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1 Introduction

The idea that the Higgs is a composite object is an appealing road to address the hierarchy

problem of the Standard Model (SM) of particle physics. It necessitates the existence of

a new, strongly interacting sector besides the known SM particles, that introduces heavy

composite resonances which can possibly show up in direct and indirect searches for New

Physics (NP). Introducing the idea of partial compositeness [1], severe constraints from

flavour physics can be circumvented and a connection to extra-dimensional theories can be

drawn. Furthermore, the lightness of the Higgs boson can be explained if the new strong

sector is endowed with a global symmetry G that is spontaneously broken to H, forming

a coset G/H under which the Higgs is a (pseudo-)Nambu-Goldstone boson (pNGB). If

the theory is subject to a small explicit breaking of this global symmetry, then the Higgs

obtains a mass that is naturally suppressed compared to the scale of New Physics [2, 3].

Even without specifying the physics of the strongly interacting sector, the low-energy

physics of this pNGB Higgs can be described by an effective theory that depends mainly

on the symmetry breaking structure, i.e. the coset G/H. A minimal requirement on this

coset is that the global symmetries include a custodial symmetry SU(2)L×SU(2)R
∼= SO(4)

that protects the electroweak precision observable T from large deviations [4]. The min-

imal coset satisfying this is SO(5)/SO(4), leading to four NGB degrees of freedom that

can be identified with the Higgs doublet. This minimal coset has been studied exten-

sively in the literature starting from [4], and scrutinized in a thorough numerical analysis

by us recently [5]. In this work we extend this analysis to the next-to-minimal coset

SO(6)/SO(5) ∼= SU(4)/Sp(4), featuring one additional pNGB degree of freedom [6–11],

which we will denote η. From a theoretical point of view, this coset construction is ap-

pealing as it is the minimal one that contains a Higgs doublet and can arise from a global

symmetry broken by a fermion-bilinear condensate in a UV completion1 [13–20]. Further-

more, it could give important contributions to baryogenesis in the early universe as the

effective Higgs potential can give rise to a strongly first-order electroweak phase transition

and new sources of CP violation [21]. If the coset is supplemented by a suitable Z2 parity

(such that the coset becomes O(6)/O(5)), the additional scalar is stable and could serve as

a dark matter candidate [22]. In this work, we will instead consider the case where η can

decay to SM states, resulting in interesting collider signatures. In general, the otherwise

pseudoscalar state η can also mix with the Higgs, leading to a spontaneous breaking of CP

in the scalar sector and to a modification of Higgs physics.

For a special choice of couplings between right-handed elementary quarks and the com-

posite sector, the pseudoscalar η does not get a vacuum expectation value and effectively

decouples from the SM fields. In this limit, the model essentially behaves very similar to

the minimal SO(5)/SO(4) case.

The goal of this work is the following. Similar to the analysis in [5] we want to analyse

the non-minimal coset in an extensive numerical scan. Due to the large dimensionality of

the parameter space we are forced to use Markov Chain techniques for sampling the regions

of parameter space that are compatible with the current experimental data. We take

1For a less minimal construction employing a supersymmetric gauge theory that gives rise to an

SO(5)/SO(4) coset, see [12].
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into account a large range of constraints coming from indirect probes such as electroweak

precision observables, modifications of Z boson couplings, Higgs physics and quark flavour

observables as well as direct searches at colliders. We pay special attention to generating a

scalar potential that gives rise to realistic electroweak symmetry breaking and is calculable

at the one-loop level. For a concrete realization of the non-mininal coset, we have adopted

the “4D Composite Higgs Model” [23], modified to the SO(6)/SO(5) coset. To avoid

stringent flavour constraints, we further supplement it with a U(2)3 flavour symmetry, that

was already shown to successfully reconcile flavour and electroweak precision constraints

with a relatively light compositeness scale in the case of the minimal coset [5, 24].

Another important feature of this non-minimal coset is that Wess-Zumino-Witten

(WZW) terms [25, 26] are admitted [7]. They give rise to additional ηZZ, ηW+W−

and ηGG couplings and can therefore influence the constraints from direct searches in

these channels [7, 9, 10]. In the absence of a specific UV completion, we choose however

to neglect possible contributions from the WZW terms in this work as they would only

make the constraints stronger; moreover, being treated as free parameters the WZW could

simply be tuned to zero by our scan to avoid additional constraints.

One should keep in mind that CHMs in general are non-renormalizable and, therefore,

they could be strongly affected by UV physics. The cutoff of these theories is usually given

as 4πf = O(10 TeV), such that considerable theoretical uncertainties in the calculations

are to be expected. Nevertheless, we restrict ourselves to observables that are not strongly

sensitive to UV contributions and are thus able to apply the experimental bounds in a

reasonable way.

The outline of this work is as follows. In section 2, we review the model that we

implemented for this work in detail, placing special emphasis on the structure of the Higgs

potential. Our numerical approach as well as the constraints used are layed out in section 3.

We present our results in section 4, where the most significant phenomenology is that of

the new scalar η. We conclude in section 5.

2 Model

In this section, we discuss how to realize a concrete model that is phenomenologically viable

and contains a Higgs doublet emerging from an SO(6)/SO(5) coset. The main features of

this coset were already elaborated in [7] in the language of SU(4)/Sp(4).

To be able to study radiative electroweak symmetry breaking in the low-energy effec-

tive theory and determine whether the correct SM vacuum can be reproduced, the model

has to be constructed such that the scalar potential is calculable, i.e. finite, at least at

the one-loop level. One possibility to guarantee a calculable potential is to use a model

that is deconstructed from an extra-dimensional gauge theory. Therefore, we adapt the

minimal construction of the “4D Composite Higgs” [23] with two sites and modify it to the

SO(6)/SO(5) case in a straight-forward way.2 This means there will be elementary states

and only one level of composite resonances; for further details on the construction we refer

to the original publication [23].

2Alternative possibilities would be the “Discrete Composite Higgs model” [27], where one-loop calcu-

lability of the effective potential is given only for a three-site construction, or “General Composite Higgs

Models” [28], for which one has to enforce Weinberg Sum Rules explicitly.
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2.1 Boson sector

The global symmetry breaking pattern is parametrized as usual by the NGB matrix

U = exp

[
i

√
2

f
Π(x)

]
, (2.1)

where Π(x) =
4∑
i=1

πi(x)Ti
2̂

+π5(x)TS denotes the NGB degrees of freedom with the genera-

tors Ti
2̂

and TS given in appendix A.1 and f is the symmetry breaking scale. Out of these

5 NGBs, 3 are eaten by the SM gauge bosons, leaving two physical states, π4 and π5. It is

convenient to parametrize these two fields by modulus and angle in the π4− π5 plane [11],

π4 = ĥ cos

(
η̂

f

)
, π5 = ĥ sin

(
η̂

f

)
, (2.2)

giving the scalar ĥ and a SM-singlet pseudoscalar η̂.3 The NGB matrix then takes the

form

U =



1

1

1

chc
2
η + s2

η −(1− ch)sηcη shcη
−(1− ch)sηcη chs

2
η + c2

η shsη
−shcη −shsη ch


, (2.3)

where we introduced the usual notations sh = sin(ĥ/f), sη = sin(η̂/f), ch = cos(ĥ/f) =√
1− s2

h and cη = cos(η̂/f) =
√

1− s2
η.

In the minimal 4DCHM model [23], the sector of electroweak composite vector bosons

is modeled using the two symmetry breaking cosets (SO(6)1
L × SO(6)1

R)/SO(6)1
L+R and

SO(6)0/SO(5). By gauging the SU(2)L × U(1) subgroup of SO(6)1
L one introduces elemen-

tary gauge bosons similar to the SM ones. The heavy composite vectors are parametrized

as gauge bosons of the gauged diagonal group of SO(6)1
R and SO(6)0. Using these fields,

the gauge Lagrangian takes the simple form

Lgauge = −1

4
tr
[
AelemµνA

µν
elem

]
− 1

4
tr [ρµνρ

µν ] , (2.4)

where the resonances are in the 15-dimensional adjoint representation of SO(6),

ρµ = ρµaT
a = ρµL + ρµR + aµ1 + aµ2 + ρµS , (2.5)

3At this point we want to introduce the following notation: with ĥ, η̂ we denote both scalar fields in

the gauge basis. Through the effective potential, both fields can obtain a vacuum expectation value and

possibly mixing terms between them are introduced. Because of these mixings, the physical Higgs field h

and the addition scalar η in the mass basis are linear combinations of the gauge basis states. In the above

construction, ĥ and η̂ are CP even and odd, respectively. Consequently, the mass basis states do not have a

defined CP parity, but rather they have scalar and pseudoscalar admixtures depending on the scalar mixing

angle α (cf. discussion in 2.3).

– 4 –



J
H
E
P
0
4
(
2
0
1
7
)
1
1
7

with two triplets ρµL ∈ (3,1), ρµR ∈ (1,3), two bidoublets aµ1 , a
µ
2 ∈ (2,2) and one singlet

ρµS ∈ (1,1) under SU(2)L × SU(2)R. Only the components aµ2 and ρµS correspond to the

SO(6)/SO(5) coset directions.

In this construction, the σ-model fields couple to the vector bosons through covariant

derivatives,

Lσ =
f2

1

4
tr
[
(DµΩ1)† (DµΩ1)

]
+
f2

2

2

[
(DµΩ2)t (DµΩ2)

]
66
, (2.6)

where

DµΩ1 = ∂µΩ1 − i
(
g0W

a
µT

a
L + g′0BµT

3
R

)
Ω1 + igρΩ1ρµ, (2.7)

DµΩ2 = ∂µΩ2 − igρ ρµ Ω2. (2.8)

Here, Wµ and Bµ denote the elementary gauge fields with couplings g0 and g′0, respectively.

In the context of this deconstructed model, we adopt the so-called “holographic

gauge” [28, 29], where the pNGBs only appear through the mixings of elementary and

composite states and not within the composite sector itself. This means that effectively

one sets Ω1 → U and Ω2 → 1, where in Ω1 the symmetry breaking scale is identified with

f1. For this choice, there are mixings of composite vector bosons with the pNGBs that

have to be removed by field redefinitions of the vector resonances followed by rescalings of

the pNGBs. As a consequence, all dependences on the pNGBs will be through

sh = sin

(
ĥ

f

)
and s̃η = sin

 η̂

f sin
(
vh
f

)
 , (2.9)

where vh =
〈
ĥ
〉

is the numerical value of the ĥ-vev. The explicit redefinitions are given in

appendix C.

In this model, the SM Higgs vev is given as

vSM = f s∗h c̃
∗
η, (2.10)

where c̃∗η =
√

1− s̃∗η2 and s∗h, s̃
∗
η denotes the minimum of the effective scalar potential (cf.

section 2.3).

To have a phenomenologically viable model, one has to enlarge the occurring symme-

tries. In particular, this applies to QCD and hypercharge. To accommodate the strong

interaction, one expects a QCD-like symmetry in the composite sector with heavy gluon

partners Gµ coupling only to composite quark partners. Furthermore, as usual in com-

posite Higgs models with custodial protection, one has to introduce an additional U(1)X
symmetry, such that hypercharge is given by

Y = T3
R +X. (2.11)

Also for this symmetry, one then expects heavy resonances Xµ. In general, these additional

resonances can mix with elementary gauge bosons such that we parametrize the mixing

Lagrangian as follows:

L ⊃ f2
X

4

(
g′0Bµ − gXXµ

)2
+

f2
G

4
(gs0Gµ − gρ3Gµ)2 . (2.12)
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It is the key property of partial compositeness that the elementary states mix with

the composite ones such that in the physical (mass) basis there are light eigenstates that

are identified with the SM degrees of freedom and heavy states that we will call heavy

resonances. These mixings are given by non-diagonal mixing matrices which have to be

diagonalized in order to get to the mass basis. The mass mixing matrices for the vector

bosons are shown in appendix B.1.

