> + h.c.]
+ 0 (ngTLTLTLW“TL 950Xy, Ty (XgLWHTL+h-C-)+9pOBLBLBL’Y’LBL+(L < R)

—l—gponXz)_(%’y“X%—i-gpoXs QX% X3> (06)
3 3 3

We make some comments on the parametrization chosen in the previous formulae. As
regards the couplings to fully elementary fermions, we have collectively indicated with ),
(14) any of the SM up-type quarks and neutrinos (down-type quarks and charged leptons)
and we have introduced their charge through the function Q[¢,] (Q[t¢4]). The form chosen
for EeTf is convenient for the implementation of the models in a Mathematica code, since the
couplings to different kinds of leptons and quarks can be easily and unambiguously derived
from the universal functions Gpt/ofrL and Gpt/ofry - The top-bottom doublet and the tp
are instead treated differently, as seen in equation (C.4); we introduce specific couplings for
every vertex between the heaviest quarks and the spin-1 resonances, in order to take into
account the enhancement in the interactions due to partial compositeness. Finally, in the
last term of the Lagrangian, E% p» we have differentiated the couplings of the heavy vectors
to left-handed and right-handed top partners, because they are in general expected to be
different. The only exceptions are the interactions involving only the exotic X 5 and the
top-like Xz, namely ngXQXg , gpngX5 and gp+X5X2 ; in this case the couphngs to states

3
of dlfferent chirality are equal since these X5/3 top partner is left invariant by the rotation
in the fermionic sector, whereas the Xj 37, and Xy/3r fields transforms in the same way
under the fermionic rotation, [1].

We finally consider the Lagrangian for the singlets: a neutral vector resonance inter-
acting with a fermionic heavy state, both being invariant under the unbroken SO(4). The
Lagrangian can be decomposed analogously to the previous formulae as:

S S S S S S
L) =Lan+ L+ Ly + Lopy + Lyp (C.7)
The first three terms have the same expressions as the Lagrangian for the neutral heavy

state, pg, in ,Cg. The last two contributions can be instead easily rewritten after rotations
to the mass eigenstate basis and specifically depend on the choice of the representation for
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the top partner; we find:

L pp = 1) (gpothLfm“tL + gpothRTRv“tR + h-C-) , (C.8)
Lip =1, (gpofoLTm“ Ty + 9,07,7, TRV TR) : (C.9)

As before, the couplings are a function of all the free input parameters of the theory and
we find different expressions if the tg is fully composite or only partially composite.

D Effects of a degenerate spectrum

In this appendix, we clarify the phenomenological effects of relaxing the assumption that
one vector resonance is much lighter and the other two belong to the tower of states that
are integrated out. We want to analyse the possible consequences of having an almost
degenerate spectrum and, for simplicity, we will not consider the most complicated case in
which all the three heavy states are present together. We will only analyse, instead, the
simpler situation in which two resonances are degenerate and the other one is heavier and
is thus integrated out. We therefore introduce the three following cases,

(D) (pr, pr) with Lagrangian = Lrir = Liight + Lv +L,, + Ly,
(I1) (pr, px) with Lagrangian Lrp,x = »Clight + Ly + ,Crfl + [’,OL + [’Pﬁ(’ (D.l)
() (or, px)  with Lagrangian  Lrax = Lige + Lo + s + Lo + L1

P’

in all combinations the tr quark arises as a singlet of the composite dynamics, so that we
have considered only the interference with model M¥% in (II) and (III).

When considering the degeneracy of the particle spectrum, there are different effects on
our analysis of direct searches that we must take into account with respect to the situations
studied in the main text. First of all, we expect that the expressions of the couplings in the
mass eigenstate basis will be corrected and that the more degenerate the spectrum is, the
stronger these corrections will be. Secondly, the branching ratios will change as well, due to
the opening of new decay channels, a heavy-light one, with a vector resonance decaying to
a second heavy vector and a gauge boson, and a heavy-heavy one, which involves a vector
state decaying to other two heavy spin-1 resonances. These two classes of modifications
could significantly alter the results concerning the bounds on the free parameters of our
models; we will analyse them in the following, showing that considering only one resonance
at a time and integrating out the other two is a good basic approximation for interpreting
the experimental data.

Let us start considering how the couplings change in case (I). The spectrum now
contains two charged and two neutral heavy vector particles. The mass matrix is given by
a 3 x 3 charged block and a 4 x 4 neutral block, whose expressions is not reported here,
but can be found in [36], where also some of the modified couplings in the mass eigenstate
basis are given. Since the pff and pﬁ resonances belong to different representations of the
unbroken SO(4), all the corrections to the couplings in appendix C must arise after EWSB
and are therefore suppressed. As a consequence, we do not expect that the degeneracy of
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the resonances masses will induce important differences on the branching ratios that have
already been analysed in this work, so that no relevant modifications on the bounds can
be induced by the changes in the couplings.

