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ABSTRACT: Composite Higgs Models are often constructed including fermionic top partners
with a mass around the TeV scale, with the top partners playing the role of stabilizing the
Higgs potential and enforcing partial compositeness for the top quark. A class of models
of this kind can be formulated in terms of fermionic strongly coupled gauge theories. A
common feature they all share is the presence of specific additional scalar resonances,
namely two neutral singlets and a colored octet, described by a simple effective Lagrangian.
We study the phenomenology of these scalars, both in a model independent and model
dependent way, including the bounds from all the available searches in the relevant channels
with di-boson and di-top final states. We develop a generic framework which can be used
to constrain any model containing pseudo-scalar singlets or octets. Using it, we find that
such signatures provide strong bounds on the compositeness scale complementary to the
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traditional EWPT and Higgs couplings deviations. In many cases a relatively light scalar
can be on the verge of discovery as a first sign of new physics.
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1 Introduction

The LHC has entered a phase with exceptional potential for discovering new physics, and
new data is being collected at an unprecedented rate during the Run-II that started last
year. Not surprisingly, this fact has led to a flurry of model-building activity, with the
intent of charting the landscape Beyond the Standard Model (BSM) and proposing new
discovery channels.

Among the various BSM proposals, the idea that the Higgs sector of the Standard
Model (SM) is dynamically generated by a confining strong dynamics is playing an impor-
tant role and is being continuously tested experimentally. In particular, the models dis-
cussed in this work are four dimensional gauge theories combining the concept of the Higgs
as a pseudo-Nambu-Goldstone boson (pNGB) [1] with that of partial compositeness [2],
where the top quark mass arises by a linear coupling with a spin-1/2 “top-partner”. There-
fore, the main requirement on the underlying theory is to provide a viable Higgs sector
together with the appropriate colored fermionic bound states. The construction of these
models has been discussed elsewhere [3, 4], and some specific examples were given in [5-7].
With the exception of [7], all models contain at least two species of underlying fermions
belonging to different irreducible representations (irreps) under the confining hypercolor
(HC) gauge group. This observation will play a crucial role in the rest of this paper. The
chiral perturbation theory for these models has been recently presented in ref. [8]. The
coupling to tops has been addressed in [9].

The phenomenology of Composite Higgs models has been already extensively studied,
with particular focus on the minimal symmetry breaking pattern SO(5)/SO(4) that leads
to only a Higgs boson in the pNGB spectrum (see [10, 11] for recent reviews). Because of
the lack of additional light scalars, collider searches have focused on colored top partners,
together with other indirect constraints on SM quantities. The current bounds on the
masses of top partners range around 700-900 GeV [12-16]. However, it is very challenging
to obtain the minimal scenario starting from a four dimensional fermionic theory: attempts
present in the literature are either relying on supersymmetry [17] or on effective four-
fermion interactions @ la Nambu-Jona Lasinio (NJL) [18].

In the class of models we consider, based on a confining gauged HC and with only
fermionic matter fields,! the symmetry breaking patterns are determined by the represen-
tations of the underlying fermions [20, 21], giving rise to non-minimal cosets with additional
pNGBs. Thus, the main message we want to convey is that the first evidence of this class
of models of partial compositeness may come from the discovery of the additional pNGBs
rather than from the direct observation of the top partners.

The phenomenological relevance of pNGBs in composite models is not new [22-26].
What we aim at, on the other hand, is to directly link their presence to the mechanism of
partial compositeness. To do so, instead of looking at the details of each model [4], we focus
on two types of scalars that are universally present in all models: singlet pseudo-scalars

The possibility of top partners arising as bound states of a fermion and a scalar has been recently
proposed in [19].



associated to global U(1) symmetries [27], and a color octet arising from the presence of
colored underlying fermions.

The presence of two types of fermions in the underlying theory guarantees that there
is always a combination of the two U(1)’s which is non anomalous with respect to the
hypercolor group. Thus, contrary to the anomalous axial current in QCD, the associated
pseudo-scalar will be light. Inspired by large- N, estimates in QCD, we will also keep the
anomalous U(1) scalar in the spectrum because, depending on the model, it may also be
light. These two states will be denoted a and 7’ in the mass eigenstate basis (as non-trivial
mixing is present).

We will briefly review the salient points of these constructions, however the focus of the
paper is to investigate their phenomenology, derive all constraints from up-to-date searches,
point to the promising signatures and their correlations, and make concrete suggestions for
their further exploration at the LHC. In particular, we will focus on the two singlets and
on the color octet, commonly present in all models. Their couplings to the SM gauge
bosons are generated via the Wess-Zumino-Witten [28, 29] anomalous term, and are thus
computable in terms of the properties of the underlying theory.

Additional couplings to tops can also appear: we prove that the singlets always couple
to tops via partial compositeness, while this coupling may be absent for the octet, and we
present an estimate of the couplings to tops (and other SM fermions) proportional to their
mass. The calculability of the phenomenologically relevant couplings makes these three
pseudoscalars standard candles for fundamental models of partial compositeness, that will
shine in particular via di-boson searches at the LHC. In fact, the observation of resonances
in di-boson channels would allow to extract information about the WZW couplings, which
are directly related to the properties of the underlying theory.

The scalar singlet production via gluon fusion and its subsequent decay to a pair of
gauge bosons, both mediated by the WZW interactions, leads to clean signatures at the
LHC. Such final states are intensely searched for at the LHC, and recently the emergence
of excesses in both di-boson and di-photon, now less prominent or entirely disappeared, was
the source of big excitement and inspiration in the particle physics community. A pseudo-
scalar decaying via WZW interactions can easily accommodate such signatures [30], and
the case of the models under investigation has been already pointed out by a subset of the
authors [27, 31].

The paper is organized as follows: in section 2 we briefly present the content of the
models under consideration and their salient dynamical properties. In section 3 we discuss
the pNGBs of relevance for this work. We present their chiral lagrangian, their couplings
and their masses. Section 4 discusses their phenomenology and presents up-to-date (post
ICHEP2016) bounds on their couplings in a model-independent way. We focus on the most
updated constraints deriving from di-boson searches, di-top resonances and other relevant
channels (like pair production in the case of the color octet). Section 5 confronts these
bounds with the models presented in section 2. We explore two specific models and extract
a combined lower bound on the decay constant of the pNGBs. Being associated to the
Higgs sector, the value of such scale is a direct measure of the fine tuning involved in
these models. As a result of this study we set up the strategy and create the framework



for a generic exploration of the models with di-boson, di-jet and top-quarks final state
signatures. We summarize our findings and conclude in section 6.

2 Classification of the models

The models we consider are gauge theories based on a simple HC group Gyc characterized
by having two distinct irreps of fermions, denoted by 1 and x.? In addition to hypercolor,
the ¢ fermions carry electroweak (EW) quantum numbers chosen in order to generate a
composite pNGB Higgs, while the x carry QCD color and hypercharge.

The phenomenological reasons for this choice are two-fold. On the one hand, these
models easily accommodate the presence of potential top partners obtained from HC neu-
tral bound states of three fermions. To this end a non zero hypercharge Y, has to be
consistently assigned to the fermions x. On the other hand, separating color (carried by
the x’s) from the Higgs sector avoids problems with spontaneous color breaking and the
presence of light colored pNGBs. Even more relevant for this work, the presence of two
distinguished irreps allows for the existence of a light pNGB associated to a U(1) axial
symmetry non-anomalous under HC.

The main constraints on the models under consideration which define their group
stucture are: implementation of a composite Higgs mechanism compatible with custodial
symmetry, the existence of top partners and the protection of the Z — byby, branching ratio.
The last requirement eliminates some possible solutions that were present in the lists [3, 27]
with 1 in a complex irrep and top partners in the (2,1) of SU(2);, x SU(2)r [32].

The Higgs mass is generated by the explicit breaking of the global symmetry of the
strong sector. Typical sources of breaking are the coupling to the EW bosons and to the
heavy quarks as well as possible bare masses for the hyperquarks. The measured Higgs
mass is then used as an input to give one relation between these couplings, the low-energy
coefficients of the strongly coupled theory (in principle computable on the lattice) and fy.
A similar relation follows from fixing the Higgs vev. That it is possible to fix the Higgs
mass and vev to their physical values (at the cost of some fine-tuning) is shown in various
previous works: e.g. [33] and [4] for the cosets of interest in this paper.

Within the constraints above there are three minimal cosets SU(5)/SO(5), SU(4)/Sp(4)
and SU(4) x SU(4)'/SU(4)p in the case of Ny = 5 real, N, = 4 pseudo-real or N, = 4
complex (plus its conjugate) irreps of Gpc respectively coming from condensation of the
fermions . If this were the only condensate forming, there would be no more pNGBs in
the spectrum. In particular, in this case the axial U(1), rotating all 1) by the same phase
would be spontaneously broken but also explicitly broken by a U(1),G§ Adler-Bell-Jackiw
(ABJ) anomaly and thus its would-be Goldstone boson would acquire a large mass.

In the present class of models, however, the x also condense, giving rise to new colored
pNGBs associated to the cosets SU(6)/SO(6), SU(6)/Sp(6) and SU(3) x SU(3)"/SU(3)p
for N, = 6 real, N, = 6 pseudo-real or N, = 3 complex (plus its conjugate) irreps of
Grc respectively. Now there is also an additional axial U(1), spontaneously broken and

2We always work with Weyl fermions, unless otherwise specified, and consider only vector-like theories.
A complex irrep and its conjugate is counted as one, see [4] for details.



it is possible to construct an ABJ anomaly free linear combination U(1), by choosing the
charges gy, to obey

Q@ NyT(¥) + N T (x) = 0, (2.1)

where T' denotes the Dynkin index of the irrep and for complex irreps we must count both
the complex and its conjugate, i.e. count the index twice. The pNGB & associated to
this symmetry is naturally lighter than the typical confinement scale, while the remaining
orthogonal state 7" acquires a larger mass. We denote these states with a tilde because they
do not yet correspond to mass eigenstates, as will be discussed in the following section.

Among the remaining states, a color octet 7g stands out as an unavoidable prediction,
independent on the type of irreps in the model. For the case SU(3) x SU(3)’/SU(3)p this
turns out to be the only one, for SU(6)/SO(6) and SU(6)/Sp(6) there is an additional color
sextet and triplet respectively. The full list of pNGBs is given in table 2.

The relative model independence of these three pseudo-scalars (the a, ' and 7g) and
the fact that they have a direct coupling to gluons via the WZW anomaly, implying a larger
cross section as compared to e.g. the pNGBs in the electro-weak sector, are the reasons
why we focus on them in this work. They are indeed “standard candles” that will allow to
falsify these models with the minimal number of additional assumptions.

We conclude this section by presenting in table 1 the complete list of models that are
the focus of this work.

We split the table according to the reality properties of the irreps, from which the
pPNGB coset can be read-off. We also indicate the range of hypercolors for which the
theory is likely to be outside of the conformal region.? In fact, the mechanism of partial
compositeness relies on the fact that the theory is conformal in the UV, so that a large
anomalous dimension for the operator corresponding to the fermionic bound state can,
in principle, be generated. This large anomalous dimension would allow to decouple the
scale of flavor symmetry breaking and the EW scale. The compositeness scale A then is
identified with the scale where conformal invariance is broken explicitly.

One possible philosophy is to view the compositeness scale A as the scale in which
some hyperfermions acquire a mass and the theory exits the conformal window due to
the reduced number of fermionic matter. This mechanism has recently been tested on
the Lattice for a multi-flavor QCD-like theory [36, 37]. With this interpretation, the
promising models are those which are not conformal and yet contain enough light fermions
to allow for the construction of a custodial coset for EW symmetry breaking as well as
top-partners. These models can then be simply brought into the conformal window by
adding additional fermions of mass ~ A, possibly in the same irreps already used. Another
possible philosophy is to rely on the top couplings responsible for partial compositeness:
the operator responsible for the linear mixing grows in the IR due to the large anomalous

31t is notoriously difficult to exactly characterize the conformal region of non-supersymmetric gauge
theories outside of the perturbative regime. There are however some heuristic arguments and, luckily, most
of the models in table 1 are rather clear-cut cases [4]. There has also been intensive work on the lattice,
reviewed in [34], with some more recent related contributions in [35, 36], but unfortunately a universal
consensus has not yet been reached.



Guc P X Restrictions | —¢y/qy | Yy | Non Conformal | Model Name

Real Real SU(5)/S0(5) x SU(6)/SO(6)

SO(Nyc) 5x S, 6xF Nyc > 55 | 2Nuct2) | )3 /

SO(Nuc) 5x Ad 6xF Nyc >15 | 2ue=2) | 13 /

SO(Nuc) 5xF 6 x Spin Nuc =17,9 5.5 1/3 Nuc =17,9 M1, M2

SO(Nic) 5 x Spin 6xF Nyc =17,9 5,2 2/3 Nyuc =7,9 M3, M4
Real Pseudo-Real SU(5)/SO(5) x SU(6)/Sp(6)

Sp(2Nuc) 5x Ad 6xF 2Nye > 12 | 2Nctl) |3 /

Sp(2Nyc) 5x Ay 6xF 2Npe >4 | ezl | )3 2Nyc = 4 M5

SO(Nuc) 5xF 6 x Spin Nuc=11,13 | 2,2 | 1/3 /
Real Complex SU(5)/S0O(5) x SU(3)2/SU(3)

SU(Nyc) 5x Ay 3 x (F,F) Nyc =4 s 1/3 Nuc =4 M6

SO(Nuc) 5xF 3 x (Spin,Spin) | Ngc =10,14 | 5, % | 1/3 Nuc = 10 M7

Pseudo-Real Real SU(4)/Sp(4) x SU(6)/SO(6)
Sp(2Nuc) 4xF 6 x Ay 2Nue <36 | grvac—yy | 2/3 2Nuc = 4 M8
SO(Nuc) 4 x Spin 6xF Nuc=11,13 | § 1 | 2/3 Npc =11 M9
Complex Real SU(4)2/SU(4) x SU(6)/SO(6)
SO(Nyc) | 4 x (Spin, Spin) 6xF Nruc = 10 8 2/3 Nuc = 10 M10
SU(Nuc) 4 x (F,F) 6 x Ay Nuc =4 2 2/3 Nuc =4 M1l
Complex Complex SU(4)2/SU(4) x SU(3)2/SU(3)

SU(Nuc) 4 x (F,F) 3 x (Ag, Ag) Nuac 25 | govpey | 2/3 Nuc =5 Mi12

SU(Nxuc) 4 x (F,F) 3% (S2,Sy) Nuc 25 | sty | 2/3 /

SU(Nuc) | 4 x (Ag,Ay) 3% (F,F) Nuc =5 4 2/3 /

Table 1. Models of interest in this paper. “Restrictions” denotes requirements such as asymptotic
freedom and compatibility with the reality properties of the irrep. “Non Conformal” indicates the
sub-range for which the model is likely outside of the conformal region: a “/” indicates that there
are no solutions, i.e. all models are likely conformal. —g, /gy is the ratio of charges of the fermions
under the non anomalous U(1) combination. F, A5, Sy, Ad and Spin denote the fundamental, two-
index antisymmetric, two-index symmetric, adjoint and spinorial irreps respectively. A bar denotes
the conjugate irrep.

dimensions, thus it breaks the conformal invariance when its coefficient becomes relevant.
We will however rely on the former scenario.