2.2 Fermion sector

In the fermion sector, one generally has the freedom to choose a representation of the

global symmetry, in our case SO(6), for the composite vector-like resonances. Assuming

a custodial protection of the Z couplings [30], the simplest case is given by choosing the

fundamental 6.4 Under the custodial symmetry SU(2)L × SU(2)R, the 6 decomposes into

a bidoublet Q and two singlets S1, S2,

Ψ6 =


(
Q++ Q+−

Q−+ Q−−

)
S1

S2

 . (2.13)

In the construction of [23], the left-handed elementary fermions mix with the composite

fundamental Ψ while the right-handed ones mix with a different composite fundamental

Ψ̃. Therefore, for each SM fermion there are two composite resonances. Going to the

holographic gauge, the composite quark Lagrangian can be written as

Lquark = Ψu

(
i /D −mU

)
Ψu + Ψ̃u

(
i /D −m

Ũ

)
Ψ̃u

−mYu

(
QuLQ̃uR + S1uLS̃1uR

)
− (mYu + Yu)S2uLS̃2uR (2.14)

+ (u↔ d) + h.c.

The mixings of the composite states with the elementary sector break the global sym-

metries explicitly. This is parametrized by embedding the elementary fields into incomplete

representations of SO(6). For the left-handed fields, it is clear how to embed them into the

bidoublet components of the fundamental. But there is an ambiguity for the right-handed

fields as in principle they could be embedded into each of the singlets in (2.13). So in

general, they have to be embedded into a linear combination of both possibilities. Then,

one can write down the mixing terms

Lmix = ∆uL ξuLUΨuR

+ ∆5
uR ξ

5
uRUΨ̃uL + ∆6

uR ξ
6
uRUΨ̃uL (2.15)

+ (u↔ d) + h.c.,

where the elementary embeddings are given in appendix A.2.

4A model using the symmetric, traceless representation 20′ is presented in [8].

– 6 –
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In the following, to avoid excessive effects in flavour-changing neutral currents, we

will always assume that the composite sector respects a flavour symmetry that is only

broken via the mixings with the elementary sector. Hence, all the parameters in the above

composite Lagrangian (2.14) have to be understood as diagonal matrices in flavour space,

while the composite-elementary mixings (2.15) can have a flavour-violating structure that

in the end has to reproduce the known CKM structure. For doing this, it is enough that

only the mixings of one chirality with the composite sector are actually breaking the flavour

symmetry [31–33], leading to CKM-like flavour violation and thus a maximal protection

of flavour-changing neutral currents. Since models based on a U(3)3 flavour symmetry are

plagued by problems with electroweak precision tests and compositeness searches [24], we

employ a U(2)3 symmetry acting on the first two generations [33]. A major difference to

the model with a minimal coset is the presence of two composite-elementary mixings for the

right-handed quarks, cf. (2.15). Thus, if only the mixings of left-handed quarks were flavour

symmetric, there would be two flavour violating structures for up-type quarks and two for

down-type quarks, leading to non-CKM-like flavour violation unless some of the stuctures

are assumed ad hoc to be aligned. Thus, we restrict ourselves to the case of breaking the

flavour symmetries only through the mixings of left-handed elementary fermions with the

composite sector. This scenario we will refer to as U(2)3-right compositeness (U(2)3
RC).

The explicit form of the composite-elementary mixing is shown in appendix D.

Just as for vector bosons, the elementary fermions mix with the composite ones due

to partial compositeness. The lightest states are the SM quarks, while all other states are

heavy resonances. In appendix B.2, we give the mass mixing matrices in the quark sector.

In this work, we are mainly interested in the phenomenology of the quark sector. For

a full model, partial compositeness also has to be implemented for leptons, leading to

heavy resonances with lepton quantum numbers. Although in principle composite leptons

can lead to an interesting phenomenology of the effective potential [34] and of flavour

observables [35], they also lead to major complications for model building since one has to

introduce some mechanism that generates the correct PMNS matrix and neutrino mixings.

Because of this, we neglect these effects and model the lepton sector in a trivial way as

being purely elementary. We explicitly include Yukawa couplings to the CP even scalar ĥ by

taking the corresponding SM-value, but we do not consider couplings to the pseudoscalar η̂.

As a consequence of this, a coupling of the SM leptons to η in the mass basis is introduced

only by its mixing with the Higgs, uniquely fixed by the scalar mixing angle α. It should

be kept in mind that in a more complete model these couplings could be different.

2.3 Scalar potential

As usual in Composite Higgs Models, the interactions with the elementary sector break

the global symmetries of the composite sector explicitly, such that the Nambu-Goldstone-

Higgs turns into a pseudo-Nambu-Goldstone-Higgs and its mass can be explained. This

means that due to the composite-elementary mixings a Coleman-Weinberg potential with

non-trivial minimum is generated.

– 7 –
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The one-loop effective potential can be calculated by the Coleman-Weinberg for-

mula [36],

Veff(ĥ, η̂) =
∑ ci

64π2

(
2 tr

[
M2
i

]
Λ2 − tr

[
M4
i

]
log
[
Λ2
]

+ tr
[
M4
i log

[
M2
i

]])
, (2.16)

where the sum goes over all particle species (except the pNGB states) and where

Mi ≡Mi(ĥ, η̂) denotes the ĥ- and η̂-dependent mass matrices of the particular particle

species (which are given in appendix B). The constants ci depend on the spin and charge

of the particles and take the values

ci =


3 for neutral gauge bosons,

6 for charged gauge bosons,

−12 for (coloured) Dirac fermions.

As the M4DCHM [23] is deconstructed from an extra-dimensional theory, it is ensured that

the so-called Weinberg sum rules are satisfied [28],

tr
[
M2
i

]
− tr

[
M2
i (ĥ = 0, η̂ = 0)

]
= 0, (2.17)

tr
[
M4
i

]
− tr

[
M4
i (ĥ = 0, η̂ = 0)

]
= 0, (2.18)

such that the potential is not UV-sensitive and thus calculable.5 In this case the potential

simplifies to

Veff(ĥ, η̂) =
∑ ci

64π2
m4
i (ĥ, η̂) log

(
m2
i (ĥ, η̂)

)
, (2.19)

where mi(ĥ, η̂) denote just the ĥ- and η̂-dependent masses of all particles in the mass basis.

From (2.3), one sees that all dependence of ĥ and η̂ appears through the trigonometric

functions sh and s̃η, which are defined in (2.9). So also the effective potential

Veff(ĥ, η̂) ≡ Veff(sh, s̃η), (2.20)

only depends on them and we recall that their values at its minimum are denoted by s∗h
and s̃∗η. The scalar mass matrix is given by the Hessian of the potential at the minimum,

M2
scalar =

(
∂2
ĥ

∂ĥ∂η̂

∂ĥ∂η̂ ∂2
η̂

)
Veff(sh, s̃η)

∣∣∣∣∣
sh=s∗h,s̃η=s̃∗η

, (2.21)

whose eigenvalues correspond to the masses of the scalar states and whose off-diagonal

elements measure the amount of scalar mixing and thus violation of CP . This mass matrix

is diagonalized by a 2×2 orthogonal matrix parametrized by the scalar mixing angle α. In

principle, η could be lighter than the Higgs-like scalar h. We however always identify the

SM Higgs with the lightest scalar particle and therefore neglect the possibility of a light η.

5One has to keep in mind that the EFT description in this form is non-renormalizable. Therefore,

calculability only refers to the effective potential at one-loop level and potentially higher-order corrections

could change the picture significantly. We however do not consider this possibility.
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The structure of the scalar potential was already thoroughly investigated in [7]. Let

us summarize here their results and translate them into the SO(6)/SO(5) language as used

in this work. There are two sources of explicit breaking of the remaining global SO(5)

symmetry. By gauging the SM subgroup, gauge contributions are induced that lead to

an effective potential for the Higgs. However, this gauging only breaks SO(5) down to

SU(2)L × U(1)Y × U(1)S , where the latter U(1) is the symmetry generated by TS under

which π5 shifts. This means that, considering gauge contributions alone, π5 remains a true

massless NGB and thus no potential is generated for it. As a consequence, the effective

potential is only a function of π4 = ĥ cos(η̂/f), such that the minimum is realized for

c̃∗η = 0, i.e. s̃∗η = 1. In this case, one also finds from (2.21) that the scalar sector necessarily

contains a massless mode.

In order to prevent the η from becoming massless, one has to break the U(1)S symmetry

explicitly. As the composite sector is invariant under it by construction, this symmetry can

only be broken if the elementary fermion embeddings have a non-consistent U(1)S charge

assignment. The left-handed embeddings always respect this symmetry, but for the right-

handed embeddings this is only the case if they are eigenvectors of TS , which corresponds

to the choice

∆5
R = ±i∆6

R. (2.22)

For other choices of relative phases (i.e. the φ6-parameters in (D.1)) and absolute val-

ues, η is a massive pNGB. Considering a U(2)3
RC flavour structure,6 there are four dif-

ferent ∆5,6
R -coefficients that can break the U(1)S symmetry.7 Depending on the source

of U(1)S breaking, the mass of η will take different values. If this is done via the

composite-elementary mixing of the top, then one expects mη to be naturally of the or-

der of f = O(500 − 1000 GeV). However, in case U(1)S is respected in the top sector its

breaking is less severe and one expects a much lighter mη [22].

An interesting special case is given in the limit where all ∆5
R → 0. In this case the

pseudoscalar η̂ takes the trivial vev at s̃∗η = 0 which does not break CP . Hence, there is

no mixing between ĥ and η̂ and thus h = ĥ and η = η̂. Furthermore, also the couplings

of η to the SM fermions vanish, such that effectively η decouples from the theory. For

this choice of parameters the relations (2.22) cannot be satisfied if one wants to generate

Yukawa couplings between the SM fermions and the Higgs, such that U(1)S is always

explicitly broken and η obtains a non-vanishing mass. In practice, the model in this case

looks similar to the M4DCHM with coset SO(5)/SO(4). As one can see from the mass

matrices given in appendix B, the additional degrees of freedom (as compared to the pure

SO(5)/SO(4) model) also decouple for vanishing s̃∗η.

3 Strategy

The aim of this work is to analyze the non-minimal composite Higgs introduced above nu-

merically by sampling the parameter space in regions that are compatible with all experi-

6For flavour structures with left-compositeness, the right-handed composite elementary mixings are

necessarily off-diagonal. As a consequence, η will always be massive for that case.
7For the up- as well as down-sector, there are separate coefficients for the first two and the third

generation, cf. (D.1).
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mental constraints. For doing this, we adapt the numerical procedure of [5] which was used

to analyze the parameter space of the minimal 4DCHM based on the coset SO(5)/SO(4),

and extend it to the model considered in this work. In section 3.1 we will summarize

the approach. For details on the scanning procedure, we refer to [5, Section 4.1]. All

experimental constraints that are used in the numerical analysis are listed in section 3.2.