In case (II) and (III), on the other hand, one charged and two neutral vector resonances
are present. The charged block of the mass matrix is not affected by the interference
with the singlet, which mixes only with the B, boson, so that no modification is induced
on the couplings of the charged vector. The neutral block, on the other hand, becomes
now a 4 X 4 matrix and, after rotation to the mass eigenstate basis, the couplings of the
neutral resonances will be indeed modified with respect to the situation considered in the
main text. In particular, in model (II) these corrections must be suppressed by &, since
pﬁ mixes with By, only after EWSB, whereas in model (III) both p% and pX mix with B,
before EWSB, therefore inducing interference effects that can have important consequences
on their phenomenology. We conclude that the approximate description adopted in the
main text works well for case (II), even with a degenerate spectrum, whereas in case
(ITI) the bounds and branching ratios should be corrected if the two resonances have
comparable masses.

We now study more quantitatively the effects of the spectrum degeneracy on the
branching ratios, analysing, as illustration, the cascade decay of one heavy vector to a
second spin-1 resonance and a gauge boson. We want to estimate the branching ratio of
this process in the three cases, so as to understand how much the decay widths analysed in
this work can be altered by the opening of this new decay channel. From triple vector cou-
plings in the kinetic terms of the Lagrangians in (D.1), an additional interaction between
two heavy vectors is generated; we can write it as follows:

Lxym =igx+y-wmo [(0.XF = 0, X YF MY — (9,X, — 0, X, )Y M»
+ (0, =0, Y, N X MY — (9,Y, —9,Y, ) X' M»  (D.2)
+ (0u M) — O, M) (XHHYY™ — XHoy V],

when X is different from Y, and

Lxxm =igx+x-mo |(0uX,) — 0, X)X MY — (9, X, — 9, X)) X't MY
. (D.3)
+ 5(3,ng — O, M) (XFF XY™ — XPT XV

when X =Y. We have indicated with X, Y and M any of (W/Z, p™, py). As a result,
when one of the two vectors is relatively heavier than the other one, the channels pf —
PIW, p) — p; W~ and pf — p; Z open up (p1 and py stand for the vectors in different
representations for each of the three cases considered). In order to illustrate the relevance
of these cascade decays, we focus on the two following sets of benchmark values

(I) mp, = 1.5mp, = 1'5gPRf7 9pr, = 9pr = Yp>

(D.4)
(I11) My = 1.5m, =1.5g,,f, Gpr = Y9ox = 9p,
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Figure 10. Cascade decay branching ratios as a function of the heavier resonance mass, for the
benchmark value g, = 3, for case (I) (left plot) and case (III) (right plot) of eq. (D.4). The blue
line corresponds to BR(p] — W pJ) and the red curve corresponds to BR(p] — p3 Z).

and we show in figure 10 the relative branching ratios as a function of the resonant mass,
for illustration, fixing to 1 all the O(1) parameters controlling the couplings to top part-
ners. The results in case (II) are very similar to case (I) and the corresponding branching
ratios are not shown. We see that the branching ratios are very tiny for cases (I), due to
the fact that the mixing between a charged and a neutral state or between two charged
states belonging to different representation of H arises at O(&) after EWSB. The situa-
tion is different for case (III); the branching ratio is now considerably bigger, even if the
coupling between two different heavy vectors arises again at O(£). This is a consequence
of the small couplings of the charged right-handed resonance to SM fermions: since the
branching ratios for its decay to both elementary and partially composite fermions are
strongly suppressed, the decay channel to the lighter vector and a W boson is much more
competitive. As expected, in case (III) the corrections to the branching ratios are therefore
more important. However, these corrections will not have relevant consequences on the ex-
clusion plots we derived in the main text. These latter are in fact obtained for the neutral
right-handed vector which is not affected by the presence of the relatively lighter pff since
no couplings involving two neutral heavy vectors can be induced in our models. We thus
conclude that our estimate of the branching ratios and relative bounds on the parameter
space of the models is a good approximation for all the resonances, even neglecting their
possible degeneracy.

E The MadGraph5 model

The four models discussed in this paper have been implemented in the parton level gen-
erator MadGraph5 for the simulation of Monte Carlo events. All the trilinear interaction
vertices involving vector resonances, SM particles and top partners have been introduced
in the UFO file, following the conventions of appendix C.

A Mathematica calculator is also provided, which performs a numerical diagonalization
of the vector mass matrix and computes all the physical quantities, masses and trilinear
couplings between heavy vectors and SM particles, after the input parameters are specified.
This code also implements the numerical diagonalization of the fermionic mass matrices
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in the top partner sector and computes the trilinear couplings between heavy resonances,
top partners and partially composite SM fermions to full order in £. The semi-analytical
formulae for the computation of the cross sections and the partial decay widths described
in the main text can be also derived with this program.

We also stress that our numerical code has been designed not only to simulate the
production and decay of vector resonances, but also to study WW scattering processes at
the LHC and at future colliders. In order for these processes to be suitably simulated in
the presence of vector resonances, also the modifications to the couplings grww, 9Hzz,
gaaww, 9uHzz and ggpp after rotation to the mass eigenstate basis must be properly
taken into account. The corrections to the first four couplings are numerically calculated
by the Mathematica file and in particular the vertices ggpgww and ggpzz are the only
four-particles interactions that are numerically derived by the calculator. On the other
hand, the modification of the trilinear Higgs coupling gy g for the minimal model with
elementary fermions embedded in the vector representation of SO(5) (MCHMS5) has been
derived analytically in [34] to all orders in £ and it is implemented in the code accordingly.

All the available software can be downloaded in a single package from the HEPMDB
website [43] and the instruction on how to run the calculator can be found in the README
file which is provided with the program.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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