We would like to end this section by commenting on the possible symmetry breaking
patterns for these theories. First of all, all models in table 1 are “vector-like” in the sense
that a gauge invariant mass term can be added for every fermion. This implies, by the Vafa-
Witten argument [38], that the HC group remains unbroken and thus a (¢x) condensate
never forms.

As far as the condensation of each separate pair () and (xx) goes, there is also
the logical possibility of the presence of massless composite fermions in the IR matching
the 't Hooft anomaly [39] of the chiral global symmetry and thus preempting the need for



Electro-weak coset SU(2)r x U(1)y
SU(5)/S0(5) 311 +30+ 242110
SU(4)/Sp(4) 2410+ 1

SU(4) x SU4)'/SU@)p | 80+ 211/2 + 2412 + 1a1 + 1o + 1o
Color coset SUB3). x U(1)y
SU(6)/50(6) 80 + 6(_2/3 or 4/3) + 6(2/3 or —4/3)
SU(6)/Sp(6) 80+ 39/3 +3_9/3

SU(3) x SU(3)'/SU(3)p 8

Table 2. The SM quantum numbers of the pNGBs appearing in the models of table 1 in addition
to the ubiquitous a and 7’. The Electro-weak coset arises from the condensation of 1) while the
Color one from y. The sextets can have two possible charge assignments depending on whether the
top-partners are realized as “x¥x” or “Yxy”.

symmetry breaking. This possibility has been suggested as the reason behind the lightness
of top partners in [40, 41]. By invoking the persistent mass condition, however, we find
this last scenario unlikely. In all the models classified as non-conformal in table 1, the only
possible hypercolor invariant fermionic bound states composed of at most three elementary
fields must contain at least one ¥ and one x fermion. Giving a common mass to one type
of fermions (e.g. ) renders all the fermionic bound states massive. However, the other
type of fermion (e.g. x) is still massless and with non vanishing ‘t Hooft anomaly. Since
such an anomaly cannot be canceled by the composite states, the corresponding symmetry
must be spontaneously broken. Reversing the role of the fermions we reach the same
conclusion for the other coset. We point out that this argument is not rigorous. Its main
weaknesses are the possible existence of phase transitions [42], invalidating the massless
limit, as well as the fact that we are ignoring bound states composed by five or more
fundamental fermions, which can sometimes be formed using only one fermion species. We
find it however sufficiently convincing to assume that both condensates form, a necessary
condition for the existence of the pNGBs considered in this work.

3 Properties of the U(1) singlets and the octet

3.1 Chiral Lagrangian

In this section we discuss in detail how an effective Lagrangian formalism can be used to
describe the properties of the singlets associated to the global U(1)’s. A chiral perturbation
theory for the class of models of interest has been recently presented in ref. [8], including
the singlet — referred as a in our work — associated with the non-anomalous U(1). Here,
we want to be more general and keep both states a and 7’ in the low energy Lagrangian,
as the mass generated for the anomalous current may be not very large.

As the model contains two fermion condensates, the chiral Lagrangian can be described
in terms of two copies of the pNGB matrix X, and two singlets ®,, where r = 1, x.
The ¥,’s contain the pNGBs from the non-abelian cosets, while ®,’s contain the singlets.



Furthermore, we want to choose the normalization of the decay constants f,.’s in such a
way that the mass of the W (and Z) bosons can be written as

myy = gfw sin @, (3.1)

where 6 is an angle describing the misalignment of the vacuum [1] (thus, sin § = 1 represents
the “Technicolor” limit of the theory, where fy, = vem = 246 GeV). In this way, we can
define the ratio

2
_ YUsm
€=

1

as a measure of the fine tuning needed in the alignment of the vacuum. The presence

= sin? 6 (3.2)

of the parameter € characterizes the main advantage of models of this type compared to
earlier Technicolor models. The S-parameter has an additional suppression by a factor e
circumventing KW precision tests albeit at the price of some fine-tuning.

This notation has the additional advantage that the Higgs couplings to the vector
bosons are the same for all cosets and are, in fact, the same as those of the minimal
coset SO(5)/SO(4) (for which EW precision tests and Higgs couplings generically require
e < 0.1 [10, 11], or equivalently fy; = 800GeV). However, this forces us to normalize the
chiral lagrangian differently depending on the nature of the v irrep. To allow us to write
a common expression for all cases, we introduce the quantity

V2 for 1) real,
. — (3.3)
1 elsewhere ;
in terms of which
Er _ e’iQ\/ECSWng/f"' . ZO’T 7 q)T — e’iCSGﬂ'/ler , (34)

where T are the non-abelian generators in the fundamental irrep normalized so that
Tr[T2TP] = §%°/2, f. and f,, are the decay constants for the non abelian pions and the
singlets respectively. The matrix Y, is the gauge-preserving vacuum.*
Following this convention, the lowest order chiral Lagrangian can be written as:
Lyt =Y LZ Te[(D,2,) (D*S,)] + Ja (9,®,)f (0"®,). (3.5)
gy 8c 22

Notice that we chose the same normalization (driven by the nature of the v irrep) for both
cosets, in order to simplify the notation for the abelian pNGBs later.

A few comments are in order at this stage: for the singlets, the lowest order operator
simply gives a kinetic term which does not depend on f,.. However, the couplings of a, will
always be generated by the couplings of the U(1) currents to the underlying fermions, which

“*In this approach, the EW symmetry breaking arises from the pNGB corresponding to the Brout-Englert-
Higgs doublet developing a vacuum expectation value. This effect can also be seen as a misalignment of
the vacuum with respect to the gauged generators. We chose the former approach for simplicity.



depend on an arbitrary parameter, i.e. the charge @, of the fermions under the global U(1).
This consideration justifies why the decay constants f, and f,, are, in principle, unrelated.
In the following, we fix the decay constants by choosing @, = 1 for » = v, x. A stronger
relation between the decay constants of the singlets and the non-abelian pions in each
sector can only be drawn assuming that both are dominantly made of di-fermion states.
In QCD, this situation is achieved in the large-N. limit [43], following from Zweig’s rule,
where the singlet associated to the anomalous U(1) is also expected to become light. All
mesons can therefore be described by a single meson matrix ®2%, (the ®2 comes from the
fact that the condensate has charge 2). The chiral Lagrangian, then, looks like

Loyt = Z (D, @7%,) (DF&7%,)], (3.6)
r= %x

which is consistent with the above formulation for f, = +/N,.f., N, being the di-
mension of the flavour matrix ¥, (Ny = 4 for SU( )/Sp( ) and SU(4)xSU(4)/SU(4),
Ny = 5 for SU(5)/SO(5), Ny = 6 for SU(6)/Sp(6) and SU(6)/SO(6), and N, = 3 for
SU(3)xSU(3)/SU(3)). In the following, we will be interested in cases like the large-N,
limit of QCD where both singlets can be light, so that we introduce the parameters

_ v I
67" - Nri ) (37)
fa,
which should be equal to 1 in the large- N, limit. Note that corrections to this relation will
be generated by loop corrections in the chiral Lagrangian [44, 45].

Out of the 2 singlets we introduced, only one remains a pNGB because it is associated
to the anomaly-free combination of U(1)’s. If g, and ¢, are the charges associated to
the anomaly-free current, defined in eq. (2.1), the pNGB gauge eigenstates, a and the
anomalous 7/, can be defined as

@y fay 0 + Gy fa, ax i = Gy Jay 0y = Qxfa, Oy
Vagld, + a2, NCE R

For later convenience, we define a single dimensionless parameter describing this basis, i.e.

d:

(3.8)

an angle (:

quaX
qwfa¢

tan( = (3.9)
Note that all physical observables will only depend on ratios of the two charges ¢, . The
values of ¢y /qy for the various models are listed in table 1, always leading to values of
tan ¢ < 0 (for which we define the angle in the rage —7/2 < { < 0 in the rest of the paper).

3.2 Couplings within the strong sector

The couplings of the singlets can only be generated by terms explicitly breaking the global
symmetries. The partial gauging of the non-abelian global symmetries cannot do the job,
as the gauged generators are not charged under the U(1)’s. (For recent lattice results on



the case of charged pNGBs see [46]. Even more recently, a detailed analysis of the reach of
the LHC in the search for the doubly charged pNGB present in the SU(5)/SO(5) models
has been given in [47].) If a mass term for the underlying fermions is added, however,
it necessarily carries the U(1) charge of the specific fermion. Following [8], we add the
fermion masses in the Lagrangian as follows:

2
| I ar i
m_z (PTrXZ]+h.c._Z4c§ [ (25far>ReTr[X2]
r= dax r=1,x
—sin <205 ) ImTr[ X%, ]} . (3.10)
Ja,

The spurions X, are related to the fermion masses linearly

X, =2B,m, r=14,x, (3.11)

where B, is a dimensional constant (that can, in principle, be calculated on the Lattice).
Note that, without loss of generality, m, is a real matrix in the non-abelian flavour space
of the fermion specie . From the above expressions, we can read off the masses of the
singlets and non-abelian pions:

(m2)* = 4B, Tr[T°TS o, m,], m2, = o I <T B, Tr[So,m,] . (3.12)
ar
In the limit where the condensates are aligned with the mass matrices m, = ,uTEg,T,

which corresponds to the EW preserving vacuum and where p, is a common mass for all
underlying fermions, the masses simplify to (all the non abelian pions having the same mass)

2
m2 = 2B,y m2 = 2Nr By, =& m

Tr ar

(3.13)

7rr )
ar

where N, is the dimension of the matrix ¥,. We recover the result that in the large-IN.
limit, the masses of all mesons are equal as &, = 1.

We also note that eq. (3.10) contains linear couplings of the singlets to the non-
abelian pions:

f?
205 fa'r'

which potentially include mass mixing terms between the singlet and the non-abelian pions.

L D — a, ImTr[2, X7, (3.14)

In the limit where both vacuum and mass matrices are aligned with the EW preserving
direction, the expression simplifies to
f? ; LT \/icgmi

; CBaTImTr[eZQﬂC" f?Tf]:WaTZdabcw;‘w‘;wng , (3.15)
ar rJa,

Ly DO —Brpy

abc

where the dots include terms with more fields and d®¢ = 2Tx[T¢{T?,T¢}] is a fully-

TYTT

symmetric tensor. The presence of mixing with or couplings to other non-abelian pions
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depends on the coset. In the EW sector, 3 possible cosets are allowed. For the coset
SU(4)/Sp(4), we found that no mixing and no coupling is possible as the trace Tr[EwXL]
is real. In the SU(4)xSU(4)/SU(4) case, at leading order in v/ fy no mixing is generated
however a coupling to the triplets and to the second doublet is generated, allowing 2-body
decays into these additional pions. This coupling can potentially affect the phenomenol-
ogy of the singlet, if the additional pions are light enough. In the SU(5)/SO(5) case, we
found that a mass mixing with all neutral pseudo-scalar is generated by the Higgs VEV
at leading order. More details on such couplings can be found in the appendix B. Finally,
in the color sector generated by the yx condensate, we found that a coupling to 3 colored
pions is present in the SU(6)/Sp(6) and SU(6)/SO(6) cases.

3.3 Couplings to SM fermions

The link of the strong dynamics to SM fermions is another source of explicit breaking of
the global symmetries that may induce direct couplings of the singlets to fermions [9]. To
generate a mass for the top, the class of models we want to investigate implements partial
compositeness, where the top mass is proportional to two linear mixings of the elementary
fermions to composite states:”

Lix 2yr 4L¥q, +yr Viytr +hec., (3.16)

where ¥ are fermionic composite operators that have the same quantum numbers as

qr/tr
the left—hailded and right-handed tops respectively, and which contain the top partners at
low energy. As such operators are made of 3 fermions, they carry charge under the two
U(1)’s: the couplings of the pions can then be recovered by assigning a charge to the pre-
Yukawas yr,/r that matches the one of the composite operators. Without loss of generality,

each spurion can be associated with a combination of pion matrices
yr — @Oy, (3.17)

and similarly for yr. As miop ~ yrLyr, the singlets decouple from the top quark as long
as the charges of the two pre-Yukawas are opposite [27, 48]. However, this situation can
never be realized in the class of models under consideration. If both pre-Yukawas involve
the same operator in terms of fundamental states, then the charges are the same as the
U(1)’s are axial. The charge assignments depend on the structure of the fermionic bound
states: if the fermion is of type “wix”, then the possible charges of the spurions and of

the top mass are®

Yr(r) — (NL(R)gs L(R)y) = (£2,1), (0,-1)
Y (3.18)
Mtop — (an +nR¢,an+nRX) = (nw,nx) = (:t4, 2), (0,:|:2), (:|:2,0).

5We use Dirac spinors in this subsection.

5The various assignments correspond to the following operators: (2,1) for 1y, (—2,1) for ¥y and
(0,-1) for p1px. Here we only focus on left-handed operators, which can be made of 3 left-handed fermions,
or 2 right-handed and 1 left-handed one.
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For “ibxx”, it suffices to exchange the two charges. We see that in no case the charge of the
top mass can be zero for both singlets. The couplings of the singlets to tops can therefore
be written as

_ _ ] a a _
Liop = mtopqﬁw @;X trtr + h.c. = myop tt +ics <n¢fw + nxfx> Mitop ot + ... (3.19)
aw [e2%

Changing basis to a and 7', the couplings read

mtop

~ fa far \ 2\ =
- ((anq/, + nyqy) @+ <nxq¢f”’ — anxf X) n') t°t,  (3.20)
4o fE, + IR o %

iC5

where we recognize that the couplings of the pNGB a is proportional to the charge under
the non-anomalous U(1). Note, however, that the reasoning above is only valid if the
operators W, and ¥;,, that mix to the top, have definite charges, i.e. they correspond to
a well defined combination of hyperfermions. In general, as different operators transform
in the same way under the global symmetries, mixing among operators is possible.

In this class of composite Higgs models, the matter content of the confining sector
cannot accommodate enough partners to realize partial compositeness for all fermions: the
Yukawa couplings of the light fermions must therefore come from a different operator. A
simple possibility [49] is to introduce couplings of SM bilinears ff with the strong sector:

Az 100, (3.21)

where yy;; ~ my and the flavour scale Ar can be much higher than the condensation scale.
While these operators are generically irrelevant, they can be large enough to reproduce
light quark masses, and suppressed enough to evade flavour bounds [4, 50, 51]. Another
possibility would be that the masses of light fermions are generated at higher scale, possibly
via partial compositeness [52]. The U(1) symmetries can be formally restored promoting
Ypit to be a spurion only charged under U(1),, and this implies a low energy coupling
proportional to

mﬁbi fufr+he.=ms ff+ 2i05;71f
ayp

ap fY°f+ ... (3.22)

This coupling has the same form as the one we derived for the top, but with fixed charges
ny = 2 and n, = 0.