3.1 Numerical analysis

For each parameter point ~θ, we calculate the one-loop effective potential and determine its

minimum in the ĥ- and η̂-direction, allowing us to calculate the vev’s in the scalar sector as

well as the masses and couplings of all states. We parametrize the experimental constraints

by a χ2 function,

χ2(~θ) =
∑
i,j

(
Otheo
i (~θ)−Oexp

i

) [
C−1

]
ij

(
Otheo
j (~θ)−Oexp

j

)
, (3.1)

where C is the covariance matrix containing experimental and theoretical uncertainties and

we also take into account correlations e.g. for electroweak precision observables or in meson

mixing. The challenge is then to find the regions in the space of parameters ~θ where this χ2

function is sufficiently small. For the model at hand, the parameter space is 52-dimensional

and, due to partial compositeness, even the masses and couplings of the SM particles are

complicated functions depending on many model parameters in a non-trivial way, such

that sophisticated numerical techniques are required. After generating a random starting

point that fulfills very basic requirements (such as e.g. a non-vanishing vev for at least one

scalar) we employ the optimization tool NLopt [37] to burn in into a region of parameter

space that is close to a minimum. When we have found such a region, we use adaptive

Markov Chains Monte Carlos (MCMC) using the package pypmc [38] to sample the good

parameter region. Due to the properties of Markov Chains, the points retained after burn-

in are all globally in agreement with all experimental constraints imposed. In addition

to this condition on the global χ2, we also discard points where any individual constraint

is violated by more than 3 σ. We will call all points passing these criteria the “viable

parameter points” in the following. As we do not know the total number of independent

minima in parameter space, we have to rely on a large number of chains sampling in many

different parameter regions. Thus, we conducted our numerical scans on the Computational

Center for Particle and Astrophysics (C2PAP) located in Munich. In the end, we found

125 chains that successfully sampled in regions of parameter space with a satisfactory value

of χ2. We stress that we are not aiming at a statistical analysis of parameter space which

would require us to obtain sufficient coverage and study the impact of our choice of priors.

Rather, we use the MCMC as a tool to find as many viable parameter points as possible,

which is not feasible with a blind parameter scan due to partial compositeness.

A possible limitation of this procedure is that parameter points featuring small values

of s̃∗η are hard to find as this requires reaching hyper surfaces of the parameter space where

certain relations are fulfilled. Due to a volume effect in high dimensions, the Markov

Chain is not likely to sample this region well. To overcome this problem and also generate

parameters in the limit s̃∗η ≈ 0 we performed dedicated scans starting from points where
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the relation ∆5
R � ∆6

R is explicitly enforced for all ∆5,6
R . In the end, about one third of all

chains were started in this limit.

3.2 Constraints

In this section, we summarize the experimental constraints that contribute to the χ2

function (3.1). Since most observables have already been discussed in our study of the

SO(5)/SO(4) model, we refer to [5, Section 3] for details; here we just recapitulate the

constraints used and point out the differences to the earlier analysis.

• The most immediate constraints come from reproducing the SM masses for quarks,

leptons, gauge bosons and the Higgs. We calculate the Higgs mass from the one-loop

scalar potential using (2.21), where we do not restrict the mass of η. The masses

of the quarks are calculated at tree level by diagonalizing their mass matrices and

interpreting them as MS running masses at the scale mt. For the light quarks, we

use the QCD RG evolution to connect them to the experimental results from lower

scales. EWSB is included by demanding that the minimum of the effective potential

reproduces the correct Fermi constant, such that the Higgs-vev has the right value.

• Reproducing the correct CKM matrix is imposed by including the constraints on the

absolute values of CKM elements and on the angle γ from processes that occur at tree

level in the SM. Due to partial compositeness, the CKM matrix, defined as a 3 × 3

submatrix of the total quark mixing matrix, is not unitary and thus the appearing

deviations from unitarity have to be restricted to small values. However, since we

consider the U(2)3
RC flavour structure, these deviations are typically small (cf. [5]).

• Generally, electroweak precision observables, such as the S- and T -parameter, are im-

portant constraints for CHMs. The model based on the coset SO(6)/SO(5) possesses

a custodial symmetry in the Higgs sector, prohibiting tree-level contributions to the

T -parameter. At the one-loop level, we include the dominant fermion contributions.

In contrast, the S-parameter can already appear at tree-level, acting effectively as a

lower bound on the masses of spin-1 resonances. Experimentally, the allowed ranges

for the S- and T -parameters are strongly correlated, such that a deviation in one

parameter has to be accompanied by a deviation in the other one.

• Considering fundamental representations for the fermion resonances includes an ef-

fective custodial protection of ZbLb̄L vertices [30]. However, these observables still

give important constraints on the compositeness of the SM particles [39]. In our

analysis, we include tree-level contributions to the Z width in the channels Z → bb̄,

Z → cc̄ and Z → qq̄, where q runs over all quarks but the top.

• To constrain non-linearities arising from the pNGB nature of the Higgs, we include

Higgs signal strengths. We calculate the signal strength from gluon fusion production

in the decay channels h → WW , h → ZZ and h → τ+τ− at tree-level while we

include one-loop effects for h → γγ. Compared to the analysis in [5], we updated
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the experimental input and used the data given in [40, Table 8], showing combined

ATLAS and CMS results from LHC run 1 at 7 TeV and 8 TeV.

As in our implementation of the 4DCHM the lepton sector is considered as being

completely elementary, the signal strength in the ττ -channel is directly proportional

to cos(α) where α is the scalar mixing angle. Hence, this channel would be a very

good way to constrain the mixing ĥ and η̂ and thus CP violation in the scalar sector.

Given the large experimental uncertainties for this channel at present, this bound is

still weak.

• Strong constraints on models with partial compositeness arise from flavour physics.

We include meson-antimeson mixing in the K0-, Bd- and Bs-systems, calculating the

tree-level contributions to the mass differences for all three cases, the mixing phases

for Bd and Bs as well as εK parameter for indirect CP violation in the K0 system.

The theory uncertainty in these calculations depend on bag parameters that have to

be determined from lattice QCD. Compared to [5] we used the updated values from

the FNAL/MILC collaborations [41] with considerably reduced uncertainties.

Furthermore, we include constraints from rare B-decays. For this we calculate the

branching ratios of the processes b→ s γ and Bs → µµ.

• Due to the presence of spontaneous CP violation in the scalar sector, we also include

the neutron electric dipole moment (EDM) as a constraint, computing the one-loop

contributions to the quark EDMs and chromo EDMs involving both SM states, the

η scalar, and heavy resonances, and using the sum rule expression [42, 43]

dn =
(
1+0.5
−0.7

) [
1.4

(
dd −

1

4
du

)
+ 1.1e

(
d̃d +

1

2
d̃u

)]
. (3.2)

In our numerical analysis, we take into account the theory uncertainty in a conser-

vative way by imposing the experimental bound on the sum rule prediction with the

low value 0.3 for the prefactor in brackets.

We do not take into account constraints from the electron EDM. Since we assume

leptons to be elementary, contributions arise first at the two-loop level [21] and we

find them to be subleading.

• The compositeness of first-generation quarks can be constrained by four-quark con-

tact interactions that contribute to the dijet angular distribution at the LHC. We

update our analysis in [5], that was based on [44], by computing the relevant depen-

dence on proton PDFs for LHC with a center-of-mass energy of 13 TeV to be able to

include constraints from LHC run 2.

• The heavy fermion and vector boson resonances as well as the scalar η decay to SM

particles and can thus be searched for at the LHC. We predict the production cross

section and the branching ratios into all possible SM final states i, j for each of these

heavy resonances R. To this end, we calculate all possible partial widths ΓR→ij at

leading order. While the branching ratios are then simply given by BR(R → ij) =
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ΓR→ij/
∑

k,l ΓR→kl, for the production cross sections of vector bosons and the scalar

η, we use the narrow-width approximation (NWA), employing [45, 46]

σpp→R =
16π2 SR cR

mR

∑
i,j

1 + δij
Si Sj ci cj

ΓR→ij
Lij(s,mR)

s
, (3.3)

where S and c count the number of polarizations and colours of inital and final

states, mR is the mass of the resonance, s is the center of mass energy of the collider

squared and Lij(s,mR) is the parton luminosity of partons8 i and j in a proton-proton

collision with collider energy
√
s and center of mass energy of partons

√
ŝ = mR. In

the gluon fusion production of η, we include a K-Factor of 2 to approximate higher

order corrections. For the production cross section of heavy quarks we consider the

model-independent results for pair-production obtained with the Hathor package [51].

Our predictions are compared to experimental searches for bosonic resonances (cf.

tables 2 and 3 in appendix E.2) and heavy vector-like quarks (cf. table 1 in ap-

pendix E.1). In addition to the experimental analyses included in [5], we have

implemented several new LHC searches for spin-1 and fermion resonances with√
s = 13 TeV, as well as searches for spin-0 resonances with

√
s = 8 TeV and√

s = 13 TeV.

4 Results

4.1 Scalar potential and fine-tuning

Electroweak symmetry breaking is characterized by the location (s∗h, s̃
∗
η) of the minimum

of the effective scalar potential. In principle, the minimum is allowed to take any value on

the unit square [0, 1]× [0, 1], but demanding the correct SM Higgs vev vSM = 246 GeV (cf.

eq. (2.10)) restricts the allowed region for reasonable values of f . In our scans we found

values for f roughly in the range 500− 1200 GeV.

In the left plot of figure 1, we show predictions for the minimum of the effective

potential, where we find viable parameter points for all reasonable values of s∗h and s̃∗η.
Generically, the scan has the tendency to yield parameter points for minima with large

s∗h and s̃∗η. However, points with s̃∗η ≈ 1 are excluded as they imply a very small mη (see

section 2.3). The region of s̃∗η ≈ 0 is more tuned in the sense that it corresponds to the case

of ∆5
R → 0 which is hard to find in a general scan. Therefore, we started dedicated scans

with a preference for these values of parameters to have a good coverage of the small s̃∗η
region (cf. section 3.1). As remarked in section 2.3 this case is very similar to the M4DCHM

with the minimal coset SO(5)/SO(4). One finds that for this case the found range of s∗h is

comparable to the one found in [5]. Only in the region of intermediate s̃∗η the coverage is

comparably low.

In the left plot of figure 1, one can also identify the individual Markov chains as

different clouds with constant f . This is easy to understand from the fact that fermion

8We include the vector-boson-fusion (VBF) process by means of the effective W approximation

(EWA) [47–50].
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Figure 1. Left: location of the minima of Veff in the (s∗h,s̃∗η) plane found by the Markov chains.

In gray there are lines of fixed f where vSM = 246 GeV is realized. In yellow we mark the points

with a good fine-tuning (∆BG < 100). Right: barbieri-Giudice measure ∆BG of fine-tuning for ca.

40% of the viable points and its correlation with f . The gray lines show naive expectations for the

finetuning (see main text).

and gauge boson contributions to the potential have to cancel each other to a rather large

extend for guaranteeing the lightness of the Higgs [28, 52]. While the size of the gauge

boson contributions is mainly driven by the parameter f , the fermion contributions depend

on a large number of independent parameters, such as composite masses and composite-

elementary mixings. Thus, a change in f would need a coordinated and collective change

in many fermion parameters, which is again difficult to realize in a Markov Chain scan.

