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Abstract

Composite Higgs models provide a well-motivated solution to the naturalness problem plaguing
the Standard Model of particle physics. We study the collider phenomenology of a class of com-
posite Higgs models with an underlying fermionic description. The Higgs appears as a pseudo
Nambu-Goldstone boson (pNGB) originating from the spontaneous breaking of the global sym-
metry when the strongly interacting composite sector condenses. There will be further pNGBs,
however, both colour singlets and coloured states. We collect and derive bounds on the masses
of the coloured pNGBs for all popular cosets. For the purely electroweakly charged states
we determine simplified model bounds on Drell-Yan pair production with decays into vector
bosons or third generation quarks, covering all possible processes within this model class. As
a complete model we study the SU(5)/SO(5) coset due to its rich particle content including
a doubly charged scalar ST*. We first apply the simplified model bounds and then perform
simulations of the full model to determine bounds on several mass scenarios. We show that this
model features the process pp — ST+S~= — WHtbW —tb. We design a search proposal for this
process employing deep learning techniques to train neural networks to separate signal from
background events. The best performing network is a combination of a convolutional neural
network using jet images and a multilayer perceptron on kinematic variables. We assess the
discovery reach and expected exclusion limit for this process at the high-luminosity LHC. The
models also contain colour triplet fermionic resonances, required to give mass to the top quark
through the mechanism of partial compositeness. We systematically classify the production
and decay channels and derive bounds on pair production for a few sample processes. Finally
we turn to the spin-1 resonances, focusing on the coloured states. Among them there is a
ubiquitous vector octet Vg that mixes with the gluon, allowing for single production. For all
models, we calculate the relevant Lagrangian, derive bounds on Vg production, and explore
which signatures can be expected from vector pair production at future colliders. This thesis
is based on [1-3].



Zusammenfassung

Composite Higgs Modelle bieten eine gut motivierte Losung des Natiirlichkeitsproblems des
Standardmodells der Teilchenphysik. Wir untersuchen die Beschleuniger-Phénomenologie einer
Klasse von Composite Higgs Modellen mit zu Grunde liegender fermionischer Beschreibung.
Das Higgs ist ein pseudo-Nambu-Goldstone-Boson (pNGB), das der spontanen Brechung der
globalen Symmetrie entspringt, wenn der stark wechselwirkende Composite-Sektor konden-
siert. Es gibt allerdings noch zusatzliche pNGBs, sowohl QCD-Singuletts als auch farbgeladene
Zustande. Wir sammeln und bestimmen Ausschlussgrenzen auf die Massen der farbgeladenen
pNGBs fiir alle Zustande in dieser Modellklasse. Fiir die nur elektroschwach geladenen Zustande
bestimmen wir Beschrankungen auf vereinfachte Modelle fiir die Drell-Yan-Paarproduktion mit
Zerfallen in Vektorbosonen oder Top- und Bottom-Quarks. Dabei decken wir alle in dieser
Modellklasse méoglichen Prozesse ab. Als konkretes Beispiel betrachten wir das SU(5)/SO(5)
Modell, da es besonders viele Teilchen enthalt, unter anderem einen doppelt geladenen Skalar
S*+. Zuerst wenden wir die Beschrankungen auf vereinfachte Modelle an, dann fiihren wir Si-
mulationen des ganzen Modells durch, um Beschrankungen in verschiedenen Massenszenarien
zu bestimmen. Wir zeigen, dass dieses Modell auf den Prozess pp — ST+S~— — WHtbW ~tb
fiihrt. Wir schlagen eine Strategie zur Suche nach diesem Prozess vor. Diese verwendet
Deep-Learning-Methoden um neuronale Netze zu trainieren, die die Signalevents von den Hin-
tergriinden trennen sollen. Das beste Netzwerk ist eine Kombination aus einem Convolutional-
Neural-Network, das Jet-Bilder verwendet, und einem Multilayer-Perceptron basierend auf kine-
matischen Variablen. Wir arbeiten heraus bis zu welcher Masse des Skalars der Prozess am
High-Luminosity-LHC entdeckt oder ausgeschlossen werden kann. Die Modelle enthalten zu-
dem fermionische Farbtriplett-Resonanzen. Diese sind notwendig, um dem Top-Quark mit
dem Partial-Compositeness-Mechanismus seine Masse zu geben. Wir klassifizieren systema-
tisch deren Zerfallskanile und bestimmen Beschrankungen auf die Paarproduktion fiir einige
ausgewahlte Prozesse. Schliellich betrachten wir die Spin-1 Resonanzen, wobei wir uns auf die
farbgeladenen Zustande konzentrieren. Unter ihnen gibt es in allen Modellen ein Vektor-Oktett
Vg, das mit dem Gluon mischt und daher einzeln produziert werden kann. Wir berechnen
fiir alle Modelle den relevanten Teil der Lagrange-Dichte, bestimmen Beschrankungen auf die
Vg Produktion und diskutieren welche Signaturen von der Paarproduktion von Vektoren an