3.4 Masses and mixing of the singlets

The masses for the singlets are generated by the masses of the underlying fermions, m,
and m,, and the instanton related to the anomalous current. Even though couplings to
tops and light fermions exist, they do not lead to corrections to the mass of the singlets.
One way to see this is that all loops of fermions will be proportional to the absolute value of
the spurions in order to write an operator which is gauge invariant. Thus, the dependence
on the singlet pions, which comes in via exponentials, vanishes.
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The mass matrix for the singlets, therefore, can be written from

—Linass = %mgxai + %mzwai + % 2 (cos Cay, — sin Cay)? (3.23)
where Mi is the mass generated by instanton effects, proportional to the topological sus-
ceptibility of the hypercolor group, for the singlet 7' associated with the anomalous com-
bination of U(1)’s. For now, we will consider it as a free parameter, even though the
topological mass is, in principle, calculable once the underlying dynamics is specified.

In the following, we want to entertain the case where the topological mass may be
small, as it happens in large-N. QCD [43, 53]. In fact, in many of the models we consider
the number of colors is large and/or the representation of the underlying fermions is large.
Another physical consideration allows us to simplify the mixing structure: the mass of the
pNGBs in the EW sector, due to the condensation of the 1’s, also contributes to the mass
of the SM-like Higgs boson. Thus, its value is constrained to be small in order to minimize
the fine tuning in the Higgs mass. While the details depend on the specific model, some
general considerations are in order. The mass term can be used to stabilize the Higgs
potential against the contribution of the top loops and obtain a small misalignment in
the vacuum [54, 55]. In such cases, one would expect mg, ~ fy. Alternatively, if the
top partners are light enough, their contribution to the Higgs potential is also enough to
stabilize it and give the correct value of the Higgs mass [56-58]. In this case, therefore,
one would require that the contribution of the fermion mass were small, i.e. mz, < fy.
This situation contrasts with the coset generated by x: here, colored pNGBs are expected
and the strong constraints from searches at the LHC require their masses to be close to
the TeV scale [59]. It is thus natural to expect that my, < mg,." In the following, we will
work under this assumption and, for simplicity, neglect the contribution of m, w.8

We will first diagonalize the mass matrix from eq. (3.23), after setting m,, = 0. We
define the mass eigenstate as

a cosa sina Q)
n —sin o cos « y

1
mi/n, =5 (Mfl + m?lx F \/Mf1 +mg +2M3 m2 cos 2C> . (3.25)

with

The mixing angle can be expressed in terms of the mass eigenvalues and the parameter

¢ as

m??/ +m2 — \/(m%/ —m2)? — 4m727/ m2tan=2

tana =tan( | 1 — (3.26)

2m2,

"The pNGB masses are related to the hyperquark masses my and m, by the usual Gell-Mann Oakes-
Renner relation, see eq. (3.12). The hierarchy Mr, < My, can be obtained by choosing my < m,y.
2 a2 2 2
G.X ax aw b ﬂ.w
in all the formulas in this section, as long as Ma,, < Ma,.

8To restore the dependence on Ma,, it is sufficient to replace m m2 = m2 —m?2 and
2

2 2
mn/ — mn/ - maw
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Note that for mg, < m,y (max < My), then a ~ ¢ and the mass eigenstates coincide with
the pNGB and the anomalous combination, as expected.

The mass matrix depends on 3 independent parameters: 2 masses and the angle . It
is convenient to trade the two masses for the mass eigenvalues which have a more direct
physical meaning. Thus, we can define a “physical basis” thanks to the following relations:

2m2, = md +m2 = \[(m2 —m2)2 — 4m?, m? tan~2(, (3.27)
2M% = —|— m2 + \/ mQ, m2)? — 4m3], m2tan=2 . (3.28)

However, there are constraints on the value of the physical masses. From the positivity of
the argument of the square root in the above formulas, we can derive a lower bound on the
mass difference:

2 cos
% 3 2 1-— cog ¢ mz
From the equation above we can see that the two masses can be equal only in the limiting
cases ( = +m/2 and ( = 0, when the two U(1) pNGBs decouple: in the former, a,
is identified with the non-anomalous U(1), while in the latter it is a,. Note that the

(3.29)

apparent divergence for ¢ = 0 is removed by the fact that m, = 0 in that limit. The value
of the lighter mass is also a monotonically increasing function of M4, thus it reaches the
maximum value for M4 — oo:

0 <m; <mg sin’C. (3.30)

The above constraint has significant physical implications as, for models with low values
of ¢, it implies that the mass of the lightest singlet has to be much lighter than the
condensation scale fy, as mgq, cannot be much larger than f, without spoiling the validity
of the chiral Lagrangian expansion. It is also interesting to notice that the mixing angle «
is bounded between:

tang‘ < |tanal < |tan(]. (3.31)

The lower bound corresponds to the minimal splitting between the two mass eigenvalues,
while o = ( is achieved in the decoupling of 7n’.

As already mentioned the topological mass term is in principle calculable in a given
underlying theory. We can then extract a simple correlation between the mass mixing angle
« and the mass of the lightest singlet m, for fixed topological mass M4

ma

From eq. (3.25) we can extract the allowed range for each mass eigenvalue when mg, < Mg,
i.e. (cosine is taken to be positive)

0<mg < Mj(1—cos¢), Mj<my <M;(1+cos(). (3.33)

For mg, < M4 we get the upper bound in eq. (3.25), while for m, maximal we can saturate
the lower bound. Such an additional constraint can be significant when the topological
mass is not larger than a few TeV.
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3.5 Non-abelian pions: the octet

Among the many non-abelian pions present in these models, there is a common player that
appears necessarily in all cosets: a color octet from the yx condensation. Independently on
the representation of x under the confining HC, the octet mg can be identified as a bound
state of (x1x2), where x1 2 are the fermions transforming like a QCD color triplet and anti-
triplet respectively. Due to its ubiquitous presence, and the fairly large production cross
sections one may expect at the LHC, in the following we will consider its phenomenology
and possible connections with the properties of the singlets.

As a first connection, we note that its mass can be expressed in terms of the y-mass as

m2, = mfrx + C'g fx g—m2 +C fx , (3.34)
where the second term comes from loop corrections from QCD, and C; > 0 is an unknown
order one number (the loop contribution is cut off at a scale A ~ 4 f,). This provides
a link between the mass of the octet and the masses in the singlet sector: in fact, mg, is
related to the singlet masses by eq. (3.27). We also recall that &, ~ 1, as expected in the
large Ne-limit in QCD. In the limit of m, < m,y, where the lighter singlet reaches its
maximal mass mg ~ mq, sin ¢, we obtain

2

m; 3 5
; g I3 (3.35)

Mg ™ fX812C+ 94

The relation above shows that typically we would expect the octet to be heavier than the
light singlet pNGB, even if the color corrections were small.

The octet has also the possibility to couple to tops: like in the case of singlets, the
presence or not of this coupling depends on the representation of the composite top partners
under the global symmetries. As the octet pNGB is associated to the bound state (xx),
which is also charged under the U(1),, it is straightforward to find a correlation between the
effective charges of the top mass and the presence of a coupling with the octet. If the top
mass has a effective charge £2 under U(1),, as indicated in the previous section, then the
effective operator generating the mass of the top needs to be “dressed” by the appropriate
pNGB matrix @iZX. If the charge is +4, then two matrices are needed: this can also be
understood in terms of indices of the global symmetry that cannot be contracted in an
invariant way (but need the breaking generated by the consensate). On the other hand, if
the charge is zero, then it is not needed to couple X, to the top mass term, and a coupling
to the octet is not necessarily present. One can thus find a nice correlation between the
charges determining the coupling of the singlets to the tops, and the presence of an octet
coupling. If present, the coupling will have the form:

mtr ()™ ?*tg + h.c. Nmttt—i—z—%ﬁ TS YA . (3.36)

N

where A\* are the Gell-Mann matrices, and we have omitted the other pNGB and sin-
glets. For the light quarks, if their masses are generated by 4-fermion interactions then no
couplings to the octet pNGB are generated.
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It should also be remarked that, contrary to the case of the singlet, the presence of top
couplings will also generate corrections to the masses of the octet. Those contributions are
more model dependent, as they crucially depend on the representations of the top partners,
and are typically of the same order as the QCD corrections but expected to be negative:
we refer the reader to [59] for an example.

3.6 Wess-Zumino-Witten terms

The couplings of the singlets to the SM gauge bosons, generated by the WZW term, can
be computed in a similar way as in QCD [44]. Following the normalization adopted in this
work, the couplings can be written as

QA Cf{ ab vaf ga Ab
EWZW D) §C556 Ay ek BAMVAQ,B? (337)
where
6% = 2d,Tr[54S8] for complex reps,
C16% = d,Tr[S*S"], for real/pseudo-real reps, (3.38)

and d, is the dimension of the rep r of HC, and S®? in the trace correspond to the gauged
generators with gauge coupling ay = g% /(4m). The normalization of the gauged generators
depends on the global group the gauge interactions are embedded in, so that their trace is
not the same as for the generators of the flavor group. Specifically, we note that, in the
cases of interest

Tr[S?S%] = 6%, for SU(5) () and SU(6) (x);

1
Tr[S*S?) = 55‘”’, for all other cases.

For completeness and comparison, the WZW term for the non-abelian pions is

Vaaraae Ol e o B 4b
L D c V¢t et A AC 5 3.39
WZW NG 5 1, iz B ( )
where
Cp o™ = d, Te[TE{Sb, S°Y] (3.40)

for complex r, and there is an additional factor of 1/2 for real/pseudo-real representations.

3.6.1 Singlets

The coefficients for the anomalous couplings of the two singlets are summarized in table 3,
where we recall that d, and d, are the dimensions of the representation of the fermions
under HC. These numbers, calculated directly from the WZW term, have a simple physical
interpretation. In the EW sector described by ¢, up to a factor of 1/2, the Cy (Cp)
coefficients count the number of Weyl spinors transforming as SU(2);, (SU(2)r) doublets:
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r coset 1 C;fv C}é’, coset cy CE

complex SU(4)xSU(4)/SU(4) dy  dy | SU(3)xSU(3)/SU(3) dy 6Y2d,
real SU(5)/SO(5) dy dy SU(6)/SO(6) dy 6Y2d,
pseudo-real SU(4)/Sp(4) dy/2 dy/2 SU(6)/Sp(6) dy 6Y2d,

Table 3. Coefficients of the anomalous couplings of the singlets. dy and d, are the dimensions of
the representation of the fermions under HC and Y, the hypercharge carried by x.

dy in the SU(4)/Sp(4) coset and 2d,, in the other two cases. Furthermore, as the theory is
symmetric under the custodial symmetry, the number of doublets is equal, leading to

ch=0Cf . (3.41)

Similarly, in the y sector, the anomaly of QCD color is equal to half the number of SU(3).
triplets, which is 2d, in all cases. Furthermore,

Cl =6Y2CK. (3.42)

Combining the two relations above, we can see that for both ay and a,, the values of the
anomalous couplings always satisfy the relation:

Cw =Cp —6YCq, (3.43)

which only depends on the model-specific value of the hypercharge Y,. This relation will
also be respected by the coupling of any linear combination of the two singlets, thus also
by the mass eigenstates. As Y, = 2/3 or 1/3, all the models under consideration have

anomalous couplings lying on 2 universal lines

Cw =Cp — gcc, Cw =Cp— %C(;. (3.44)

3.6.2 Color octet

The anomalous coupling of the octet with the gluon field strength G}, and the hypercharge
field strength B,,, can be computed from eq. (3.39), and are

QsCs d Vasaycs b A b
£5 00 () gt 5, + Y (33, 0) oGl B (1
4\/§7fo ( 5 ] v pX 4\/§7fo XX 8 uvZpA ( )

dobe = %Tr[)\a{)\b,)\c}] and Y, is the hypercharge assigned to the x fermions, in

where
agreement with [60]. The second term, coupling the color octet to a gluon and hypercharge
gauge boson, will thus induce an effective coupling with a photon and one with a Z boson.

Neglecting the mass of the Z boson and using the color factors (1/8) ", .(d%¢)? = 5/3
and (1/8)>°,,(0%)? = 1, we find the following relations between partial widths in the
3 channels

15 ,

T Lyy:Tyz = §§as : 4Yx2asa : 4YX2a5a tan? Ow,

99 *
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BR(7ms—g7) BR(ms—9Z)
BR(m8—g9) BR(ms—g9)

Y,=1/3 0.048 0.014
Y, =2/3 0.19 0.058

Table 4. Values of ratios of BRs in di-bosons for the pseudo-scalar octet for a mass of 1 TeV. The
mass fixes the dependence due to the running of the strong gauge coupling, as(1TeV) = 0.0881
used for this evaluation.

with the additional factor of 1/2 in I'y, being due to the indistinguishability of the gluons.
This means that the ratios of branching ratios in di-boson final states only depend on the
hypercharge assigned to the x’s, which has two possible assignments (see table 1). The
numerical values are thus reported in table 4, where the coupling constants are evaluated
at a mass scale of 1 TeV. We see that while the decay to a Z boson is always suppressed
by a tan? @y factor, the decay into a photon can be sizeable, especially for Y, =2/3, and
will lead to interesting phenomenology [61].

3.6.3 Top loop effects

Due to the presence of couplings to fermions, loops of tops contribute to the decays of both
the singlets and octet to gauge bosons via triangle loops. The numerical impact of top
loops compared to the WZW interactions crucially depends on the ratio of the couplings,
but also on the mass of the pseudo-scalar. In fact, in the limit of large mass, the top loop
amplitudes are suppressed by two powers of the top mass over the pseudo-scalar mass: one
coming from the coupling itself and the other from a chirality flip of the fermionic line
in the loop. Thus, we can expect the loop to become subleading for large masses. The
complete results for the top loop amplitudes are reported in appendix C.

Another important observation is that top loops are phenomenologically relevant only
for large couplings to the top, in which case one would also expect that the decay rate is
dominantly into tops. In such a case, the WZW couplings, with top loop corrections, are
only important for the production cross section via gluon fusion. To illustrate this fact, we
focus on the octet. The correction to the amplitude for gluon fusion production from the
top loops from eq. (C.1) gives:

2 m? m2
A(gg — 7T8) = Awzw <1 + @miz;f ( m;)) , (346)

where the function f(x) is defined in eq. (C.5). This correction can be compared to the
ratio of partial width in tops and gluons (not including top loops):
D(rg —tt) 19272 m} m?