The amount of fine-tuning for the viable parameter points can be quantified using the

Barbieri-Giudice measure [53],

∆BG = max
λ∈parameters

∣∣∣∣∂ log(mZ)

∂ log(λ)

∣∣∣∣ , (4.1)

which gives the change in the electroweak scale when varying the fundamental parameters

of the theory. Unfortunately, the numerical evaluation of this measure is computationally

expensive and thus we calculated the tuning for only about 40% of the viable parameter

points. They are shown in the right plot of figure 1. We find that a moderate tuning on the

percent level is very well possible for f < 1 TeV given the current experimental constraints.

For the least fine-tuned points we find a value of ∆BG = 27. This is comparable to CHMs

with a smaller coset [5, 52, 54].

In figure 1, we further show the naive expectation for the minimal fine-tuning,

∆min ∼ f2/v2
SM as the solid gray line. For the minimal CHM based on the coset

SO(5)/SO(4) with fermions in the fundamental representation it is well known that the

potential is subject to a so-called double-tuning [52]. Using the notation of [52], it can be

estimated by ∆min ∼ 1/ε2 × f2/v2
SM with ε < 1, i.e. the tuning is parametrically larger

due to the particular structure of the potential. We expect this to be true also for the
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Figure 2. Modifications of Higgs signal strengths for different decay channels. The SM expectation

is given by the gray line as µgg = 1. By custodial symmetry, the signal strengths into WW and

ZZ are the same.

next-to-minimal coset with fermions in the fundamental representation. To guide the eye,

we include the expectation for an exemplary value ε = 0.5 as the dashed line in figure 1,

which shows that our data points are consistent with double-tuning.

Further, in the left plot of figure 1 we also indicate the position of points with

∆BG < 100 in the s∗h-s̃∗η plane. This shows that a moderate fine-tuning can be archieved

for all values of the vevs that allow for a not too large scale f .

4.2 Higgs phenomenology

A crucial feature of a CHM with a non-minimal coset is the enlarged scalar sector, such

that modifications of the Higgs couplings can be induced by the mixing of ĥ with the new

pseudoscalar η̂. This mixing is induced by the effective potential via ĥ-η̂ cross terms that

strongly depend on whether η̂ takes a vev. In the case s̃∗η = 0 there will be no mixing

between the scalars and the Higgs couplings are only modified by the non-linear nature of

the pNGB Higgs. As soon as η̂ takes a non-vanishing vev, the mixing sets in.

Limits on the modification of Higgs couplings can best be set in terms of Higgs signal

strengths, which are defined for a certain channel h → X via the Higgs partial widths

rX = Γ(h→ X)/Γ(h→ X)SM as

µggX =
rXrgg
rtot

, (4.2)

where a production exclusively through gg-fusion is assumed and rtot = Γh/Γ
SM
h .

At present, the experimental bounds on the Higgs signal strengths are still rather

loose, allowing for even a vanishing signal strength at the few σ level. In figure 2 we show

our results. The overall dependence on the symmetry breaking scale f is compatible with

general considerations of Higgs coupling modifications in strongly-interacting theories [55]
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which predict µggX ∼ (1 − cv
2
SM
f2

), where c is some model- and channel-dependent constant.

While these relations can be violated in the presence of a large degree of compositeness

of light quarks [56], we find the deviations to be even much larger than in the case of the

minimal coset [5]. This is not suprising in view of the mixing between the Higgs and η,

which leads to an additional modification of the coupling between the SM particles and

the Higgs.

4.3 η production and decay

Being a pNGB, the scalar η is usually9 the lightest state in the spectrum apart from the

SM particles.10 With a total range of ca. 130 − 1600 GeV, an interquartile range11 of ca.

550− 790 GeV and a median of ca. 690 GeV, the viable parameter points yield a mass for

η that lies well in the energy range accessible by the LHC. However, we will see in this

section that η can escape all current direct bounds included in our scan. In principle, the

phenomenology of η can also be constrained indirectly by observables sensitive to scalar

four-fermion operators originating from a tree-level exchange of η. In particular, these are

contact interactings involving first-generation quarks and heavy meson-antimeson mixing.

Furthermore, η could show up in penguin-induced flavour transitions such as b → sγ.

For these observables we however expects effects comparable to Higgs contributions, but

suppressed by the larger η-mass. Indeed, we find that the indirect bounds on the valid

parameter points are very weak. Therefore, we will restrict ourself to discussing only direct

bounds on η in the following, which we expect to have a significantly higher potential of

probing the viable parameter points.

Being a scalar that is allowed to mix with the Higgs boson, the production channels of η

are the same as for the Higgs. It is thus expected that at a hadron collider like the LHC, the

main channel is production via gluon fusion. That this channel is indeed clearly dominating

the total production cross section for most viable parameter points can be seen in figure 3,

where on the left the different production channels are compared in a box plot. To be

specific, for 50% of viable points we find rσ(gg) = σ(pp→ gg → η)/σ(pp→ η) > 0.99 and

for half of the remaining points we still find rσ(gg) > 0.93. The main reason for this can be

traced back to the parton luminosities entering the hadronic cross section in equation (3.3).

As shown in the right plot of figure 3, the parton luminosity of gluons is ca. 102 − 103

times larger than the one for bottom or charm quarks and even ca. 105 − 106 times larger

than the effective parton luminosities of W and Z bosons calculated through the EWA (cf.

section 3.2). The light quarks on the other hand, while having a larger parton luminosity

9For 20% of the viable parameter points, the masses of the lightest fermion resonances are slightly lighter

than the η mass.
10While in principle η could even be lighter than the Higgs, as noted in section 2.3, we only discuss the

case of η being heavier.
11The interquartile range is the range of values when cutting out the 25% of points with the largest values

and the 25% of points with the smallest values. While we use statistics vocabulary to describe the viable

parameter points that we have found with our scanning procedure, we want to stress that we do not make

statements about the propability of finding specific values. This is not possible due to the limitations of

our scanning procedure discussed in secton 3.1.
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Figure 3. Left: box plot of the η production cross section in different channels relative to the total

production cross section. For each channel we show the total range (indicated by dashed orange

lines), the interquartile range (shown as a blue box) and the median (the red line inside the box)

of values from viable parameter points. Right: parton luminosities for ij = gg, cc̄, bb̄ and effective

parton luminosities from EWA for ij = WW,ZZ. We use
√
s = 13 TeV.

than bottom and charm quarks, still play a minor role in the η production due to very

small Yukawa couplings.

The gluon fusion cross section, which we have seen may serve as a good approximation

of the total cross section, can on the partonic level be as large as the Higgs cross section,

or even larger. However, to get the hadronic cross section for gluon fusion, in the NWA

we have to multiply the partonic one with the parton luminosity Lgg(s,
√
ŝ). This parton

luminosity decreases by several orders of magnitude as the partonic center of mass energy√
ŝ grows from 125 GeV to some hundred GeV (cf. right plot in figure 3). The hadronic

cross section of η is thus suppressed compared to the one for the Higgs just because it has

a higher mass and thereby a smaller parton luminosity entering equation (3.3). A direct

comparison of the values of Lgg(s,
√
ŝ) at

√
ŝ = mη and

√
ŝ = mh = 125 GeV is shown in

the left plot of figure 4. In the same plot, we show values of the ratio of the gluon fusion

hadronic production cross sections of η and Higgs for viable parameter points. As expected,

one observes that with increasing η mass, the relative cross section decreases very similar

to the relative parton luminosity. There is still a broad range of possible values for the η

cross section at a given mass mη, because the Yukawa couplings and fermion masses that

enter the gluon fusion cross section may vary for different parameter points. Nevertheless,

also the maximum of possible values of the η cross section decreases with larger mη and

thus for the bulk of viable parameter points we get a suppression with respect to the Higgs

cross section of at least 10−1 − 10−2.

Like the production channels, the decay channels of η are again the same as those

of the Higgs — with two important exceptions: if mη ≥ 2mh and mη ≥ 2mt, which is

the case for most viable parameters points, η is allowed to decay to two Higgses or to tt̄.

The ηhh coupling is calculated from the third derivatives of the two-dimensional scalar
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Figure 4. Left: ratio of hadronic production cross sections via gluon fusion of η and Higgs (blue

dots) and ratio of gluon-gluon parton luminosities with
√
ŝ = mη and

√
ŝ = 125 GeV. Right: box

plot of the η branching ratio for different decay channels. We did not include the usually very

small up and down quark branching ratios. Like in the left plot of figure 3, we show the total and

interquartile ranges and the median of values from viable parameter points.

potential and leads to a large branching ratio BR(η → hh).12 How large it actually is and

that this leads to relatively small branching ratios in the remaining decay channels is shown

in the box plot on the right side of figure 4.13 The usually second largest branching ratio

is BR(η → tt̄) due to a mostly large Yukawa coupling. While for the Higgs the decay to bb̄

has the largest branching ratio, the η can decay to two on-shell SM vector bosons for most

of the viable parameter points and thus BR(η →WW ) and BR(η → ZZ) is usually larger

than BR(η → bb̄). The smallest branching ratios are found for the loop-induced decays

involving massless vector bosons and for those to light quarks with small Yukawa couplings.

Since we have implemented many experimental analyses into our scanning procedure

(cf. tables 1, 2 and 3), we are able to compare the experimental bounds on the product

of cross section and branching ratio into different channels to the predictions from the

viable parameters points. As expected from the discussion of η branching ratios above,

the decay channel to two Higgses should be the most promising one for setting bounds.

This can indeed be observed in the upper-left plot of figure 5. Even though the decay

to two Higgses is not the easiest one to observe experimentally, the ATLAS and CMS

collaborations are able to exclude a cross section times branching ratio at 95% CL in this

12The large ηhh coupling is a result of the ĥ− η̂ mixing (cf. section 2.3). Since the electroweak Goldstone

bosons yielding the longitudinal polarizations of W and Z do not mix with η̂, the ηhh coupling is enhanced

compared to the ηWW and ηZZ couplings, contrary to what might be expected from the Goldstone boson

equivalence theorem.
13We refrain from discussing decays to leptons. Due to the naive treatment of the lepton sector as beeing

completely elementary, they have a strong dependence on the scalar mixing angle which we would not

expect for a more complete model (cf. discussion in section 2.2). We however note, that the branching

ratios to leptons that we find are small enough to be neglected.
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Figure 5. Experimental bounds from ATLAS and CMS and predictions from viable parameters

points of the η production cross section via gluon fusion times the branching ratio into hh (top-left),

γγ (top-right), ZZ (bottom-left) and WW (bottom-right). The analyses shown in the plots are

listed in table 2.

channel down to 100 − 10−1 pb. This is very close to the values we predict for many of

the viable parameter points. We thus expect that this channel has a high potential to

exclude parts of these points already during the current LHC run 2. Another channel with

good prospects is the decay to two Z bosons, for which we show a plot on the lower-left

of figure 5. While the predicted values for cross section times branching ratio are smaller

than for the decay η → hh, the experimental collaborations are able to also exclude smaller

values in this channel. Actually, the experimental bounds are strong enough that some still

viable parameter points with low η mass are literally on the verge of being excluded. Due

to the custodial symmetry, the predictions in the η → ZZ channel are very similar to

the decay η → WW , for which we show limits and predictions in the lower-left plot of

figure 5. While at the moment there are less experimental analyses available for this

– 19 –



J
H
E
P
0
4
(
2
0
1
7
)
1
1
7

channel than for η → ZZ, both are promising. On the upper-right we show bounds in

the diphoton channel from LHC Run 2 data. Even though the experiments are able to

probe values down to less than 10−3 pb in this channel, the bulk of our predicted values

are still far from beeing excluded. Apart from very few cases, the points with the highest

signal strength are around two orders of magnitude away from the experimental bounds.

The main reason for this is the tiny branching ratios we find for η → γγ (cf. right plot in

figure 4). The η → Zγ channel, for which no plot is shown, is very similar to the η → γγ

case. While the decays to light quarks can be neglected due to the tiny branching ratios,

the decays of η to third generation quarks or gluons have a relatively large branching ratio.

However, the experimental bounds in these channels are even more far away from excluding

viable parameter points than those in the diphoton channel and thus we also refrain from

showing plots for these channels.

We have seen that the LHC experiments may probe parts of the still viable parameter

space in the near future. However, we expect many analyses to aim at setting limits for

as high as possible resonance masses while cutting out the lower mass range. Since η has

a mass well below 1 TeV for many of the viable parameter points, we want to stress the

importance of also exploring this mass range with higher luminosity.

4.4 Phenomenology of vector and fermion resonances

While the main features and properties of the vector and fermion resonances are still the

same as in the model analysed in [5], some additional states are introduced due to the now

larger spontaneously broken global symmetry SO(6) instead of SO(5).14 Furthermore, a

lot of new experimental analyses based on LHC run 2 data with center-of-mass energy of

13 TeV have been published by ATLAS and CMS during the last year that have not been

available for the discussion in [5]. In the following, we will thus present the most promising

decay channels for constraining the heavy resonances after taking into account the new

experimental data.

4.4.1 Prospects for vector resonance searches

Like discussed in section 2.1, we consider charged and neutral electroweak resonances as

well as a coloured gluon resonance Gµ. The latter is always heavy enough to decay to a

pair of quark resonances and thus gets very broad. Therefore, to set bounds on the gluon

resonance, it is most promising to search for the decay of the pair of quark resonances [58,

59]. It is however beyond the scope of this analysis to take these effects into account.

Since additionally the branching ratios to SM quarks are very small, there are effectively

no bounds on the gluon resonance in our numerical analysis. In the following, we thus

focus on the electroweak vector boson sector which contains eight neutral and four charged

resonances.

14An SO(6)/SO(5) composite Higgs model with essentially the same electroweak spin-1 resonance states

as presented here was discussed in [57]. However, because this model does not include partial compositeness,

the couplings of SM quarks to spin-1 resonances are different to those of the model considered here.
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Figure 6. Experimental bounds from ATLAS and CMS and predictions for the neutral vector

resonance production cross section times the branching ratio into tt̄ (top-left), e+e− (top-right),

WW (bottom-left) and ZH (bottom-right). We show values for the resonances Xµ, ρLµ and ρRµ
for the viable parameter points. The analyses included in the plots are listed in table 3.

Neutral electroweak resonances As expected from the vector boson mass matrix (cf.

appendix B.1), out of the eight heavy neutral mass eigenstates,15 we observe four states to

be always relatively light (corresponding to ρLµ, ρRµ, a3
1µ and a4

1µ) and three states to be

always heavy (ρS µ, a3
2µ and a4

2µ). The resonance Xµ has a mass independent of the other

resonances. It can thus be the lightest one, can have a mass between the four light and

three heavy states or can also be the heaviest one. In the case where Xµ is the lightest

resonance, it may even be lighter than the naive lower bound on vector resonance masses

from the S parameter might suggest. This is due to the fact that a KK photon like linear

combination of neutral electroweak resonances does not contribute to the S parameter. For

gX � gρ (and thus a small Xµ mass), the KK photon like linear combination is mainly

15The mixing in the spin-1 sector is moderate such that each mass eigenstate can be associated to an

eigenstate in the gauge basis. We thus denote each mass eigenstate by the name of the gauge basis state it

is mainly composed of.
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composed of Xµ, which therefore can be very light and still compatible with the bound

from the S parameter (cf. discussion in [5]).

Compared to the SO(5)/SO(4) model there are three additional neutral resonances:

the SU(2)L×SU(2)R singlet ρS µ and the two neutral components a3
1µ and a4

1µ of the

SU(2)L×SU(2)R bidoublet a1µ. While ρS µ and a4
1µ do not mix with W 3

µ and Bµ, there is a

mixing term proportional to s̃∗η for a3
1µ (cf. appendix B.1). In the limit where one recovers

the SO(5)/SO(4) case and s̃∗η → 0 (cf. discussion in section 2.3), the mixing term of a3
1µ

thus vanishes. At the same time, the mixing terms of all other resonances take the form of

the SO(5)/SO(4) case with a3
1µ and a4

1µ playing the role of the states that were denoted

by a3
µ and a4

µ in [5]. Due to the large mass and the absence of mixing for ρS µ and a4
1µ,

the only new state that is potentially relevant for the phenomenology is a3
1µ. However,

we observe that a3
1µ always has a very small production cross section. Consequently, it

can be neglected when discussing the collider phenomenology and the differences to the

SO(5)/SO(4) case mainly arise due to the dependence of the mixing terms on s̃∗η.
The relevant states that have a significant production cross section are ρLµ, ρRµ and

Xµ. For the case that Xµ is the lightest resonance, it has the by far highest production

cross section of all resonances. Therefore, this case is the most strongly constrained one.

Since Xµ can couple to h only via mixing, its coupling to Zh is very small. Additionally,

the Xµ gauge eigenstate only mixes with Bµ but not with W 3
µ and thus the coupling of Xµ

to WW is also strongly suppressed. Xµ can couple to leptons, but again only via mixing

with the Bµ. The largest branching ratio of a light Xµ to SM particles16 is thus found for

quarks in the final state, in particular for the Xµ → tt̄ channel. In the upper-left plot of

figure 6 we show that this leads to large values of cross section times the branching ratio for

many parameter points. The experimental bounds are already in the region of predicted

values17 and we expect still viable parameter points to be probed in this channel already

during the current LHC run 2. Even though we do not consider partial compositeness in

the lepton sector and thus the spin-1 states in the composite sector can couple to leptons

only via their mixing with the elementary ones, the bounds from resonances decaying to

two leptons are even stronger than in the tt̄ channel. The reason for this is the ability

of the experiments to probe much lower values of cross section times branching ratio in

the di-electron and di-muon channels than they can probe for the tt̄ final state. In the

upper-right plot of figure 6 one can observe that many of the still viable parameter points

are closely adjacent to the exclusion limits in the di-electron channel and thus expected to

be probed in the near future. This is mainly due to the Xµ that can have a much larger

production cross section than the ρLµ and the ρRµ if it is the lightest resonance. In the

case where the Xµ is heavier than ρLµ and ρRµ, the latter can play the most important

16If kinematically allowed, Xµ can also decay to fermion resonances. In this case, the branching ratios to

SM particles decrease and at the same time the resonance becomes very broad such that it might not be

captured by experimental analyses. To take this into account, we relax the experimental bounds for broad

resonances by multiplying the corresponding χ2 value with a smooth function that is close to one for small

Γ/m and vanishes for large Γ/m.
17Viable parameter points in our scan are allowed to violate experimental bounds by up to three sigma.

Since the experimental limits are on the 95% CL, we find points that lie above the experimental bounds

that are shown in the plots.
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Figure 7. Experimental bounds from ATLAS and CMS and predictions from viable parameters

points of the ρ±Lµ production cross section times the branching ratio into WZ (upper-left), Wh

(upper-right), e±νe (lower-left) and tb (lower-right). The analyses shown in the plots are listed in

table 3.

role in probing the parameter space. In contrast to Xµ, the resonances ρLµ and ρRµ have

couplings to SM dibosons that are not strongly suppressed. So apart from the then still

promising dilepton channels, the WW and Zh channels are also very interesting in this

case. The plot in the lower-left of figure 6 shows that especially in the WW channel some

still viable parameter points are not far away from current experimental bounds. While we

predict similarly high values of cross section times branching ratio in the Zh channel (cf.

lower-left plot of figure 6) and more experimental analyses are available there, the bounds

are still farther away than in the WW channel.

In summary, while for the case of Xµ being the lightest resonance, the tt̄ and dilepton

channels are the most promising ones, in the case of ρLµ and ρRµ being lighter than Xµ,

the dilepton and the WW channels have the highest prospects of observing or excluding

parameter points.
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Charged resonances Among the four charged vector resonances, three of them have

very similar masses (ρ±Lµ, ρ±Rµ and a±1µ) and one is always heavier (a±2µ).

The state a±1µ is the only one not present in the SO(5)/SO(4) model discussed in [5].

Similarly to the discussion for the neutral resonances, taking s̃∗η → 0 yields a vanishing

mixing term for a±1µ, all other mixings take the form of the SO(5)/SO(4) case and a±2µ
plays the role of the state that was called a±µ in [5].

When it comes to the collider phenomenology, it suffices to discuss the effects of ρ±Lµ
since it always has a considerably higher production cross section than ρ±Rµ and a±1µ. The

highest branching ratios of ρ±Lµ to SM particles are found in the WZ and Wh channels. We

show predicted values for production cross section times branching ratio in these channels

in the two upper plots of figure 7. While the branching ratio to Wh is usually slightly

larger than the one to WZ, the experiments have a bit more sensitivity in the latter case.

For both channels we find points that are in reach of near future experimental bounds.

While the predictions in the e±νe channel (cf. lower-left plot in figure 7) are smaller than

those in the diboson channels by at least a factor of 10, due to the higher sensitivity of

experimental analyses they are expected to also probe still viable parameter points in this

channel during LHC run 2. We refrain from showing a plot for the decay to µ±νµ since

it is very similar to the one for the e±νe channel. In the ρ±Lµ → tb channel on the other

hand (cf. lower right plot in figure 7), the predictions are far away from the experimental

bounds such that even with a lot of additional integrated luminosity this channel is not

very promising.

4.4.2 Prospects for quark resonance searches

In contrast to the spin-1 resonance case, there is usually strong mixing in the quark sector.

Therefore, we refrain from identifying the gauge eigenstate from which each mass eigenstate

is mainly composed of and simply discuss all quark resonances at once. Among the 30

states, the most interesting ones for the collider phenomenolgy are the lightest ones that

always decay to a final state containing a SM quark and can thus be directly searched for at

the LHC. For setting bounds, we consider the model-independent pair production of quark

resonances.18 Experimental limits on cross section times branching ratio can thus be easily

recast into bounds on the branching ratio of a given decay channel, which only depend

on the mass of the resonance. Observed 95% CL bounds in several channels are shown as

coloured areas in figure 8. For all viable parameter points, we show predicted values for

masses and branching ratios of all quark resonances lighter than 2 TeV. A common feature

of all plots in figure 8 is that the branching ratios usually decrease with higher masses since

new decay channels to other quark resonances open up. The most interesting region is thus

the one around 1 TeV, where most resonances have high branching ratios to SM particles.

We want to note, that we find at least one quark resonance with a mass below 1.2 TeV

for 97% of the viable parameter points. Probing this mass region by direct searches for

18As already mentioned in section 4.4.1, we neglect possible contributions to the quark resonance pair

production stemming from the gluon resonance.

While many recent experimental analyses focus on single production to reach a higher sensitivity, it is

not feasible to use their model dependent bounds in our numerical analysis.
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Figure 8. Predictions for masses and branching ratios of up-type (upper-left), down-type (upper-

right), charge 5/3 (lower-left) and charge −4/3 (lower-right) quark resonances. Experimental

bounds from the LHC running at different center of mass energies are shown as coloured areas.