= 1—-4——. 3.47
Twzw(ms — gg)  5aZd: m2, m2, (347)

Already from the numerical factors involved one can see that the partial width into tops
dominates over the one into gluons well before the top loop corrections become relevant.
The same conclusion can be obtained for the singlet, unless the WZW amplitude is small:
in this case, however, that particular channel is not relevant for the phenomenology.
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Figure 1. Production cross section of a pseudo-scalar my with coupling kq/fr =1 TeV ™! from
gluon fusion as a function of its mass M, at the LHC.

4 Phenomenology

We now turn our attention to characterizing the LHC phenomenology of the singlets a
and 7’ (that we collectively denote as 7y in this section) and of the color octet wg. The
experimental results coming from post ICHEP2016 data will be used to derive general
constraints on the production cross sections that can be later applied to any of the specific
models.

Our goal in this section is to be as model independent as possible. We thus introduce
a common notation for the couplings of the various pseudo-scalars to vector bosons, with
coefficients denoted by kg, kKw, kB, and to tops, with coefficient C; and perform the
analysis with this notation. In section 5 we show how to relate these coefficients with the
model-specific ones computed in section 3 and obtain model-specific bounds.

4.1 Phenomenology of the singlet pseudo-scalars

As we discussed in the previous section, the singlet pseudo-scalars couple to a pair of SM
gauge bosons via the WZW anomaly terms, and to a pair of top quarks. The generic
effective Lagrangian for a SM neutral pseudo-scalar my can be written as

1 ., m -
ﬁﬂo = 5 (8“7T0(9M7T0 — Mgoﬂ'g) +1 CtTt 0 t’}/5t
4.1
Qs Ky KYpo (xa  xa 92 Kw ;u/pO'Wi Wz 9/2 kB wpeop B ( )
+877TE o | € % pg+g7?g€ v pa+??g€ uvpo )
s s

which is characterized by five parameters: the mass My, the dimension-full coupling 4/ fx
(coefficient of the anomalous coupling to gluons) that controls the production cross section,
and the three ratios C;/kq, kp/kgy and Ky /kg which dictate the branching ratios.

In the following, we will neglect the effect of top loops to the branching ratios into a pair
of gauge bosons: the main rationale behind this is that, once such effects are sizeable, the
decay is dominated by the ¢t final state, so that searches in di-boson final states become
irrelevant. Thus, in this large top coupling limit, the only phenomenologically relevant
effect will be on the gluon fusion production. As shown in appendix C, the effect on gluon
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fusion can be encoded in a My,-dependent shift of the x4 coupling. Thus, our analysis can
be extended in a straightforward way.

The dominant production channel for 7 is gluon fusion.” In figure 1 we show the pro-
duction cross sections from gluon fusion as a function of My, at the LHC with 8 and 13 TeV,
calculated at leading order (without K-factor) using MADGRAPH 5 [62] and cross-checked
against CALCHEP [63]. In our analysis we have used the NNPDF23LO (as_0130_ged)
PDF set [64] and the QCD scale naturally chosen to be the mass of the resonance. We
would like to note that although we evaluate cross sections at LLO, one can re-scale them
to known higher order corrections, which, for example for CP-Even Higgs boson produc-
tion, are determined up to N3LO in QCD (see e.g. [65] for review and references there
in). Since in our signal simulation we do not include correction factors for higher order
QCD corrections, the estimate of the LHC potential to probe the theories under study
is conservative.

In figure 1, the coupling to gluons is fixed to K,/ fr = 1TeV~!, and the production
cross section scales like (kg/ fr)?.

The singlet pseudo-scalars decay to either di-boson via the WZW interactions or to tt.
The partial widths are related to the parameters in the Lagrangian in eq. (4.1) as [30]

042/€2M3
T(mo = 99) = —g 573 f;“’ : (4.2)
2,2 23 2\ 35
T(mo— WW) = —— W lm (1 _ 4w )" (4.3)
3273 f2 sin”* Oy M2,
2 .4 4 2703 3
P(ny — 77) = 2008 Ow (kw & kptant Ow) Moy () mf \? (4.4)
6473 £2 sin* Oy VES ’ '
2
Tmo = Z7) = aocos? Oy (KW — Kkp tan? HW) MSFO | m2Z 3 (4.5)
0= 3273 f2 5in2 Gy M2 ) ‘
a? (kw + KJB)Q M3
™
302M 2 2\ 1/2
D(mo — tf) = %% (1 - 4}\”}5) : (4.7)
T 0

where 0y is the Weinberg angle. Decays into other SM fermions are negligible, since they
are suppressed by the fermion masses. As the couplings are typically small, we expect the
total width to be always small. To give a numerical estimate, the partial widths in gluons
and tops (that are typically dominant) evaluate to:

1TeVN\? [/ M. \° 1 TeV\2 [/ M
r ~ 0.04 0 I'(tt) ~ 0.4 o).
(99) ~ 0.04 GeV (fw/;-@g> (1 TeV) L) ~ 04 GeV (fw/Ct) <1 TeV>

(4.8)
It is instructive to split the decay modes into the final state t¢ and into di-boson final

states. Furthermore, we will use ratios of branching ratios, which depend only on few of

9The only other production channels are vector boson fusion and associated production with gauge
bosons or tops. However they are always subdominant.
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the couplings, to characterize the decay pattern of the singlets. As a starter, the ratio

BE,, = L=t _ (o G mi | g v (4.9)
/99 = T(xy = gg)  \ 372 K2 M2 M2, '

only depends on the ratio Cy/k4, and on the mass My,: this is mainly due to the fact
that the partial width in ¢t scales linearly with the scalar mass versus the cubic power
in di-boson partial widths. Therefore, the relevance of the top final states decreases for
increasing my mass. We also define di-boson ratios

T(mo — XY)
I'(mp — bosons)

BFXY/bosons =

, with XY =g9g WW,ZZ, Z~,vy.  (4.10)

These ratios depend on the coupling ratios kp/kg and Ky /K4, while the dependence on
the mass is weak and only entering through kinematic phase space due to the non-zero
masses of the W and Z bosons and the logarithmic running of the couplings (in particular,
the QCD one). We will thus use the ratios defined above to characterize the decay rates
in a model-independent way.

For illustration and later use, in figure 2 (a)-(e) we show the ratios BFxy /posons i
the ky /kg vs. kp/ky plane, while figure 2 (f) shows the branching fraction BFy /., as a
function of My,. The first plots, (a)—(e), depend on My, via the running of o (the weak
couplings are fixed to their values at the Z pole for simplicity, as their running up to the
TeV scale is mild), thus the plots refer to a mass M,, = 1TeV. The mass dependence
can be disentangled by absorbing the running coupling in the definition of kg4, so that the
ratios at a different mass can be obtained by rescaling

Kw/B Kw/B (as(l TeV)>
—
O‘S(Mﬂo)

P P (4.11)
figures 2 show that the gg channel dominates the di-boson branching fractions, followed
by WW which becomes increasingly important for increasing rw/kg. The (smaller)
branching fractions of ZZ, Zv, and v increase along the directions |ky + xp tan* Oy,
|kw — kptan? Oy |, and |kp + kw|. The magnitude of the branching fraction into tops is
mainly controlled by Ci/k4. As the ¢t partial width scales with My, while all di-boson
partial widths scale with M3

ro» the branching fraction into tt is reduced at high masses

My, > 2m; and kinematically suppressed near the threshold My, = 2my.

4.1.1 Experimental bounds from di-boson and ¢t resonance searches

Both ATLAS and CMS presented numerous searches for di-jet, WW, ZZ, Z~, and di-
photon resonances in the high mass region. The list of searches we include into our study
is summarized in table 5. Where possible, we directly use the bounds on the production
cross section times branching ratio (o X BR) into the respective channel given by ATLAS
and CMS. In several studies (in particular for di-jet searches and partially for Z~v and ~~
searches), some results were presented in terms of fiducial cross sections or in terms of cross
section times acceptance. In appendix A, we summarize the assumptions made in order to
extract the bounds from ATLAS and CMS studies for the model discussed in this article.
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Figure 2. Ratios of the my decay channels. In (a)-(e) we show BFxy/posons in the kw /rg vs.
Kkp/kg plane, evaluated at M, = 1TeV (the mass-dependence mainly enters through the running
of ag). In (f), BFy 44 is plotted as a function of My, for Cy/ky = 0.1 (BFy; /44 scales like (Ct//sg)Q).

8 TeV 13 TeV
channel ATLAS CMS ATLAS CMS
qg [66] [67, 68] [69, 70] [71]
Y [72] [73] [74] [73]
ww [75-T77] [78, 79] [80-82] [83—85]
YA [77, 86, 87] | [78, 79] | [82, 88-90] | [83, 91, 92]
Z~y (93, 94] [95] [96, 97]
tt [98] [99] [100] [101]

Table 5. List of di-boson and tt searches included in our analysis. For a more detailed discussion

see appendix A.
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Figure 3. Bounds on the di-boson and #t channels from 13 TeV searches and 8 TeV searches on
the 13 TeV production cross section times branching ratio. 8 TeV bounds have been rescaled by the
ratio of 13 TeV / 8 TeV production cross section for gluon fusion in order to allow direct comparison.
For the di-photon channel, we show the combined results from 13 and 8 TeV determined by CMS
as well as the (still separate) 8 and 13 TeV search results by ATLAS.

We aim at presenting collective bounds for the different di-boson and tf final states
from pNGB decays. For searches in a given channel at /s = 13 TeV, we do not perform a
combination of the ATLAS and CMS searches but simply use the strongest bound obtained
for a given My ,. To include Run I bounds, we analogously take the strongest bound at
M, in each channel, and rescale the cross section by a factor o(gg9 — m0)13/0(99 — m0)s-
The resulting constraints on the o x BR at 13 TeV for the g9, WW, ZZ, Z~, v, and tt
channels are shown in figure 3.'°

0For the di-photon channel, CMS performed a combination of the 8 TeV and 13 TeV bounds, so for this
channel we give the ATLAS bounds from 13 and 8 TeV data and the combined bound from CMS.
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4.1.2 Model-independent bounds on the singlet pseudo-scalar parameter
space

The experimental constraints shown in figure 3 translate into bounds for the still allowed
production cross section as a function of (Mr,, kw/kg, kB/Kg, Ct/kg) via the branching
fractions following from eqs. (4.2)—(4.7), as exemplified in figure 2. Using figure 1, the bound
on the production cross section translates into a bound on the coupling to gluons x4/ fr.

To simplify the impact of the multi-dimensional parameter space, it is useful to split
the final states into two categories: di-boson and tops (tt). The advantage is that the ratios
between di-boson modes only depend on two ratios of couplings (and very mildly on the
mass), while the rate of ¢¢ final states can be expressed in terms of C;/k4. We thus define
the following strategy apt to explore, in a way which is as model independent as possible,
the parameter space of this class of models:

- define the cross section in a specific di-boson final state as:

o X BR(W() — XY) = (U X BRbosons) X BFXY/bosons; (412)

- from the above, one can extract a bound on ¢ X BRposons as a function of the mass
and the two ratios of couplings kK /kg and kp/kg;

- for each value of Cy/ky, the function BFy; ., can be used to calculate the cross section
in tt final state, as

o X BR(W() — tt_) = (0’ X BRbosons) X BFgg/bosons X BFtt/ggv (413)

matching the di-boson bound, which can be directly compared to the bound from ¢t
searches as shown in figure 3.

The latter step allows to determine whether the strongest bound comes from di-boson
searches, or from tt. Note, however, that this approach is only valid in the narrow width
approximation, which is always true in this class of models where the couplings are small,
as suppressed by a loop factor in the case of WZW interactions, or a ration my/ fr for top
couplings, as shown in eq. (4.8).

To map out the model parameter space, let us first consider bounds for fixed mass Mpy,.
In figure 4 we show the bounds on 013 X BRposons in the Ky /kg vs. kp/kg plane for various
resonance masses. The colored regions tag the decay channel that, with current data, yields
the strongest bound at a given parameter point. At kw/kg = KB/kg = 0, the branching
ratios in all di-boson channels, apart from gg, are zero, thus strongest bound around the
origin arises from the gg channel (in orange). For increasing |kpw/kg|, the bound on
013 X BRposons initially becomes marginally weaker because of a depletion in the leading
gg channel. For further increased |kp v /kg4|, channels other than gg become the most
constraining ones, at which point the bound becomes stronger again, being dominated by
EW boson final states. We see that along the direction kg ~ Ky, it is 7y that dominates the
constraints (in blue), while along the orthogonal direction, where the coupling to photons
partially cancels, the WW (green) and/or Z~v (yellow) channels take over the lead.
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Figure 4. Combined bounds on the production cross section at 13 TeV times branching ratio
into di-bosons (013 X BRhosons [Pb]) in the Ky /Ky vs. kp/kg plane for My, = 500, 1000, 1500,
2000 GeV. The contours give the bounds in pb. The colored areas indicate the decay channel that,
with current data, yields the strongest constraint: gg (orange), WW (green), Zv (yellow), or ~vy
(blue). The two grey diagonals indicate the lines on which the SM singlets a and 7’ of the models
discussed in section 2 lie.

Figure 4 quantifies the bounds for any model described by the effective Langrangian in
eq.(4.1). As outlined in section 2, the models considered in this article predict SM singlets
a and 7’ for which

kw = kp — 6Y kg with Y, =1/3 or 2/3 (4.14)

depending on the hypercharge of x: the two grey diagonal lines in figure 4 mark these
model lines for reference.

As becomes clear from figure 4, all di-boson channels (apart from ZZ) yield the domi-
nant constraint in some portion of the parameter space. Figure 4 only indicates the channel
setting the bound, but through figure 2, or equivalently eqs. (4.2)—(4.6), and the experi-
mental bounds shown in figure 3, the relevance of each decay channel at a given parameter
point My, kB/kg, kw/kg can easily be obtained.

As an example of how to use these results in application to a specific model, let us
consider the point (’Z—’;, %) = (2.1,-0.55) at My, = 1TeV.!! From figure 4 (top right),

the constraint on o013 X BRposons reads as 0.3 pb. Multiplying 0.3 pb by BF;‘(Y/bosons =

1This sample point corresponds to the pseudo-scalar a in model M9 from table 3, in the decoupling limit
of the  mass.
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Figure 5. Bounds on 013 X BRpesons (in pb) in the mass vs. KB/HQ plane. We present the results
for two particular lines in the kp/k4 vs. Kp/Ky parameter plane. The relation Ky = kg — %Kg (left
plot) is realized for ¢ and 7’ of all models with Y, = 1/3 discussed in section 2, while the relation
Kw = kB — Skg (right plot) is realized for a and ' of all models with Yy = 2/3. The colored areas
indicate the decay channel which with current data yields the strongest constraint: gg (orange),
WW (green), Zv (yellow), or 4 (blue). The strongly varying bounds in the area below ~ 1TeV
are a direct consequence of the strong variation with mass of the experimental constraints (mainly
the di-photon) as evident in figure 3.

(98%, 1%, 0.14%, 0.9%) for XY = (99, WW, ZZ, Z~) (extracted from figure 2) one obtains
a signal cross sections of (290 fb, 3 fb,0.4 fb,2.7 fb) for the respective final states. These
values are a factor of (6, 6.5, 50, 3.5) respectively lower than the cross section bound for
My, = 1TeV in figure 3, showing how close each bound is to the limit. Following this
universal recipe different models from table 3 with different mass values can be easily
tested using the information from figures 2—4.

As outlined in section 2, the models considered in this article predict SM singlets a
and 7’ whose couplings lie on two lines depending on the hypercharge of the x’s (shown by
the grey diagonals in figure 4). In order to present bounds for different resonance masses
than the ones given in figure 4, we give results along the above lines. The bound on
013 X BRposons as a function of My, and kp/k4 is shown in figure 5, with the same color
code as above.

In addition to the di-boson bounds presented in figures 4 and 5, ¢t resonant searches
provide a further constraint, that depends on the precise value of the ratio of couplings
Ci/kg: we present here a simple way to extract the bound on the cross section. The ¢t
constraint dominates over the di-boson bounds if

(013 X BRt{) < (0'13 X BRbosons) X BFgg/bosons X BFtt/ggv (4.15)

exp max

where (013 X BRtf)exp
be extracted from figures 4 and 5. The values of BF; posons and BFy g, are shown in

is shown in figure 3 (f) and the value of (013 X BRhosons)pax CL
figure 2, and BFj,, is the only quantity that depends on Ci /kg (scaling quadratically
with it). Thus, given a set of values of the couplings, one can easily extract the dominant
bound. To quantify the relevance of top decays, following eq. (4.15) we determined the
minimum value of Cy/k, as a function of kp/k, and kw /kg, Mz, above which the decay
into tops yields the strongest constraint. The results are shown in figure 6 for a set of
sample masses (4 plots on the top), and projected along the two model lines (two plots

— 96 —



Kw/Kg

KB/Kg Kp/Kg

27 2 B & 025 [Jo2s
< s
X 07 Do 25 1 \: 0 05
$ &

1

—27 1 -2 : :
1. 5] . 15
—4f MM -4 VWU\/\ W
. . . ) .n‘ﬂﬂ f | N . . . )

500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
My, My,

0

Figure 6. Values of Cy/k, at which t¢ searches start to yield strongest constraint on the production
cross section in pb. The top four figures show the results in the xyw /K, vs. kp/kg plane for the
same masses M, as in figure 4. The two figures on the bottom show the results in the kp/kq vs.
M, plane, along the same two lines in the Ky /Ky vs. kp/ky parameter plane as in figure 5.

on the bottom). The plot shows that in the regions where final states with EW bosons
dominate the bound, the ¢t final state overcomes the constraint for large values of the top
couplings with C; ~ k4. On the other hand, in the central region where gg drives the
bound, much smaller values of the top coupling are enough to drive the constraint.

4.2 Phenomenology of the color octet

The color octet 7g, which is present in all models discussed in section 2, can be described
by the effective Lagrangian

1 1 . my _ A\l
Eﬂ'g = §(D;L7Tg)2 — imig(ﬂg)Q +1 Ctgiﬂ'g t’yg;?t
8
Qskigs elwpo ldabc Gt ¢ g KBs Ga 4.16
87Tf7r8 2 " pa 9skg8 ' ( . )
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Figure 7. Production cross sections of the color octet pNGB as a function of M, at 8 and 13 TeV
LHC. Left: pair-production via QCD interactions. Right: single-production (through gluon fusion)
for kgs/frs = 1 TeV L. Single production scales with (kgs/ frg)?.

where the covariant derivative contains QCD interactions with gluons. In the models
discussed in this article (fry = fy), matching with eq.s (3.45) and (3.36), the coefficients
are equal to

Rg8 = C5\/§dx y KBs — C52\/§dXYX, Ctg = C5’I?,X\/§. (4.17)

The octet g is produced at the LHC in pairs via QCD interactions or singly via gluon
fusion.'? The production cross section at the LHC for 8 and 13 TeV are shown in figure 7.
Like for the singlet, we calculated the cross section at leading order (without K-factor)
using MADGRAPH 5 and cross-checked against CALCHEP both with the NNPDF23LO
(as_0130_qged) PDF set, and the QCD scale set to the mass of the resonance.

The partial widths of 7g from the Lagrangian (4.16) are given by:

50‘3“38]\/@8

3

aasﬁBSM
I, = —22_"% 4.19
7 12873 f2 7 (4.19)

3
aa tan? Oy K,BSM3 mQZ
'z = - —Z 4.20
97 12873 f2, M2 ) (4.20)
1/2
T, = CisMry mi (1 —4 m2 ) / . (4.21)
167 f,r8 M?2

Like for the singlets, the total width is always small, as numerically shown for the di-gluon
partial width below:

1TeV \?/ M. \*
s ~ 2 MeV s . 4.22
(99) ¢ (fm/f-egs> <1 TeV> (4.22)

12Gingle production through gluon-photon fusion would require very large hypercharge of the constituent

fermions, so we neglect it, here. Single production from ¢ fusion is also suppressed by the need of creating
top pairs from gluon splittings as well as by the additional (m;/frs)? suppression from (4.16).
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In all the models under study in this paper, the ratio of the two WZW couplings only
depends on the hypercharge Y, that can take two values Y, = 1/3 or 2/3, depending
on the model. Instead of a complete model independent analysis, we will impose this
constraint that fixes the ratios of decay rate in the bosons. In analogy with the singlets,
we can thus define

3
Br(mg = vg) 24a_o 9 m?%
8 = — Usss _ ] _
BE 100 = Brims > gg) — 5o %" DBFazse =t 0w BEZ,, (1 M) (4.23)

Besides a mild mass dependence, the rate into a Z is suppressed by the Weinberg angle:
numerical values of these ratios are reported in table 4. The decay in tops, however,
strongly depends on the ratio Cig/kgg which is very dependent on the details of the model,
and on the mass of the octet:

BF?
M2,

_ Br(ms — t) _ 48n* Cf mj 1—4 mi ) * (4.24)
tt/gg — Br(ns — g9) B 5a2 ’4552;8 M7%8 |

In the following we will treat the ratio Cig/kgs as a free parameter. For the models in
section 3, this ratio is always smaller than 1 and it vanishes when the couplings to tops
is absent.

4.2.1 Searches and bounds for pair-produced color octets

Spin zero color octets have already received some attention in the literature [102-104], as
they arise in other models like sgluons in extended supersymmetry [105, 106], and they
are copiously produced at hadronic colliders. Their decays lead, in general, to several
final states due to the four allowed decay modes: tt, gg, gy and gZ. However, most of
these final states are not explicitly searched for in the ATLAS and CMS exotics searches,
with two exceptions. The search for pair produced resonances with each one decaying into
two jets done by CMS with 8 TeV data [107] and ATLAS with 13 TeV data [108] can be
straightforwardly reinterpreted to cover the (gg)(gg) final state.!> Analogously, ATLAS
has searches for scalar color octets producing a 4-top final state in the 8 TeV data, both in
the same-sign di-lepton channel [109] and in the lepton-plus-jets final state [110].14

A direct comparison of cross sections can be seen in figure 8 where we show the pair
production cross sections at 8 and 13 TeV, together with the bounds on the cross section
times branching ratios in the two covered final states, (o x BR(49g))exp and (o x BR(4t))exp
respectively. The bound on the 4-top final state can be directly compared to the production
cross section for large Cys/kgs, for which the BR in ¢t is nearly 100%, excluding masses
below 880 GeV. On the other hand, in the absence of top couplings, the bound on 4-jet

13For the 8 TeV search, CMS presents bounds for an inclusive search for R-parity violating decays of pair
produced squarks as well as for a coloron (a scalar octet) search. We use the latter, which yields weaker
bounds, such that the exclusions quoted here are conservative. We remark that the 13 TeV search [108]
yields stronger bounds than both searches at 8 TeV.

1A first search with the 13 TeV data has been published [111], however not presenting the case of the
color octet. Thus, we cannot use directly these results.
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Figure 8. Color octet pair production cross section (from ref. [59]) and the current bounds on
o x BR(pp — tttt) [109, 110] and o x BR(pp — 4j) [107] for /s = 8 TeV (left) and ¢ x BR(pp —
47) [108] for 4/s = 13 TeV (right).

depends on the BR which depends on YX:15
BRy, (Y, =2/3) = 75%, BRyy(Yy, =1/3) = 94%. (4.25)

A recast of the pair production bounds as a function of Cig/kgg is shown in figure 9.
For vanishing top coupling, the lower bound on the mass from the 13 TeV search gives 650
(700) GeV for Y, =2/3 (1/3).

We wish to point out that pair produced color octets have a large number of additional
final states after decay, some of which promise a competitive sensitivity. Possible final states
are all combinations of tt, gg, gy and gZ. The 4g and 4t channels are covered by current
ATLAS and CMS searches which have been used above in order to obtain constraints on
the parameter space. The (gg)(tt) channel can be searched for in a single-lepton search
similar to the 4t search [110], or in a search for two leptonically decaying tops and two
jets (which however suffers from a lower branching ratio of the tops into leptons). Such a
search would yield additional bounds which can be relevant if the octet decay into tt and
gg are comparable.

A very interesting option is to search for (¢gv)(gg), i.e. a di-jet resonance with the same
invariant mass as a photon-jet resonance. As compared to the two di-jet channel (gg)(gg),
the cross section of the (¢v)(gg) channel is only reduced by o(pp — mgms — v999)/0(pp —
msms — 4g) ~ 0.4 (0.1) for Yy = 2/3 (1/3).1° However, the background of the process can
be vastly reduced due to the photon in the final state.

Finally, the decay mg — ¢gZ would also allow to search for, e.g., (9Z;)(gg) or (9Zy)(tt)
with leptonic Z’s. These channels promise very low background, but the signal cross
section is reduced as compared to the (g7v)(gg) and (gv)(tt) states, by a factor of BR(7g —
9Z) x BR(Z — ll)/BR(ws — g7) ~ 0.02.

4.2.2 Searches and bounds for a singly produced color octet

The color octet g can be singly produced via gluon fusion, with cross section at /s = 8 TeV
and 13 TeV shown in figure 7. The possible final states for single-production are tf, gg, and

15\We give branching ratios for a reference mass Mrg = 1TeV, here.
16\We use the branching ratios for an octet mass of 1 TeV given in table 4.
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Figure 9. Bounds on Cig/kgs as a function of My, from 4t and 4 searches. The parameter regions
excluded by 8 and 13 TeV data are also shown, as they do not depend on the overall value of the
couplings.

g7, and gZ. The bounds on the di-jet, and ¢¢ resonances are shown in figure 3 (e) and (f),
and can be reused here as the kinematical differences due to the color of the resonance are
subleading. The contribution of a color octet to ¢t production was also analyzed in [112] in
the similar context of multiscale technicolor. The ¢+ final state offers a clean channel due
to the presence of an energetic photon [61]. While dedicated searches are not available, one
can easily adapt searches for excited quarks by both ATLAS [113, 114] and CMS [115, 116]
where the gluon is replaced by a light quark jet. The bounds from these searches are
summarized in figure 10, where we take the strongest bound from all searches for a given
mass My, expressed in terms of the cross section at /s = 13 TeV. The ¢gZ final state can
be constrained by two published searches: the Zy.qj search by CMS [79] at 8 TeV, and
by mono-jet searches (sensitive to invisible decays of the Z, Zi,yj) by ATLAS [117, 118]
and CMS [118, 119] at both 8 and 13TeV. In ref. [120], a recast of the 8 TeV searches
in di-boson channels for a color octet scalar are presented, showing that, for the Zg/gg
branching ratios in the models considered in this article, the Zg channel yields subleading
bounds as compared to the gg and g channels. We therefore do not include the Zg channel
in our analysis.

To combine the constraints on singly produced color octets, we follow a strategy similar
to the one designed for the singlet pseudo-scalars in section 4.1: the analysis is simpler
because the color octet bosonic ratios BF™® gg and BF;; Jgg M €4 (4.24) are fixed up to
a discrete choice Y, = 1/3 or 2/3. For these two choices, we can directly translate the
bounds on the gy channel (figure 10) and the gg and ¢t channels (figure 3) into bounds
on the mg production cross section as a function of the mass and the model parameters
C'tg/kgs, as shown in figure 11.

5 Implications for composite models

After presenting general results in section 4, we want to look back at the models introduced
in section 2 and study how the present searches can constrain the presence of the singlet
and octet pseudo-scalars, and what are the prospects at the LHC Run 2. Instead of looking
at all models, we will derive general properties before focusing on a few interesting cases.
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Figure 11. Bounds on the production cross section (in pb) in the Cig/kgs vs. My, plane for
Y, =1/3 (left) and Y, = 2/3 (right). The blue region is excluded by octet pair production searches.
The currently strongest bounds arise from the ¢t channel (gray regions), gg channel (orange regions)
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The first step is to connect the general Lagrangians used in the previous section with the
couplings derived in section 3: the two scales fr and fr, that we used to normalize the
couplings are arbitrary, thus allowing us to chose the most convenient normalization.

For the singlets, the most natural choice is to normalize f; = f, for both mass eigen-
states, as this is the scale most directly connected to the EW symmetry breaking and thus
to the fine tuning in the Higgs sector. Furthermore, the couplings will depend on the mixing
angle « that defines the mass eigenbasis. For the lightest singlet a, the couplings to field
strengths in eq. (3.37) are mapped to the model independent parametrization eq. (4.1) by

/fA:05f—w <Cﬁ cosoz—l—fa—wC;i sina> with A=g, W, B. (5.1)
fa¢ fax
Similarly, the coupling to tops is matched by
Cy = C5f—w <n¢ Cos & + My Jay sin oz) , (5.2)
faw fax
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where we recall that n,,/, are the U(1),,/, charges associated to the top mass operator. The
couplings of 1’ are obtained from the same formulas with the replacement o — o + 7/2.
Concerning the octet pseudo-scalar, it is convenient to normalize fry = fy, as this is the
only scale directly connected to it. The couplings to the field strengths in eq. (4.16) have
already been identified in eq. (4.17).

Once a specific model is chosen, the group theory factors are fixed, however the Chiral
Lagrangian contains other unknown parameters: 4 decay constants fy, fa,, fy and fa,,
the singlet mass induced by the anomaly My, 2 explicit fermion masses my and m, (in
the following, as explained in section 3, we will work at m, = 0), and the loop corrections
to the octet mass (from QCD and tops). In addition, we have a discrete choice of ny,
and n, associated to the operator that generates the top partners. However, not all these
parameters are on the same footing:

- the decay constants, the anomaly mass M4 and the loop corrections to the pNGB
masses are dynamical quantities, in the sense that they can be calculated if the
underlying dynamics is solved (on the Lattice, one may potentially compute all the
ratios of these dimensional quantities, so that only a single tuneable scale remains);

- the underlying fermion masses are free parameters, external to the dynamics, and
can assume any value as long as the Chiral expansion does not break down;

- the charges n, and n, are determined by the UV physics generating the partial
compositeness couplings.