The analyses that are included in the plots are listed in table 1.

quark resonances has thus arguably the highest potential to observe or exclude our viable

parameter points with LHC run 2 data.

The currently strongest experimental bounds are on the decays of up-type quark reso-

nances U with a third generation SM quark in the final state (cf. upper-left plot in figure 8).

In contrast to [5], where the analyses published during the last year have not yet been avail-

able, many parameter points are closely adjacent to or even above the observed 95% CL.19

19Like in section 4.4.1, the experimental limits shown in the plots are on the 95% CL, while we allow

viable parameter points to violate experimental bounds by up to three sigma.
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While also new analyses for decays of down-type resonances D have appeared since the

publication of [5], none of them already features data from LHC run 2 and thus the current

bounds on D resonances (cf. upper-right plot in figure 8) are much weaker than those on U .

Since we consider a model with partial compositeness for all three quark generations,

especially the lightest resonances that we find are dominantly decaying to final states

involving a light SM quark. Apart from a few searches with a W boson and a light quark

in the final state, there are essentially no direct experimental bounds on quark resonances

decaying to light quarks. Interestingly, we find essentially all quark resonances with a

mass below 750 GeV to be mainly composed of the singlets S2 and S̃2, which in this case

dominantly decay to a light SM quark and a Higgs (cf. “XY = qh”-channel in upper plots

of figure 8). This channel is thus by far the most promising one to set direct bounds on

the still unconstrained very light quark resonances found in our scan.

In the lower plots of figure 8, we show predictions and experimental bounds for quark

resonances with exotic charges 5/3 and −4/3. For nearly all viable parameter points, the

exotic charged resonances are heavier than the lightest up- or down-type resonance. While

the mixing with SM quarks can lower the mass for up- and down-type resonances, this is

not possible for the exotic charged ones. Apart from decaying to SM particles, the lightest

exotic resonances are thus also allowed to decay to other resonances, which slightly weakens

the bounds one can set. Nevertheless, we find many viable parameter points predicting

masses and branching ratios of exotic charged quarks that are in reach of LHC run 2.

In addition to the decays featuring a SM boson in the final state, also decays to a

SM quark and the scalar singlet η are allowed.20 We show predictions for up- and down-

type resonances decaying to η and SM quarks in figure 8. While the presence of the

additional decay channel may obviously alter the branching ratios in the other channels,

due to our assumption of partial compositeness for all three generations, there are already

many channels the quark resonances can decay to. Consequently, the overall picture is not

changed very much to what is observed in [5], where this channel is not available.

4.5 Flavour physics and CP violation

Constraints from flavour physics are a well-known challenge for composite Higgs models,

even with partial compositeness. Since we consider a model with a flavour symmetry in the

strong sector only broken by composite-elementary mixings, these constraints can be under

control, but are still relevant. Since the effects in flavour physics are mostly dependent on

the flavour structure and not so much on the chosen coset, the flavour effects are similar

to the results found for the SO(5)/SO(4) coset with a U(2)3
RC flavour symmetry presented

in [5]. However, the presence of spontaneous CP violation in the scalar sector leads to

additional flavour blind CP violation that can manifest itself in electric dipole moments.

4.5.1 Meson-antimeson mixing

The predictions for mixing observables in the K, Bd, and Bs systems turn out to be

qualitatively very similar to the SO(5)/SO(4) coset with a U(2)3
RC flavour symmetry. We

20A discussion of quark resonance phenomenology featuring decays to the singlet η is presented in [8].

The model discussed there does however not contain mixing in the scalar sector and only third-generation

partners are considered.
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Figure 9. Predictions for the Wilson coefficients Cbs9 and Cbs10 for the vector resonance Xµ beeing

the lightest one (blue points), having a mass between the other four light and three heavy resonances

(orange points) and for the case where Xµ is the heaviest resonance (yellow points). We also show

contour lines for the boundaries of the one, two and three sigma regions around the best fit value

calculated by flavio [60].

repeat the main predictions of this scenario.

• Modifications of the mass differences ∆Md and ∆Ms can saturate current experimen-

tal bounds. Relative to the SM, for fixed values of CKM elements, the mass differ-

ences are always enhanced. Future improvements will require reducing the parametric

uncertainties of the SM predictions by more precise determinations of the CKM quan-

tities |Vcb|, |Vub|, and γ from tree-level B decays, as well as of the relevant matrix

elements from lattice QCD.

• Indirect CP violation in kaon mixing measured by the parameter εK can also satu-

rate present bounds. Relative to the SM, for fixed values of CKM elements, |εK | is

always enhanced and the relative enhancement is always larger than in the Bd,s mass

differences.

• The Bs mixing phase φs can receive a new physics contribution up to ±0.1, i.e. in

the ball park of the present experimental bounds, arising from subleading terms in

the U(2)3 spurion expansion. CP violation in Bd mixing is instead SM-like.

4.5.2 Rare B decays

Similarly to the minimal coset, we find potentially sizable contributions to the Wilson co-

efficients C9,10 of the semi-leptonic operators contributing to rare semi-leptonic b→ s `+`−

transitions,

O9 = (s̄Lγ
µbL)(¯̀γµ`) , O10 = (s̄Lγ

µbL)(¯̀γµγ5`) . (4.3)

We again find that large effects typically come from two types of contributions (see [5,

Section 3.2.5] for a detailed discussion),
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• a “KK Z-like” contribution contributing mostly to C10, almost always destructively

interfering with the SM contribution, leading to a suppression of the Bs → µ+µ−

branching ratio, or

• a “KK photon-like” contribution contributing only to C9 and almost always destruc-

tively interfering with the SM. We find a NP effect up to C9 ≈ −1, which is mediated

by a vector resonance that is mostly Xµ, with a mass around 1 TeV (not constrained

by the S parameter at tree-level) and a dominant decay to top quark pairs (cf. sec-

tion 4.4.1).

Interestingly, the case of negative NP contribution to C9 could explain various tensions

observed in global fits to b→ s µ+µ− transitions, in particular in the angular distribution

of B → K∗µ+µ− and in the branching ratios of B → Kµ+µ− and Bs → φµ+µ− (see

e.g. [61–64]). Figure 9 shows all viable parameter points in the plane of new physics

contributions to C9 and C10 compared to a the results of a global fit to b → s µ+µ− and

b→ sγ processes performed with flavio [60] as an update of [61]. The colour coding of the

points gives an indication of the mass hierarchies in the spin-1 sector, demonstrating that

for points with large negative contribution to C9, the lightest spin-1 resonance is always

dominantly Xµ.

We note that, since we assume elementary leptons however, our model cannot explain

the apparent violation of lepton flavour universality in B → Kµ+µ− (see [35] for an attempt

to explain it with partially composite leptons).

4.5.3 Neutron electric dipole moment

In contrast to the minimal coset studied in [5], where the neutron EDM was found to be

well below current bounds, due to the presence of spontaneous CP violation in the scalar

sector we now find appreciable contributions induced at the one-loop level from h and η

exchange. We have imposed this constraint on our otherwise allowed points a posteriori

and found that roughly one third of the points were excluded by the neutron EDM, treated

as discussed in section 3.2. We conclude that a neutron EDM in the ball park of near-future

experiments is a generic prediction of the model and provides a clear distinction from the

model with minimal coset studied in [5].

5 Conclusions

In this work, we have performed a comprehensive numerical analysis of a composite pNGB

Higgs model, based on the symmetry breaking coset SO(6)/SO(5), with partial compos-

iteness and a flavour symmetry in the fermion sector to protect flavour-changing neutral

currents. Compared to the minimal custodial coset SO(5)/SO(4) (analyzed recently by

us in [5]), the most striking feature of the enlarged coset is the presence of an additional

pseudoscalar pNGB degree of freedom that can mix with the Higgs boson. We investigated

the dynamics of this scenario, placing special emphasis on realistic electroweak symmetry

breaking that reproduces the correct Higgs mass and vacuum expectation value, as well as

on the collider phenomenolgy of the additional scalar η.

– 28 –



J
H
E
P
0
4
(
2
0
1
7
)
1
1
7

Our main findings are summarized as follows.

• A minimum for the effective potential is found for all reasonable vacuum expectation

values of the two scalars ĥ and η̂ that yield the correct Fermi constant (cf. left plot

in figure 1). Therefore, direct and indirect bounds do not constrain the potential in

this respect.

• For a symmetry breaking scale f < 1 TeV, a Barbieri-Giudice measure for fine-tuning

well below 100 is possible, showing no immediate tension with fine-tuning for this

model (see the right plot in figure 1).

• The pseudoscalar η̂ can mix with the Higgs if CP is broken by the effective potential.

However, we find this not to be in conflict with measurements of the Higgs signal

strengths (see figure 2). This is mainly due to relatively large uncertainties for these

observables, so a precision measurement of the Higgs couplings can potentially cut

deeply into the parameter space.

• Values for the mass of the scalar η are found over the large range 130 − 1600 GeV

(we do not allow for η to be lighter than the SM-like Higgs).

• The production of η is clearly dominated by gluon fusion and suppressed compared

to Higgs production mainly due to its higher mass and the therefore smaller gluon

parton luminosity.

• If kinematically allowed, the highest branching ratios for the decay of η are found for

two Higgses in the final state, followed by tt̄ and a pair of W or Z bosons. The by

far strongest experimental bounds can be set in the two Higgs channel. While the

constraints in tt̄ are weak, the higher experimental sensitivity in the diboson channels

makes them also promising for setting bounds. The branching ratio to diphotons is

usually tiny and no signal is expected in this channel in the near future. As we find

a mass for η below 1 TeV for most of the parameter points, we again want to stress

the importance of experimental searches in the promising channels also for sub-TeV

masses.

• The bounds on neutral electroweak resonances depend on their mass spectrum. For

the case of Xµ being the lightest vector resonance, its decays in the dilepton and tt̄

channels yield the strongest bounds. For ρLµ and ρRµ being lighter than Xµ, the

strongest constraints arise from the decays in the dilepton and diboson channels.

• While the charged vector resonances are slightly less constrained than the neutral

ones, still viable parameter points are expected to be probed by the ρ±Lµ state in the

diboson and `±ν channels in the near future.

• We find recently published searches for fermion resonances to strongly constrain the

parameter space. Soon possible experimental analyses of quark resonance pair pro-

duction that are sensitive to masses of more than 1.2 TeV are expected to probe
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nearly all of the viable parameter points found in our scan. However, especially the

decays with light SM quarks in the final state are very poorly covered by current

LHC searches.

• Meson-antimeson mixing observables are strong constraints on the model, inspite

of the large flavour symmetry. Given theoretical uncertainties, the most promising

observable to observe deviations from the SM is mixing-induced CP violation in

the Bs system that can saturate present experimental bounds that will be strongly

improved in the near future.

• Rare B decays based on the b → s`+`− transition, such as Bs → µ+µ− or B →
K(∗)µ+µ−, can also be affected. The branching ratios are predicted to be suppressed

with respect to the SM for almost allow viable points. Currently observed tensions

with the SM expectations could be explained and would imply the presence of a

vector resonance with a mass of about 1 TeV decaying dominantly to tt̄.

• The electric dipole moment of the neutron can reach values in the ball park of the

current experimental bound and could be in reach of near-future searches. This

prediction distinguishes the model at hand from the model with the minimal coset

SO(5)/SO(4) and the flavour symmetry U(2)3
RC studied in [5] and is due to the

additional source of CP violation present in the scalar sector.