While no Lattice data is available, we will reduce the number of unknown parameters by
imposing some reasonable relations between the decay constants:

1. we impose the “large-N.” relation between the decay constants of the singlets and

non-abelian pNGBs: fo, = /Ny fy and fo, = /Ny fy;
2. we fix the ratio of the two remaining decay constants to be equal: f, = fy.

Regarding the second relation, this simple choice is not entirely justified on dynamical
grounds,'” and it is only chosen for its simplicity. The effect of making any other choice
for this ration can be easily inferred by rescaling the couplings of the effective theory.

One could use an argument based on the MAC hypothesis [121] to estimate the ratio
of the scales where the two condensates occur [122]. This argument has been used in [6]
to estimate the ratio in the case of the SU(4) hypercolor theory. A similar estimate for all
models M1 to M12 yields the following ratios

M1 | M2 | M3 | M4 | M5 | M6 | M7 | M8 | M9 | M10 | M11 | M12
fo/fy | 14107507313 |28 |19 058 |038]| 23| 1.7 | 0.52 | 0.38

(5.3)

1"We thank Michele Frigerio for pointing out this argument to us.
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M1l | M2 | M3 | M4 | M5 | M6 | M7 | M8 | M9 | M10 | M11 | M12
—tan¢ [ 091 | 045|091 | 182|182 | 129 032|041 |3.26] 3.26 | 0.82 | 0.38
Mo 0.39 1022|1039 | 0.59 | 0.59 | 0.49 | 0.16 | 0.20 | 0.74 | 0.74 | 0.36 | 0.18

m
77/ max

Table 6. Values of tan{ and of the maximum ration of the light/heavy singlet masses for the 12
models under consideration, assuming f, = f. Note that tan ¢ is proportional to f,/fy.

As this arguments are semi-quantitative at best, we do not use these numbers in the
paper, but only present them to show that it reasonable to expect the ratios to be of order
one. Similar estimates have been performed earlier in the context of multi-scale walking
technicolor [112, 123].

Besides one decay constant fy, setting the scale of condensation, the other 3 mass
parameters can be traded for the 3 mass eigenvalues m,, m,y and my,. The mixing angle
a between the two singlets is then related to the mass eigenvalues (and the value of () by
eq. (3.26).

A first phenomenological observation is that the mass splitting m?,, —m?

~ is constrained

by eq. (3.29) and models with small | tan (| predict a large mass splitting and vice versa.
To better quantify this effect, eq. (3.29) that contains the minimum mass splitting, can
be used to extract the maximal ratio of the two masses (achieved at minimal splitting

with a = (/2):
|1 —cos¢ S
max_”1+COSC_‘tan2’ . (5.4)

Numerical values of tan ¢ and the quantity in the above equation for the 12 models under

Mg

mn/

consideration, and under our ansatz on the decay constants, are reported in table 6. In
models with small tan ¢, like for instance M2, M7, M8 and M12, therefore, the light singlet
tends to be substantially lighter than the second one and the octet. Another consideration
is that the largest m, mass is correlated to the y-mass by m, < my,, sin¢: for the lighter
singlet to be in the TeV range, one would thus need the mass generated by the x to be in
the multi TeV scale, implying that x tends to behave like a heavy flavor — a fundamental
fermion with sizeable mass compared to the condensation scale — and the chiral Lagrangian
description needs to be modified. Those are qualitative arguments, but they tend to point
towards a situation where only one of the two singlets (') may be relevant at the LHC. In
models with large tan (, like M4, M5, M6, M9 and M10, on the other hand, the two mass
eigenvalues can be close to each other, and one can easily have a situation where both lie
in the mass range where the LHC is sensitive.

Another more general consideration involves the value of the coupling to tops, for
both singlets and octet. If such couplings are large, then the most sensitive final state for
their detection at the LHC is in di-top (or 4-tops for pair produced octets), and the LHC
cannot be very sensitive to the di-boson final states. On the other hand, models with small
coupling to tops have a better chance to be detected in the di-boson final states, from
which more information can be extracted.

~ 34—



In the following, instead of studying all the models, we will focus on two sample cases:
they are chosen in such a way that the symmetries at low energy are the same, so that they
can be described by the same low energy effective theory, and they have small couplings
to tops. Nevertheless, they differ in the value of tan (, which substantially affects the
spectra and couplings of the singlets. Complete tables reporting the numerical values of
the couplings for all models can be found in appendix D.

5.1 Two explicit examples

The two models we focus on are M8 and M9 (see table 1), where M8 was first introduced
in [5] and its phenomenology partially studied in [59]. The two models are based on
very different underlying gauge theories, however the global symmetry breaking pattern is
the same,

SU(4) x SU(6) x U(1)
Sp(4) x SO(6)

G/H = (5.5)
so that they can be described, at low energy, by the same chiral effective Lagrangian. To
completely specify the phenomenology, the operators that couple to the top must also be
chosen, in order to fix the charges of the top mass operators under the two global U(1)’s:
we then focus on the 2 cases (ny,ny) = (£2,0) and (0, £2). This choice allows to compare
the case where the octet couples to tops (the latter) versus a situation where such coupling
is absent (the former). Furthermore, we checked that top loops are always small corrections
for masses above 500 GeV in those two cases. For completeness, we would like to specify the
representation under the global symmetries of the chosen top partners in the various cases:
note that the sign of the charge, now, matters while it is irrelevant for the phenomenology.
The transformation properties of the top partner operators, O; and O, associated to the
4 charge choices are summarized in table 7. Note that in both cases, the bound states
contain 2 ¢’s and one y, and that either operator can be associated with the left-handed or
right-handed tops, according to the transformation properties under the EW gauge group.
Interestingly, in all cases the right-handed top can couple to a singlet of Sp(4) and the
left-handed one to a 5-plet.

Once the gauge theory and the top partner operators are specified, the couplings of
the singlets and octet can be calculated: as an example, we provide the numerical values
in table 8, where the couplings of the singlets are provided for a mixing angle o = ¢ (which
corresponds to the decoupling of 7') and o = {/2 (corresponding to the minimal splitting).
We recall that the couplings are normalised to fy for both singlets, and to fy (here set
equal to fy) for the octet. The table clearly shows that the two models give rise to very
different values of the couplings, thus providing an handle apt to distinguish the two if a
signal is detected. Armed with the values of the couplings in the table, one can go back to
the plots of the previous section and reconstruct the best constraint for each mass point.
In the following, we will put together all the constraints, and extract a lower bound on the
decay constant fy,.

We start by discussing the octet in the two models: combining all the searches described
in section 4, one can extract a lower bound on f, as a function of the octet mass. The
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(ny,ny) | O172 | SUM@A)u),,u0), Sp(4)
(2,0) Yipx (6 ¢ 10)21 165®10
Yy | (1 @®15)01 1e5@10
(=2,0) | ¥yx (6)—21 185
Yy | (1@15)01 195910
(0,2) Ypx (6©10)2,1 1510
Py (6)—2,1 135
(0,-2) |¢vx | (1@15)-1 |1®B5610

Table 7. Representations of the top partners corresponding to the four choices of charges studied
in this section. Either operator can be associated to ty, or tg. When only one operator is shown,

both top chiralities are associated to it.

Model Kg e o o (2,0) o (0,2)
M8 | a | —0.77(=0.39) —1.2(-2.5) 1.5(0.17) | —1.2(—2.5)  0.40(0.40)
n 1.9(2.0) 0.20(0.096)  2.9(2.8) | 0.20(0.0.96)  0.40(0.40)
g 7.1 0 1.3 0 0.40
M9 | a | —4.3(-27) —0.55(—2.4) 2.1(0.26) | —0.068(—0.30) 0.18(0.18)
7 1.3(3.6) 5.8(1.3) 8.5(4.0) 0.73(0.16)  0.18(0.18)
g 16. 0 1.3 0 0.18

Table 8. Couplings for the two models discussed in the text in the limit o = ¢ (and in parenthesis

the values for a = (/2).

2000 : 2500 et . .
[ constraint (octet) [ constraint (octet)
15008 Model 8 2000 Model 9
> > 1500 _ il
& 1000 S (7.1, }=(2,0)
= I = 1000 e
500% (=200 N 500 ]
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(g )=(0.2) ] ]
) L ) ' i
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Figure 12. Lower bounds on f, from LHC searches sensitive to the octet, in the case of model M8
(Left) and M9 (Right). The two lines correspond to the two choices of charges (2,0) and (0, 2).

final result is shown in figure 12, Left plot for model M8, and Right plot for model M9.
The first feature we observe is that the constraint is much stronger for M9, due to the
larger coupling to gluons of the octet, as shown in table 8. The two charge assignments
also bear very different features. For (2,0) the coupling to tops vanishes and the bound is
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dominated by the di-boson final states: pair production searches (di-jet pairs — shown by
the vertical line to the left) exclude masses below 640 GeV. For masses above 650 GeV, the
constraint is given by g7 searches, which start at this threshold as shown in figure 10. In
the case (0,2), couplings to tops are present and affect the bounds. First of all, the lower
bound from pair production on the mass is stronger, as coming from 4-top searches (we
observe a lower bound of 880 GeV). At higher masses, the bound from single production
crucially depends on the model. For M8, which has larger couplings to tops w.r.t. the gluon
couplings, the ¢t final state dominates over the whole mass range, providing weak bounds
on fy. On the contrary, for M9, the t¢ final states only dominated up to 1500 GeV, above
which the g final states dominates again: the weaker bound w.r.t. the (2,0) case is due to
a depletion of the signal because of a non-zero BR into tops. On general grounds, we see
that the constraint on the decay constant is always comparable if not stronger than the
typical lower bound f > 800 GeV from EW precision tests. This comparison, however, is
only valid if fy, = fy. While here we consider only the octet, these two models also feature
a charged sextet in the spectrum: its phenomenology has been studied in detail in [59].
The sextet mainly couples to right-handed tops, and it is expected to be slightly lighter
that the octet. It only affects searches for 4-tops, which yield a lower bound on the mass
of the order of 1TeV, thus stronger that the octet one, while the other octet final states
are not affected by the presence of the sextet.

The channels that can give a direct probe of the fine tuning in the EW scale are the
singlets, which can directly feel the value of fy. Also, for singlets, the two models appear
rather different due to the value of tan : in particular, for M8, the lighter singlet is always
expected to be much lighter that the second one, as m, < m,y /5. Furthermore, due to the
large coupling to tops, as shown in table 8, it will dominantly lead to t¢ final states with
a weak bound on f, of the order of 200 GeV for a mass below 1TeV. We thus decided
to focus on the signatures generated by the heavier singlet n’: in the top row of figure 13
we show the results for the two charge assignments, assuming decoupling limit (i.e. a = ¢
and m, < m,y). From the ratio values in table 8 and figure 6 (bottom right), we see
that for (ny,ny,) = (£2,0) the most constraining channel is vy in the entire mass range
500 GeV < m,y < 4000 GeV, while for (ng,ny) = (0,£2), the 4y and the t¢ channels
yield comparable bounds. Closer investigation shows that the current constraint from the
tt channel dominates only in the mass regime 900 GeV < m,y < 1100 GeV. Overall, the
bound on fy is weaker for the (ny,n,) = (0,£2) charge assignment, which has a larger
coupling to tops, because the larger branching ratio into ¢t reduces the dominant vy one.
The plots also show that the bounds tend to be below the EW precision test ones, except
for very light masses.

In the case of model M9, we can study the constraint as a function of the two masses,
as they are allowed to be close. We recall that the mixing angle a depends on the values
of the two masses, thus the couplings are not fixed over the parameter space, making
the interpretation of the results more difficult. The result is shown in the bottom row of
figure 13, where we present the lower bounds on fy as a function of the two masses. Like
for M8, we see that the bound is weakened in the model with larger top couplings, i.e.
(0, £2). Nevertheless, in both cases, the bounds are stronger that the ones expected from
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Figure 13. Lower bound on fy (in GeV) from LHC searches sensitive to singlets. Top row shows
results for model M8, as a function of m, . Bottom row for model M9, as a function of the two
masses mq and m,/. The Left (Right) plots corresponds to charges (+2,0) ((0,£2)). The red
line in the M9 plots delimits the region where the bound is driven by the n’ (below) from the a
one (above).

EW precision tests in a wide portion of the parameter space. The general behavior of the
bound is difficult to read, because it comes from a complicated interplay of many factors.
One general remark is that the mixing angle varies from the value a = /2 near the border
of the inaccessible region, where the lightest singlet couples dominantly to the SU(2) gauge
bosons (W’s), while for heavy 7’ the coupling to the hypercharge becomes dominant. As
an example, we would like to discuss what happens for the (£2,0) case at m, = 1000 GeV.
From the bottom-right plot in figure 6, we see that near the inaccessible boundary, where
kB/kg ~ 0, the bound on a is dominated by the ¢ final state due to the fairly large value
of the top coupling, as |C;/k4| = 0.3. This shows that the strong bounds on f,;, observed in
the plot are driven by the 7, which has large coupling to gluons and large BR. in di-photons
(due to the large kp).

Moving away at larger m,y, a takes over with weaker bounds due to the fact that the
coupling to tt is still large and the region near 1TeV shows a very sensitive island to low
values of it (with C;/ky below 0.1, see figure 6). For increasing values of m,,, the bound
on fy from a gets stronger due to the increase in the value of the coupling to gluons g,
thus explaining the presence of a minimum around m,; —m, ~ 500 GeV. The fact that the
bound at m, = 1TeV is weaker that other mass values around it is due to the fact that the

— 38 —



top coupling remains close to the critical value shown in figure 6. A red line in figure 13
shows the watershed dividing the region where the bound is driven by the 7' (below the
red line) and the one driven by a (above).

A final word is necessary on the arbitrary parameters that we fixed in order to obtain
simple results. While the relation between the f,. and f, (r = v, x) is somewhat justified,
there is no underlying reason why f, = fy. The decay constants in the two sectors can,
in principle, be different. We checked that, varying this ratio, our numerical result do
not change qualitatively but there are O(1) changes in the numerical values of the bound
on fy, due to the change in the couplings. This ambiguity can, however, be fixed if the
models under study is studied on the Lattice: in this case, the ratios between the various
decay constants can be calculated, and a more solid prediction can be obtained for each
model. The plots we present in this section are, therefore, just a numerical example. New
plots following any Lattice input can be easily obtained following the recipe presented in
this paper.

6 Conclusions

We investigated the dynamics of a specific class of Composite Higgs Models with top partial
compositeness, constructed via ordinary four-dimensional gauge theories with fermionic
matter belonging to two different irreps of the hypercolor group. These models give rise to
EW cosets beyond the “minimal” SO(5)/SO(4) type and thus contain additional pNGBs
carrying EW charges. Furthermore, additional colored pNGBs arise from the need of
introducing hyperquarks carrying ordinary color in order to construct top-partners. Two
more pseudo-scalars arise from the breaking of the two chiral global U(1) symmetries
associated to the two hyperquarks.

In our choice of models of this type, we were guided by the need to preserve both
the custodial symmetry of the Higgs sector as well as the one protecting the Z — by, by,
branching ratio. As discussed in section 2, we focused on models that are likely to lie
outside of the conformal window and that can be brought into it from strong coupling at
energies above the confinement scale A.

We identified a set of three pseudo-scalars, the two singlets a and 1’ with respect to
the SM groups and a color octet mg, that are present in all models in this class. Their
dynamics is controlled by model-specific group-theory data and a few phenomenological
parameters such as the hyperfermion masses and the pNGBs decay constants. In particular,
the couplings to gauge bosons are determined by the coefficients of the WZW anomalies,
which are sensitive to the microscopic details of the model.

One of the most striking signals from these preudo-scalars are di-boson signatures
which is one of the main focuses of the paper. We have performed a complete analysis
of the constraints from di-boson and di-top final states (also including pair production for
the octet) using post-ICHEP2016 LHC data and the respective experimental results, and
formulated a model independent strategy to combine known bounds and establish new
limits on models under study.

Following our recipe, formulated in section 4 (with the concrete example given in
section 4.1.2) we applied the bounds to the models under consideration, giving numerical
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results in the case of two of them (M8 and M9 in table 1). We found that present LHC
data already sets important constraints on the condensation scale which are stronger than
the typical bounds from EW precision tests, thus demonstrating that the direct search for
additional pNGBs with di-boson and di-top signatures in models of partial compositeness
can be the first probe for such models. The fact that the couplings are predictive and
sensitive to the underlying model makes these channels attractive. We should remark that
the presence of these signatures is common to all models of partial compositeness based on
a gauge-fermionic underlying theory.

The analysis of the post-ICHEP2016 data, and the framework we have developed in
section 4 can be used in a straightforward way (including an update with the new coming
data) to any model containing pseudo-scalar singlets or octets at the TeV scale.
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A Interpretation of ATLAS and CMS searches used in this article

In this appendix, we summarize the experimental searches used in this article in order to
constrain the diboson channels, the ¢t channel, and the octet pair production channels and
detail the assumptions made in order to extract the bounds for the models discussed.

A.1 Diboson and tt searches

ATLAS and CMS published a large number of searches for jj, WW, ZZ, Z~, vv, j7,
and tt resonance searches at run I (with a center of mass energy of /s = 8 TeV) and run
IT (with a center of mass energy of /s = 13TeV). The constraints are typically given
as bounds on the (folded) production cross section as a function of the resonance mass.
In those cases, we directly use the bound on the folded cross section, implicitly assuming
that the acceptances and efficiencies of the pseudo-scalar SM singlet resonance mg and
the color octet g are comparable to the ones of the sample model used in the respective
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Figure 14. Bounds on the di-boson and #f channels from 8 TeV searches.

experimental study. We do not perform explicit recasts of the various searches. In cases
in which bounds are given as constraints on a fiducial cross section or on cross section
times acceptance times efficiency, we estimate the acceptance and efficiency following the
information provided in the respective articles and list our assumptions below. Finally, in
some cases, studies give bounds on the cross section in a particular final state after the
decays of the SM gauge bosons. In these cases we rescale results with the appropriate SM
gauge boson branching ratios.

8 TeV searches. A summary of the di-boson bounds from run I are shown in figure 14,
where we used the following searches and assumptions:
gg-channel:

o ATLAS: ref. [66], figure 9 (gg fusion, lowest width). Bounds are given in terms of
cross section x acceptance. We assume an acceptance of 50%.'®

18 Acceptances for excited quark, scalar color octet, and quantum black hole searches are reported as 58%,
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e CMS L.m.r.: ref. [67], figure 3 (gg fusion, low mass region). Bounds are given in terms
of cross section X acceptance. We assume an acceptance of 50%.

e CMS h.m.r.: ref. [68], figure 4 (gg fusion, high mass region). Bounds are given in
terms of cross section x acceptance. We assume an acceptance of 50%.

W W -channel:

ATLAS had.: ref. [77], figure 6 (Randall-Sundrum Kaluza-Klein graviton).

e ATLAS h.m.r.: ref. [76], figure 2 (Randall-Sundrum Kaluza-Klein graviton).

ATLAS lLm.r.: ref. [75], figure 12 (gg fusion).

CMS had.: ref. [79], figure 8 (Randall-Sundrum Kaluza-Klein graviton).
e CMS s.l.: ref. [78], figure 9 (Randall-Sundrum Kaluza-Klein graviton).
Z Z-channel:
e ATLAS had.: ref. [77], figure 6 (Higgs-like scalar produced in gluon-gluon-fusion).

e ATLAS h.m.r.: ref. [87], figure 2 (Randall-Sundrum Kaluza-Klein graviton).

ATLAS l.m.r.: ref. [86], figure 12 (gg fusion).

CMS had.: ref. [79], figure 8 (Randall-Sundrum Kaluza-Klein graviton).
o CMS s.l.: ref. [78], figure 9 (Randall-Sundrum Kaluza-Klein graviton).
Z~y-channel:

o ATLAS Z~x: ref. [124], figure 3¢ (scalar). The article gives a bound on the fiducial
cross section, only. Without a detailed recast, we are not able to interpret this bound
in terms of the full cross section in order to compare it to other searches. Thus, we
give the bound on the fiducial cross section of this study only for reference, and do
not use it in our combined constraints.

o CMS, liv: ref. [93], figure 2 (Narrow signal model).

e CMS, qqy: ATLAS lm.r.: ref. [94], figure 5 (results for narrowest width spin-0
resonance).

~yy-channel:

e ATLAS ~~: ref. [72], figure 4 (Randall-Sundrum Kaluza-Klein graviton).

61-63% and 52-56% [66]. In the absence of a full recast of the search for our pseudo-scalar resonance, we
assume a slightly lower acceptance of 50%, leading to a conservative estimate of the constraint of the folded
cross section.
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o CMS ~vy*: ref. [125], figure 2 (Randall-Sundrum Kaluza-Klein graviton, narrowest
available width). CMS by now provides combined bounds of run I and run II searches
in the v resonance. The bound shown here is the run-I bound, and is only given for
reference. We do not use it in our analysis, but instead include the combined run-I
and II bound from CMS.

tt-channel:
e ATLAS ~~: ref. [98], figure 11 (scalar resonance search).
e CMS v~ *: ref. [99], figure 14 (narrow width Z’ search).

To combine the different bounds in each of the channels we take as a constraint the
strongest bound in each channel at a given mass. In the model we discuss, the by far
dominant single-production mechanism is gluon fusion, for which the ratio between the
production cross section at 13 TeV and 8 TeV as a function of mass is determined by the
cross sections given in figure 1. In order to compare the bounds from run I searches to
those from run II searches, we rescale the bounds on the production cross section times
branching ratios into the the di-boson and tt final states by o(gg — m0)13/0(99 — m0)s
and show the resulting bounds in figure 3, labeled at “8 TeV”.

13 TeV searches. A summary of the di-boson bounds from run II are shown in figure 15,
where we used the following searches and assumptions:
gg-channel:

o ATLAS lm.r: ref. [69], figure 8 (Gaussian signal with detector resolution). Bounds
are given in terms of cross section X BR x acceptance. For the acceptance, we use
the acceptances provided in tables 3 and 4 of ref. [69].

e ATLAS h.m.r.: ref. [70], figure 5 (Gaussian signal with detector resolution). Bounds
are given in terms of cross section x acceptance. We assume an acceptance of 50%.

e CMS: ref. [71], figure 6 (gg fusion, low- and high mass region). Bounds are given in
terms of cross section X acceptance. We assume an acceptance of 60% (acceptance
given in ref. [71] for isotropic decays).

W W -channel:

e ATLAS had.: ref. [82], figure 6 (Randall-Sundrum Kaluza-Klein graviton).

e ATLAS s.l.: ref. [81], figure 2 (scalar produced in gg fusion, narrow width approxi-
mation).

e ATLAS lep: ref. [80], figure 5 (scalar produced in gg fusion, narrow width approxi-
mation).

e CMS had.: ref. [83], figure 10 (Randall-Sundrum Kaluza-Klein graviton).
e CMS s.l.: ref. [85], figure 7 (Randall-Sundrum Kaluza-Klein graviton).

e CMS lep: ref. [84], figure 5d (SM-like heavy Higgs, narrowest width available).
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Figure 15. Bounds on the di-boson and #f channels from 13 TeV searches.
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ATLAS vvqq: ref. [89], figure 12 (Higgs-like scalar produced in gg fusion)

ATLAS llqq: ref. [89], figure 10 (Higgs-like scalar produced in gg fusion)

ATLAS llvv: ref. [90], figure 7a (narrow width Higgs-like scalar produced in gg fusion)

ATLAS had: ref. [77], figure 6 (Higgs-like scalar produced in gg fusion).

ATLAS 41: ref. [88], figure 11a (scalar produced in gg fusion, narrow width approxi-

mation).

CMS had.: ref. [83], figure 10 (Randall-Sundrum Kaluza-Klein graviton).

CMS had. 2: ref. [91], figure 12¢ (Randall-Sundrum Kaluza-Klein graviton).

CMS 41: ref. [92], figure 16 (SM-like heavy Higgs, narrow width approximation).
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Figure 16. Bounds on gy channel from 8 and 13 TeV searches.

Z~-channel:

o ATLAS ll~y: ref. [95], figure 6 (narrow width scalar).

o CMS, liv: ref. [96], figure 4.

e CMS, qqv: ref. [97], figure 5¢ (narrow width spin-0 resonance).
~yy-channel:

o ATLAS ~~: ref. [74], figure 7a (spin-0 resonance, narrow width approximation). The
study gives bounds on the fiducial cross section. To obtain bounds on the full cross
section — following the information on the fiducial volume given in ref. [74] — we
divide the bounds given by a fiducial volume function which is 54% for a mass of
200 GeV, linearly extrapolated to 61% at 700 GeV, and 61% above.

e CMS ~~ *: ref. [73], figure 8 (narrow width spin-0 resonance). CMS provides com-
bined bounds of run I and run II searches in the ~+ resonance. The bound shown
here is the combined bound.

tt-channel:
e ATLAS ~~: ref. [100], figure 11 (Z' search).
e CMS ~~ *: ref. [101], figure 8a (narrowest width Z’ search).

To combine the different bounds in each of the channels,we take as a constraint the
strongest bound in each channel at a given mass. The resulting bounds are shown in
figure 3, labeled at “13 TeV”.

A.2 Excited quark searches as constraints on the ~g final state

Excited quark searches for the final state vj can be used to constrain the g channel
relevant for the octet pseudo-scalar search. For the 8 TeV searches we used the following
bounds shown in figure 16 (left):
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e ATLAS: ref. [117], figure 2 (excited quark, narrowest width). The bound is given on
the cross section x acceptance X efficiency. To obtain the bound on the cross section
we divide the bounds given by A = 60% x e = 60%, according to acceptances and
efficiencies quoted in ref. [117] for excited quark searches.

e CMS: ref. [119], figure 2 (excited quark search).

The combined bound used in this article is obtained by taking the strongest bound at each
resonance mass Myry. In order to compare the bounds from run I searches to those from
run IT searches, we rescale the bounds on the production cross section times branching
ratios into gy by o(g9g9 — 7g)13/0(99 — ms)s and show the resulting bounds in figure 10,
labeled “8 TeV™.

For the 13 TeV searches we used the following bounds shown in figure 16 (right):

o ATLAS: ref. [114] figure 5a (excited quark search).
e CMS: ref. [116], figure 5 (excited quark search).

The combined bound is obtained by taking the strongest bound at each resonance mass
Mrg. The resulting bound is shown in figure 10, labeled “13 TeV”.

B Additional mass mixing (and couplings) of the singlets

In this appendix, we briefly discuss the possible presence of mixing of the U(1) singlets
ay and a, with pNGBs from the non-abelian flavor symmetries. These mixing terms can
only arise from spurions explicitly breaking the flavor symmetries, and in particular from
the mass terms of the fermions which also generate masses for the pNGBs. In addition to
mass mixing, couplings to two non-abelian pNGBs may also be generated thus opening the
case for additional decay channels. We will discuss each case individually, as the physics
involved is very different.

Coset SU(4)/Sp(4). This coset, generated by 1 in the pseudo-real representation, con-
tains 5 pNGBs, which transform under the custodial symmetry as a singlet n and a bi-
doublet H (which plays the role of the BEH field).

The underlying theory consists of 4 Weyl spinors: two transforming as a doublet of
SU(2) L, and the other 2 as a doublet of SU(2)g, thus one can write down two independent
mass terms, my, and mp respectively. We will parametrize the two masses as

my = pp(148), mp = py(1—9), (B.1)

where f,, is the common mass used in section 3.2 and ¢ is a parameter describing the
deviation from Universality: § is required to be small in order to preserve the stability of
the vacuum.

Following the normalization adopted in this work, we find that:

b o fysiny/n? + [H[*/ fy
Ty [EX 7] 2B¢,u¢5< o e . (B.2)
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Plugging this expression in eq. (3.14), we see that a linear mixing with the non-abelian
singlet 7 is generated, proportional to the universality breaking parameter ¢:

Ly D 2f—¢m3%5 agpn+ ... (B.3)

faw
We also notice that no mixing nor coupling can be generated in the Universal case: this
fact can be easily understood in terms of symmetries. In fact, there exists a symmetry
acting on the pNGBs under which only 7 is odd, provided that SU(2); <> SU(2)gr are
exchanged [26]. Following the CP properties of the scalar fields, and invariance under
Sp(4), the possible linear couplings of the a,, singlet to the non abelian pNGBs need to
have the following form:

a¢n2”_1(HTH)m ,  where n and m are integers. (B.4)

The odd power on 7 derives from CP-invariance. This coupling, however, is odd under the
n-parity described above, unless the coefficient is odd, i.e. proportional to d ~ my — mg.

Coset SU(4)xSU(4)/SU(4). This coset also arises in the EW sector when v is com-
plex. The 15 pNGBs transform as a singlet 7, two bi-doublets Hj o, an SU(2)y, triplet
A and an SU(2)g triplet N. Like in the previous case, the 4 v¢’s (and their conjugates)
transform like doublets of the custodial symmetry, thus we can write down two mass terms
myr, and mgr. We can parametrize then as above, in eq. (B.1).

The vacuum structure of this model is more complex that the previous one, and it has
been discussed in detail in ref. [33]. It is easier to describe the theory in the EW preserving
vacuum, and think of the misalignment in terms of VEVs assigned to the pNGBs. The
only pNGBs that can develop a VEV are:

v . V2
HY = — (H)) =i—,

< 1> \/§ < 2> \/5
where v = vgy. It has been shown in [33] that the real VEV of the second doublet can
always be rotated away without loss of generality, thus we do not consider it here further.