In summary, we find this next-to-minimal composite pNGB Higgs model to pass both

the direct and the indirect experimental constraints considered by us with a moderate

electroweak fine-tuning, while prospects to discover or further constrain the model are

promising at run 2 of the LHC and in future precision-frontier experiments.
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A SO(6)

A.1 Generators

The group theory of SO(6) is very nicely explained in [65]. SO(6) has 15 generators:

the usual 10 generators of SO(5) (TaL, TaR, Ti
1̂
) plus a bidoublet (Ti

2̂
) plus a singlet (TS).

The breaking of the latter two gives five NGBs containing the Higgs doublet Φ and the
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additional pseudoscalar η,21

[TaL]IJ = − i

2

[
1

2
εabc (δbIδcJ − δbJδcI) + (δaIδ4J − δaJδ4I)

]
[TaR]IJ = − i

2

[
1

2
εabc (δbIδcJ − δbJδcI)− (δaIδ4J − δaJδ4I)

]
[
Ti

1̂

]
IJ

= − i√
2

(δiIδ5J − δiJδ5I)[
Ti

2̂

]
IJ

= − i√
2

(δiIδ6J − δiJδ6I)

[TS ]IJ = − i√
2

(δ5Iδ6J − δ5Jδ6I) ,

where a ∈ {1, 2, 3}, i ∈ {1, 2, 3, 4} and I, J ∈ {1, 2, 3, 4, 5, 6}.

A.2 Elementary embeddings

The incomplete embeddings of elementary quarks into fundamentals of SO(6), as used

in (2.15), are given as

ξuL =
1√
2



dL

−idL

uL

iuL

0

0


, ξ5

uR =



0

0

0

0

uR

0


, ξ6

uR =



0

0

0

0

0

uR


,

ξdL =
1√
2



uL

iuL

−dL

iuL

0

0


, ξ5

dR =



0

0

0

0

dR

0


, ξ6

dR =



0

0

0

0

0

dR


.

B Mass matrices

In this section we explicitly give the mass matrices of bosons and fermions for the model

considered in this work. In the way they are presented here, the mass matrices depend

on the scalar fields ĥ and η̂. By this, they are suitable for the calculation of the effective

potential via eq. (2.16), which determines the vevs of the scalar fields. In the end, the

physical masses of the particles are given as the eigenvalues of the mass matrices, where

the scalar fields take their vacuum value, Mi(ĥ = vh, η̂ = vη).

21Here, we use a slightly different convention compared to [65] to match the convention used in the

SO(5)/SO(4) models.
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B.1 Vector bosons

In the vector boson sector it is convenient to group the fields by their charge, such that there

are separate mass matrices for neutral and charged vector bosons. For the neutral fields

the elementary W 3
µ - and Bµ-bosons mix with composite vectors via composite-elementary

mixings, v0
W and v0

B. The structure of the mass matrix is the following

M2
Z(ĥ, η̂) =



W 3
µ Bµ ρ3

Lµ ρ3
Rµ a3

1µ a3
2µ Xµ a4

1µ a4
2µ ρS µ

W 3
µ

D0
1

v0 t
W

0

Bµ v0 t
B

ρ3
Lµ

v0
W v0

B D0
2

ρ3
Rµ

a3
1µ

a3
2µ

Xµ

a4
1µ

0 D0
3a4

2µ

ρS µ



,

(B.1)

where the diagonal elements are given by

D0
1 =


W 3
µ Bµ

W 3
µ

f21 g
2
0

2

Bµ
1
2

(
f2

1 + f2
X

)
g
′ 2
0

 , (B.2a)

D0
2 =



ρ3
Lµ ρ3

Rµ a3
1µ a3

2µ Xµ

ρ3
Lµ

f21 g
2
ρ

2

ρ3
Rµ

f21 g
2
ρ

2

a3
1µ

f21 g
2
ρ

2

a3
2µ

f41 g
2
ρ

2(f21−f2)

Xµ
f2Xg

2
X

2


, (B.2b)

D0
3 =



a4
1µ a4

2µ ρS µ

a4
1µ

f21 g
2
ρ

2

a4
2µ

f41 g
2
ρ

2(f21−f2)

ρS µ
f41 g

2
ρ

2(f21−f2)


(B.2c)
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and the (ĥ- and η̂-dependent) composite-elementary mixings are

v0
W =



W 3
µ

ρ3
Lµ −1

4f
2
1 g0gρ

(
chc̃

2
η + s̃2

η + 1
)

ρ3
Rµ −1

4f
2
1 g0gρ (1− ch) c̃2

η

a3
1µ

f21 g0gρ (1−ch)s̃η c̃η

2
√

2

a3
2µ −f21 g0gρ shc̃η

2
√

2

Xµ 0


, (B.3a)

v0
B =



Bµ

ρ3
Lµ −1

4f
2
1 g
′
0gρ (1− ch)c̃2

η

ρ3
Rµ −1

4f
2
1 g
′
0gρ

(
chc̃

2
η + s̃2

η + 1
)

a3
1µ −f21 g

′
0gρ (1−ch)s̃η c̃η

2
√

2

a3
2µ

f21 g
′
0gρ shc̃η

2
√

2

Xµ −1
2f

2
X g

′
0gX


. (B.3b)

After the scalar fields take their vevs the neutral boson mass matrices will have one massless

and one rather light (as compared to the scale f) eigenvalue. These we will identify with

the photon and the Z-boson, respectively.

The mass matrix of the charged vector bosons takes a similar (but easier) form,

M2
W (ĥ, η̂) =



W+
µ ρ+

Lµ ρ+
Rµ a+

1µ a+
2µ

W−µ D+
1 v+ t

W

ρ−Lµ

v+
W D+

2

ρ−Rµ

a−1µ

a−2µ


. (B.4)

Here, the charged vector bosons V ±µ are given as linear combinations

V ±µ =
1√
2

(
V 1
µ ∓ iV 2

µ

)
, (B.5)

were the 1 and 2 refer to the SU(2) indices of the vector triplets. The mass matrix has

diagonal elements

D+
1 =

 W+
µ

W−µ
f21 g

2
0

2

 , (B.6a)
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D+
1 =



ρ+
Lµ ρ+

Rµ a+
1µ a+

2µ

ρ−Lµ
f21 g

2
ρ

2

ρ−Rµ
f21 g

2
ρ

2

a−1µ
f21 g

2
ρ

2

a−2µ
f41 g

2
ρ

2(f21−f2)


, (B.6b)

and composite-elementary mixings

v+
W =



W+
µ

ρ−Lµ −1
4f

2
1 g0gρ

(
chc̃

2
η + s̃2

η + 1
)

ρ−Rµ −1
4f

2
1 g0gρ (1− ch)c̃2

η

a−1µ
f21 g0gρ (1−ch)s̃η c̃η

2
√

2

a−2µ −f21 g0gρ shc̃η

2
√

2


. (B.7)

Also this mass matrix has a light eigenvalue which is the W -boson of the SM.

The mass matrices for gluons and their resonances can be found in [5, Appendix B.1].

B.2 Fermions

As for the vector bosons the fermion mass matrices are also best grouped by the electrical

charge of the fields, i.e. there is a mass matrix for up-type as well as for down-type quarks

and quark resonances. The mass matrices for heavy resonances with exotic charges q = +5
3

and q = −4
3 are given in [5, Appendix B.2].

The ĥ, η̂-dependent mass matrix for up-type quarks is given as

Mu(ĥ, η̂) =



uR Q+−
uR Q̃+−

uR Q−+
uR Q̃−+

uR Q++
dR Q̃++

dR S1
uR S̃1

uR S2
uR S̃2

uR

uL 0 ∆+−
QuL ∆−+

QuL ∆++
QdL ∆1

SuL ∆2
SuL

Q
+−
uL

∆+−†
QuR Mu

Q̃
+−
uL

Q
−+
uL

∆−+ †
QuR Mu

Q̃
−+

uL

Q
++
dL

0 Md
Q̃

++

dL

S
1
uL

∆1 †
SuR Mu

S̃
1

uL

S
2
uL

∆2 †
SuR M̂u

S̃
2

uL



.

(B.8)
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By construction, the left-handed elementary quarks mix with heavy composite states Ψ

while the right-handed ones mix with composites Ψ̃ (see eq. (2.15)). Both composites mix

via non-diagonal composite mass matrices

Mu =


ΨuR Ψ̃uR

ΨuL mU mY u

Ψ̃uL 0 m
Ũ

 , (B.9a)

Md =


ΨdR Ψ̃dR

ΨdL mD mY d

Ψ̃dL 0 m
D̃

 , (B.9b)

M̂u =


ΨuR Ψ̃uR

ΨuL mU mY u + Yu

Ψ̃uL 0 m
Ũ

 , (B.9c)

M̂d =


ΨdR Ψ̃dR

ΨdL mD mY d + Yd

Ψ̃dL 0 m
D̃

 . (B.9d)

The composite-elementary mixings carry the ĥ, η̂-dependence. These are given as

∆+−
QuL =

 Q+−
uR Q̃+−

uR

uL −1
2∆uL

(
chc̃

2
η + 1

)
0

 , (B.10a)

∆−+
QuL =

 Q−+
uR Q̃−+

uR

uL
1
2∆uLc̃

2
η (1− ch) 0

 , (B.10b)

∆++
QdL =

 Q++
dR Q̃++

dR

uL −∆dL 0

 , (B.10c)

∆1
SuL =

 S1
uR S̃1

uR

uL − i√
2
∆uL (1− ch) s̃η c̃η 0

 , (B.10d)

∆2
SuL =

 S2
uR S̃2

uR

uL
i√
2
∆uLc̃ηsh 0

 , (B.10e)

∆+−
QuR =

 Q
+−
uL Q̃

+−
uL

uR 0 i√
2

(
∆5
uR ((1− ch)s̃η c̃η) + ∆6

uRshc̃η
)
 , (B.10f)
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∆−+
QuR =

 Q
−+
uL Q̃

−+

uL

uR 0 i√
2

(
∆5
uR ((1− ch)s̃η c̃η) + ∆6

uRshc̃η
)
 , (B.10g)

∆1
SuR =

 S
1
uL S̃

1

uL

uR 0 −∆5
uR

(
c̃2
η + chs̃

2
η

)
+ ∆6

uRshs̃η

 , (B.10h)

∆2
SuR =

 S
2
uL S̃

2

uL

uR 0 −∆5
uRshs̃η −∆6

uRch

 . (B.10i)

The mass matrix for down-type states takes an analogue form of (B.8). One can get it by

replacing u↔ d and +↔ − (for the SU(2)L × SU2R indices) in the up-type mass matrix.

C Field shift in the boson sector

In holographic gauge the Lagrangian (2.6) leads to kinematic mixings between the pNGB

and the composite vector bosons. These have to be canceled by field shifts and rescalings

of the boson fields [66, 67],22

a1
4µ → a1

4µ +

(√
2 cos

(
vh
f

)
−
√

2
)

f1gρ
∂µη̂, (C.1)

a2
4µ → a2

4µ +

√
2
(
f2 − f2

1

)
cos

(
vη

f sin
(
vh
f

)
)

f3
1 gρ

∂µĥ

−

√
2
(
f2 − f2

1

)
sin
(
vh
f

)
sin

(
vη

f sin
(
vh
f

)
)

f3
1 gρ

∂µη̂, (C.2)

ρS µ → ρS µ +

√
2
(
f2 − f2

1

)
sin

(
vη

f sin
(
vh
f

)
)

f3
1 gρ

∂µĥ

+

√
2
(
f2 − f2

1

)
sin
(
vh
f

)
cos

(
vη

f sin
(
vh
f

)
)

f3
1 gρ

∂µη̂, (C.3)

ĥ→ f1

f
ĥ, η̂ → f1

f sin
(
vh
f

) η̂. (C.4)

where vh and vη denote the vevs of ĥ and η̂, respectively. As a consequence, all scalar

interaction terms only depend on sh and s̃η (cf. equation (2.9)).