<A0> = <N[)> = V3, (B5)

Also, vy violates CP, and for simplicity we set it to zero here: if present, however, it will
generate a tadpole for a, proportional to the product of the 3 VEVs. Note also that the
triplet VEV is bound to be small as it does violate custodial invariance, thus we will neglect
it in the following for simplicity.

We then study the mass mixing by expanding the Lagrangian terms in eq. (3.14) up
to the 3rd power in the pNGB matrix, thus capturing effects up to quadratic order in the
VEVs. We find the following mass terms:

c o fv 2 (1 B.6

We see then that a mixing to the singlet 7 is generated in presence of Universality violation,
as in the SU(4)/Sp(4) case. Additionally, a mixing to the second doublet is generated if
the small triplet VEV is present.
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Couplings to two pNGBs can also be generated via the SM Higgs VEV v:

2
my v

0
P

a
fwfaw 1/}

2
S0+ \/§AA0<1 + g) +V2AN, <1 _ 3)

Ly D
a0 A
+V2iH A 143 +V2iH N L-3)+he| . (BT)

The terms above can generate decays of the singlets to two pNGBs: note in particular
the presence of couplings to the second doublet and triplets which are not suppressed by
0. As these pNGBs may be odd under a conserved parity (see [33]), this opens the way
to interesting invisible decay modes. Nevertheless, such couplings are proportional to the
mass my, which we assume being small, thus for the sake of simplicity we will neglect
them in our study.

Coset SU(5)/SO(5). This coset arises when the v’s are in a real representation of
Hypercolor. The 14 pNGBs transform like a singlet 1, a bi-doublet H playing the role of
the BEH field, and a bitriplet, that can be decomposed into a real SU(2), triplet ¢y and
a complex one ¢ with hypercharge +1. The 5 fermions v transform like a bidoublet of
the custodial symmetry plus a singlet, thus one can assign 2 independent masses m and
mo = m(1 + J) respectively.

Besides the VEV of the Higgs field, the vacuum structure also allows the triplets to
develop a VEV, so that in principle one can define 4 independent parameters:

v vy + iv2

(H0>:$, (@) =vo, (¢7)= %

However, the triplets VEVs would violate custodial invariance unless a relation among

(B.8)

them is imposed [126]: v; = 0 and v9 = —vg. Plugging this vacuum structure in eq. (3.14),
however, we see that a tadpole for the singlet a, is generated unless vy = v = 0: this is
easily understood, as the two VEVs correspond to CP-odd fields. Thus, in order to both
preserve custodial invariance and avoid tadpoles for the singlets, the triplet VEVs must
vanish: in the following, also for the sake of simplicity, we will impose this cancellation.

Expanding the mixing Lagrangian up to third order in the pNGB matrix, we find that
the following mixing terms are generated:

4 9+ 76 5\ v?
Lo Df’i [\/5 (5 ; }’w) ¢n+<1+ >fwaw(¢> 21mq§+)]. (B.9)

Like in the SU(4)xSU(4)/SU(4) coset, we notice a mixing with the singlets proportional to
the violation of the mass Universality, however at order v?/ fi mixings with the singlets and
the two CP-odd neutral components of the triplets are generated also in the Universal limit.
Similarly, the following couplings to two pNGBs are generated at the leading order in v:

miwv 9478

fawfl/) 3\[

Lo aphn + <1 + g) ayh(¢) — 2Imep7)| (B.10)
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C Top loops

In the present framework of pNGB composite Higgs model top mass is induced via partial
compositeness. This explicit breaking of the global flavor symmetry introduces direct
couplings between the pNGBs and top. The octet coupling is model dependent but the
coupling of the singlets is always present, as explained in section 3. Such new interactions
will induce loop corrections to the anomalous WZW terms, via a triangle fermionic loop.
In this appendix we summarize the main results of the top loop contribution.

For a pseudo-scalar, the amplitude is simply proportional to an epsilon tensor and other
gauge invariant tensor structures vanish due to the CP invariance.'® For a generic coupling
of the pNGBs to tops, i.e. iy5 Cymy/ fr (were m can be either 7y or 7g), the amplitude of
the process is given by:

odd _ Eupoc ()€ (9)kPp7 C,
top — 47T2 ﬁ

M Cléo(prRk:wa;g) +6261(Rp7Rp7R7r§§)] . (Cl)

2
with R; = 25, ¢ = %’ for the WW final state and £ = 1 otherwise. The second term on

7
my

the right hand side will only be present for equal massive final states (WW and ZZ), we

have used the on-shell condition R, = R, when writing it. The c¢;2 are combinations of
SM couplings for the top (or top-bottom) to gauge fields, which already include the trace
over the symmetry generators. For all neutral gauge bosons we have two loop diagrams
contributing, corresponding to the fermions in the loop going clockwise or anti-clockwise.
For the W W™ final state only one fermion flow contributes, this multiplicity is also taking
into account in the c; 2 parameters. In table 9 we summarize these coupling combinations.
The loop functions C~’071 are related the usual Passarino-Veltman functions by a re-
scaling, i.e. Cy = —Cp/m?2 and C; = C/m2 [127, 128]. Their integral form is given by

N Lopl-w dydzx
Co(Rp, Ry, Rr; 2/ /

0By, B Bei&) = | | A(R Ry, B €)
N 1 [l iz xdydz
Ci1(R ,R ,Rﬂ'; :/ /
1By, By, B &) =5 | | A(Rp, Ry, By €)

(C.2)

with
A(Ry, Ry, R; €) = Riy(2® —2)+ Ry (y* —y) — (R — Ry — Ry + (z+y) (1 - &)+ €. (C.3)

These functions have in general very cumbersome analytic expressions. However, for sce-
narios with only massless gauge bosons or one massive they take a compact form

Co0.0. 7)) = 8 Gy 0, R 1) = o (R — (B2 (C4)
with
2 arcsin?\/z /4 O0<z<4

IE] R T

19This argument applies for the top loop contribution to H-Z-v vertex in the SM, where the Higgs is a

fl@)=49 1 1n1+’/1_4/$—m2x>4 (C.5)

scalar, thus the CP-Odd epsilon-term is exactly canceled because of the opposite sign in the clockwise and
anti-clockwise Feynman diagrams.
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[ cw <2 3SW>
4 393
0 2,2 2 2
OWW 0 %
2
g2
77899 ?SdABC’ 0
8 2¢9s <ap
1 4
8,7 9s9 (2 _ 22 | s4B
™9 2w \ 2 3°W 0

Table 9. Coupling combinations ¢; 2 induced by top loops for all di-boson channels. We use the
shorthand notation sy = sin fy, and similar for the other trigonometric functions.

We can write the general 5’1 function in terms of the scalar Passarino-Veltman functions:2’
Ci(R,, R R.g)_wé(}g R Rf)—i—#(B (Rp;1) — By (Rp: €))
1 ps Llpy L, - Rﬂ——4.Rp 0\Lp, Llp, L7, RW—4RP 0 T 0 D

(C.6)
From the above amplitude we can compute the corrections to the decays. We get for
the singlet case

FWZWthop(ﬂ-O _>gg) o 1_1_%60(0 0.R 1) ?
= s Uy Ll s

oI

Twzw (mo — g9) Kg ’
r — 8 C =~ 2
WZW+top(7To 77) 42 t CO(O,O,RWO; 1) ’
Cw zw (m0 = 77y) 3KkB + kw
Cw 2w +top(mo — WHTW ™) 3C ~ 2
=14+ =-—C1(Rw, Rw, Rr,; ,
FWZW(WO N W+W_) + 2 ry 1( W, W, 0 g)
r —Z 2 (1 4s2 C ~ 2
W ZW +top(T0 v) e 2 (L % t2 Go(Ry.0. B 1)|
Lwzw (7m0 — Z7) i \2 3 ) kw —tjykB
I_‘WZW—i-top(ﬂ'O — ZZ) Cy 3 =~
=11 Ci(Rz,Rz, R ;1
T'wzw(mo — ZZ) + kw + th ke \ 20k, 1(Rz, Rz, Rgi 1)
t%,v 43124, ~ 2
+QT < — > C()(RZ, RZ, RTro; 1)) (C?)
Ciy 3
20The definition of two-point function in D-dimension is By (R;;€) =
4—D D
(27W)2 / [ d”q , with R; = p?/m? and & = my /m..

¢ —m{][(g +p)? —m3]
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Model tan Kg KB KW Ci (g, 1)
(2,0 (0,2) (4,2) (-4,2)
8 — 14. 18.7 — 0. 4. 4. 4.
M3 | a 013 (.388) -2.72 (-1.46) | -3.53 (.921) | 3.74 (4.72) | 934 (1.18) | -.778 (-.417) | 1.09 (1.94) | -2.65 (-2.78)
n 2.98 (3.77) 11.4 (11.9) | 3.41 (1.83) | .853 (.457) | .853 (1.08) | 2.56 (1.99) .853 (.162)
g — 18. 24. — 0. 4. 4. 4.
M4 a 183 (-592) -4.56 (-2.65) | -7.29 (1.64) | 4.86 (8.71) | .608 (1.09) | -1.01 (-.589) | .203 (1.59) | -2.23 (-2.77)
n 2.50 (4.47) 15.5 (17.1) | 8.88 (5.16) | 1.11 (.645) | .555 (.993) | 2.77 (2.28) | -1.66 (-.296)
8 — 7.07 9.43 — 0. 2.83 2.83 2.83
M8 a 0408 (.196) =771 (-.393) | -1.13 (-.067) | .926 (.981) | .926 (.981) | -.309 (-.157) | 1.54 (1.81) | -2.16 (-2.12)
n 1.89 (2.00) 5.42 (5.53) | .378 (.193) | .378 (.193) | .756 (.801) | 1.51 (1.19) 0. (.416)
g — 15.6 20.7 — 0. 2.83 2.83 2.83
M9 a 327 (740) -4.29 (-2.67) | -9.11 (-.689) 34 (6.43) | .293 (.804) | -.781 (-.486) | -.195 (1.12) | -1.37 (-2.09)
n 1.31 (3.61) 11.2 (14.4) 5 (4.76) | .956 (.595) | .239 (.656) | 2.15 (1.85) | -1.67 (-.533)
8 — 14.1 18.9 — 0. 2.83 2.83 2.83
MIO | a 327 (L740) -3.90 (-2.43) | -8.07 (-.042) | 2.34 (6.43) | .293 (.804) | -.781 (-.486) | -.195 (1.12) | -1.37 (-2.09)
n 1.20 (3.28) 10.8 (13.5) | 7.65 (4.76) | .956 (.595) | .239 (.656) | 2.15 (1.85) | -1.67 (-.533)
g — 8.49 11.3 — 0. 2.83 2.83 2.83
M1l | a 816 (.336) -1.55 (-.822) | -2.58 (-.309) | 1.55 (1.88) | .775 (.942) | -.516 (-.274) | 1.03 (1.61) | -2.07 (-2.16)
n 1.90 (2.31) 6.32 (6.82) | 1.26 (.671) | .632 (.336) | .632 (.769) | 1.90 (1.44) | -.632 (.098)
8 — 14.1 18.9 — 0. 2.83 2.83 2.83
MI12 | a 385 (.186) -2.07 (-1.05) | -3.20 (-.355) | 2.33 (2.46) | 933 (.983) | -.415 (-.211) | 1.45 (1.76) | -2.28 (-2.18)
n 5.39 (5.68) 15.3 (15.6) | .898 (.457) | .359 (.183) | 1.08 (1.14) | 1.80 (1.50) | .359 (.770)

Table 10. Couplings for models with top partners of the form 9% x, for f, = fy, normalised to fy.

and for the octet
T'wzw +top(T8 — 99)
Twzw (78 — 99)

C'wzwtop(m8 — g7)
Cwzw(ms — g7)

I'w 2w +top(m8 = 92)
T'wzw (18 = g2)

C, ~
— 1+%—tCo(0,0,Rn8;1)
— 1+§—50(0,0,R,r8;1)

=1+

2

)

9

4 Cy 2

, (C.8)

KvgB
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1 (1_45@)
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253, \2 3

Ci
KgB

GO(RZ> 07 RWS; 1)

D Couplings and mixing in models M1-M12

In this appendix we present numerical values for all models, M1 to M12, assuming fy, = fy

and normalising all couplings with f,. The couplings of the singlets are shown for the

two extreme values of the mixing angle a: a = ¢ obtained when m,y — oo, and o = (/2

obtained in the limit of minimal splitting. We checked that the couplings run approximately

linearly with «. In table 10 we show models whose top partners are made of 2 ¥’s and one
X, while in table 11 the cases with 1 1) and 2 x’s.
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Model tan Kg KB Kw Ci (ny, nx)
‘ (2,0) (0,2) (2,4) (2,-4)

8 16. 10.7 0. 4. 8. -8.

Ml | q 013 (-.388) 3.1 (-1.67) | 1.19 (3.01) | 3.27 (4.13) | .934 (1.18) | -.778 (-.417) | -.623 (.344) | 2.49 (2.01)
n 3.41 (4.31) | 5.26 (4.47) | 2.98 (1.60) | .853 (.457) | .853 (1.08) 2.56 (2.61) | -.853 (-1.70)
g — 32. 21.3 — 0. 4. 8 -8.

M2 a 456 (-217) -3.84 (-1.96) | 2.62 (4.25) | 5.18 (5.56) | 1.15 (1.24) | -.479 (-.245) | .192 (.745) 2.11 1.73)
7 8.40 (9.03) | 7.97 (7.23) | 2.36 (1.21) | .525 (.269) | 1.05 (1.13) 2.63 (2.53) | -1.58 (-1.99)
8 — 8. 5.33 — 0. 4. 8. -8.

M5 a 183 (592) -2.03 (-1.18) | .169 (1.94) | 1.52 (2.72) | .608 (1.09) | -1.01 (-.589) | -1.42 (-.089) | 2.63 (2.27)
n 1.11 (1.99) | 3.51 (2.94) | 2.77 (1.61) | 1.11 (.645) | .555 (.993) 2.22 (2.63) 0. (-1.34)
e — 8. 5.33 — 0. 4. 8 -8.

M6 a 1120 (10.490) -2.58 (-1.44) | .602 (2.45) | 2.32 (3.41) | .775 (1.14) | -1.29 (-.719) | -1.81 (-.302) | 3.36 (2.57)
n 2. (2.93) 4.33 (3.63) | 3. (1.67) 1. (.557) 1. (1.47) 3. (4.50) -1. (-2.38)
8 — 32. 21.3 — 0. 4. 8. -8.

M7 a 323 (L157) -4.01 (-2.03) | 3.34 (4.89) | 6.02 (6.25) | 1.20 (1.25) | -.502 (-.254) | .201 (.742) 2.21 (1.76)
7 12.4 (12.9) | 10.2 (9.59) | 1.94 (.983) | .389 (.197) | 1.55 (1.61) 3.50 (3.42) | -2.72 (-3.03)

Table

11. Couplings for models with top partners of the form vy, for f, = fy, normalised to f.
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