22For the decay constants f, f1 in the composite sector we use the notation of [23]. In particular, f is

defined through 1/f2 = 1/f2
1 + 1/f2

2 .
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D Flavour structure of the composite-elementary mixings

We assume the composite sector to be invariant under an U(2)3 flavour symmetry that is

only broken by the couplings of the left-handed elementary quarks to the composite sector.

For this one assumes that the first two generations form a doublet under this symmetry

while the third one is regarded as a singlet. Using the notations of [33] we parametrize the

composite-elementary mixings in a spurion expansion as follows

∆uL =

 cu ∆u1L −su ∆u2L e
iαu

su ∆u1L e
−iαu cu ∆u2L εu ∆u3L e

iφu

∆u3L

 , (D.1a)

∆5 †
uR =

∆5
u12R

∆5
u12R

∆5
u3R

 , ∆6 †
uR =

∆6
u12R e

iφ6u12R

∆6
u12R e

iφ6u12R

∆6
u3R e

iφ6u3R

 ,

(D.1b)

∆dL =

 cd ∆d1L −sd ∆d2L e
iαd

sd ∆d1L e
−iαd cd ∆d2L εd ∆d3L e

iφd

∆d3L

 , (D.1c)

∆5 †
dR =

∆5
d12R

∆5
d12R

∆5
d3R

 , ∆6 †
dR =

∆6
d12R e

iφ6d12R

∆6
d12R e

iφ6d12R

∆6
d3R e

iφ6d3R

 ,

(D.1d)

where all unphysical parameters have been rotated away, such that all parameters are real

numbers. Note that the relative phases between ∆5
R and ∆6

R are not fixed and appear as

free parameters.
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E Experimental analyses directly searching for heavy resonances

E.1 Searches for fermionic resonances

Decay Experiment
√
s [TeV] Lum. [fb−1] Analysis

Q→ jZ CDF 1.96 1.055 [68]

Q→ jW
ATLAS 7 1.04 EXOT-2011-28 [69]

CDF 1.96 4.6 [70]

Q→ qW
CMS 8 19.7 B2G-12-017 [71]

ATLAS 8 20.3 EXOT-2014-10 [72]

Q→ bW

CMS 7 5 EXO-11-050 [73]

CMS 7 5 EXO-11-099 [74]

ATLAS 7 4.7 EXOT-2012-07 [75]

ATLAS 8 20.3 CONF-2015-012 [76]

CMS 8 19.7 B2G-12-017 [71]

Q→ tW CMS 7 5 B2G-12-004 [77]

U → tH

CMS 8 19.7 B2G-13-005 [78]

ATLAS 13 3.2 CONF-2016-013 [79]

CMS 13 2.6 PAS-B2G-16-011 [80]

U → tZ

CMS 7 5 B2G-12-004 [77]

CMS 7 1.1 EXO-11-005 [81]

CMS 8 19.7 B2G-13-005 [78]

ATLAS 13 14.7 CONF-2016-101 [82]

U → bW
CMS 8 19.7 B2G-13-005 [78]

ATLAS 13 14.7 CONF-2016-102 [83]

D → bH

ATLAS 8 20.3 CONF-2015-012 [76]

CMS 8 19.8 B2G-12-019 [84]

CMS 8 19.5 B2G-13-003 [85]

CMS 8 19.7 B2G-14-001 [86]

D → bZ

CMS 7 5 EXO-11-066 [87]

CMS 8 19.5 B2G-13-003 [85]

CMS 8 19.7 B2G-13-006 [88]

D → tW

ATLAS 8 20.3 EXOT-2013-16 [89]

CMS 8 19.5 B2G-13-003 [85]

CMS 8 19.7 B2G-13-006 [88]

CDF 1.96 2.7 [90]

Q5/3 → tW

ATLAS 8 20.3 EXOT-2014-17 [91]

CMS 8 19.6 B2G-12-012 [92]

CMS 13 2.2 PAS-B2G-15-006 [93]

Table 1. Experimental analyses included in our numerics for heavy quark partner decay. Q stands

for any quark partner where the decay in question is allowed by electric charges, j stands for a light

quark or b jet, and q for a light quark jet.
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E.2 Searches for bosonic resonances

Decay Experiment
√
s [TeV] Lum. [fb−1] Analysis

η → hh

CMS 8 19.7 PAS-EXO-15-008 [94]

ATLAS 13 3.2 EXOT-2015-11 [95]

CMS 13 2.3 PAS-HIG-16-002 [96]

CMS 13 2.7 PAS-B2G-16-008 [97]

CMS 13 12.9 PAS-HIG-16-029 [98]

CMS 13 2.7 PAS-HIG-16-032 [99]

η → ZZ

ATLAS 13 13.3 CONF-2016-056 [100]

ATLAS 13 14.8 CONF-2016-079 [101]

ATLAS 13 13.2 CONF-2016-082 [102]

CMS 13 12.9 PAS-HIG-16-033 [103]

CMS 13 2.7 PAS-B2G-16-010 [104]

η →W+W−

ATLAS 8 20.3 EXOT-2013-01∗ [105]

CMS 8 19.7 EXO-13-009∗ [106]

ATLAS 13 13.2 CONF-2016-062∗ [107]

ATLAS 13 13.2 CONF-2016-074 [108]

CMS 13 2.3 PAS-HIG-16-023 [109]

η → γγ
ATLAS 13 15.4 CONF-2016-059 [110]

CMS 13 16.2 PAS-EXO-16-027 [111]

η → Zγ

ATLAS 13 13.3 CONF-2016-044 [112]

ATLAS 13 3.2 EXOT-2016-02 [113]

CMS 13 19.7 PAS-EXO-16-025 [114]

CMS 13 12.9 PAS-EXO-16-034 [115]

CMS 13 12.9 PAS-EXO-16-035 [116]

η → e+e−/µ+µ−

ATLAS 8 20.3 EXOT-2012-23∗ [117]

CMS 8 20.6 EXO-12-061∗ [118]

ATLAS 13 13.3 CONF-2016-045∗ [119]

CMS 13 12.4 PAS-EXO-16-031∗ [120]

η → τ+τ−
ATLAS 8 19.5 EXOT-2014-05∗ [121]

CMS 8 19.7 EXO-12-046∗ [122]

CMS 13 2.2 PAS-EXO-16-008∗ [123]

ATLAS 13 13.3 CONF-2016-085 [124]

CMS 13 2.3 PAS-HIG-16-006 [125]

η → tt̄

ATLAS 8 20.3 CONF-2015-009∗ [126]

CMS 8 19.7 B2G-13-008∗ [127]

CMS 13 2.6 PAS-B2G-15-002∗ [128]

CMS 13 2.6 PAS-B2G-15-003∗ [129]

η → bb̄ CMS 13 2.69 PAS-HIG-16-025 [130]

η → qq CMS 13 12.9 PAS-EXO-16-032∗ [131]

η → gg CMS 13 12.9 PAS-EXO-16-032 [131]

η → jj
ATLAS 13 3.6 EXOT-2015-02∗ [132]

CMS 13 2.4 EXO-15-001∗ [133]

Table 2. Experimental analyses included in our numerics for η decay. The analyses marked with ∗

are actually searches for neutral vector resonances. Since for many channels there are no dedicated

analyses searching for a neutral scalar resonance and the bounds should be similar, we include the

spin-1 analyses in our numerics for η decay.
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Decay Experiment
√
s [TeV] Lum. [fb−1] Analysis

ρ± →W±h

ATLAS 8 20.3 EXOT-2013-23 [134]

CMS 8 19.7 EXO-14-010 [135]

ATLAS 13 3.2 EXOT-2015-18 [136]

ATLAS 13 13.3 CONF-2016-083 [137]

CMS 13 2.17 PAS-B2G-16-003 [138]

ρ± →W±Z

ATLAS 8 20.3 EXOT-2013-01 [105]

ATLAS 8 20.3 EXOT-2013-07 [139]

ATLAS 8 20.3 EXOT-2013-08 [140]

CMS 8 19.7 EXO-12-024 [141]

ATLAS 13 15.5 CONF-2016-055 [142]

ATLAS 13 13.2 CONF-2016-062 [107]

ATLAS 13 13.2 CONF-2016-082 [102]

CMS 13 2.2 PAS-EXO-15-002 [143]

CMS 13 12.9 PAS-B2G-16-020 [144]

ρ± → tb

CMS 8 19.5 B2G-12-010 [145]

CMS 8 19.7 B2G-12-009 [146]

CMS 13 2.55 PAS-B2G-16-009 [147]

CMS 13 12.9 PAS-B2G-16-017 [148]

ρ± → τ±ν
CMS 8 19.7 EXO-12-011 [149]

CMS 13 2.3 PAS-EXO-16-006 [150]

ρ± → e±ν/µ±ν

ATLAS 7 4.7 EXOT-2012-02 [151]

ATLAS 13 13.3 CONF-2016-061 [152]

CMS 13 2.2 PAS-EXO-15-006 [153]

ρ± → jj ATLAS 13 3.6 EXOT-2015-02 [132]

ρ0 →W+W−
ATLAS 8 20.3 EXOT-2013-01 [105]

CMS 8 19.7 EXO-13-009 [106]

ATLAS 13 13.2 CONF-2016-062 [107]

ρ0 → Zh

ATLAS 8 20.3 EXOT-2013-23 [134]

CMS 8 19.7 EXO-13-007 [154]

ATLAS 13 3.2 EXOT-2015-18 [136]

ATLAS 13 3.2 CONF-2015-074 [155]

ATLAS 13 13.3 CONF-2016-083 [137]

CMS 13 2.17 PAS-B2G-16-003 [138]

ρ0 →W+W−/Zh CMS 13 2.2 PAS-B2G-16-007 [156]

ρ0 → e+e−/µ+µ−

ATLAS 8 20.3 EXOT-2012-23 [117]

CMS 8 20.6 EXO-12-061 [118]

ATLAS 13 13.3 CONF-2016-045 [119]

CMS 13 12.4 PAS-EXO-16-031 [120]

ρ0 → τ+τ−
ATLAS 8 19.5 EXOT-2014-05 [121]

CMS 8 19.7 EXO-12-046 [122]

CMS 13 2.2 PAS-EXO-16-008 [123]

ρ0/ρG → tt̄

ATLAS 8 20.3 CONF-2015-009 [126]

CMS 8 19.7 B2G-13-008 [127]

CMS 13 2.6 PAS-B2G-15-002 [128]

CMS 13 2.6 PAS-B2G-15-003 [129]

ρ0/ρG → jj
ATLAS 13 3.6 EXOT-2015-02 [132]

CMS 13 2.4 EXO-15-001 [133]

ρ0/ρG → qq CMS 13 12.9 PAS-EXO-16-032 [131]

Table 3. Experimental analyses included in our numerics for heavy vector resonance decay.
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