zukiinftigen Beschleunigern zu erwarten sind. Diese Arbeit basiert auf [1-3].
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1 Introduction

The discovery of the W and Z bosons in 1983 [4-7] has firmly cemented electroweak symmetry
breaking (EWSB) [8-10] as an integral part of the Standard Model (SM) of particle physics.
The SU(2). x U(1)y electroweak (EW) gauge symmetry is spontaneously broken to the U(1)q
of quantum electrodynamics (QED) by the vacuum expectation value (VEV) of an elementary
scalar, the Higgs field [11-13]. With the discovery of the corresponding Higgs boson in 2012 by
the ATLAS and CMS experiments at CERN [14, 15|, every particle predicted by the SM has
been observed. Furthermore, the SM has passed a myriad of experimental tests, making it the
most precisely validated theory in physics.

And yet, we know for a fact that the SM is incomplete: the SM neutrinos are massless while
experiment shows that they are massive, and the SM offers no explanation for dark matter or
the observed baryon asymmetry. Clearly, the SM must be extended. We should therefore view
it as an effective field theory (EFT) and expect there to be an energy scale Agy up to which
the SM is a good description of Nature, but above which new physics sets in.

As with any EFT, the coefficients of the operators of dimension d are proportional to A‘Sﬂd.

Since the Higgs mass is a relevant d = 2 operator, it appears as
A HH = p*HH, (1.1)

where ¢ is a dimensionless coefficient and |p?| = m?/2 [16]. We know that m; = 125 GeV,
but Agy may be as large as the GUT scale, requiring |¢| = [u?|/AZy ~ 10728, That is, an
EFT coefficient has to match the ratio of the EW-scale Higgs mass parameter to the EFT
cutoff scale with enormous precision. The necessity for such large cancellations is considered
unnatural and goes under the name of “naturalness problem” [17]. An illustrative approach to
understanding the naturalness problem is to consider corrections to the Higgs mass, which are
proportional to A2,;. We can separate the corrections into ones originating from energies below
the cutoff, m3 gy, and from higher energies, dmj pgyy, originating from beyond the Standard
Model (BSM) physics [16]. Again we find that these two contributions which originate from
distinct energy regimes have to cancel precisely to give the correct Higgs mass.

The naturalness problem is singled out from other theoretical problems of the SM, like the
strong CP problem or the fermion mass hierarchy, by its deep impact on BSM model building.
It is the primary motivation for two major schools of thought: supersymmetry (SUSY) and

composite dynamics. In SUSY [18,19], the quadratic divergence in m3 is cancelled for each
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particle by a contribution of a super partner with a different spin. SUSY models have been very
popular over the last decades. However, the continued absence of experimental evidence despite
an extensive search program at the Large Hadron Collider (LHC) has significantly decreased the
viable parameter space. In this work, we therefore employ the second popular solution to the
naturalness problem: replacing the ad-hoc Higgs potential from the SM with a new composite
sector that dynamically breaks the EW symmetry when it condenses. The Higgs is then no
longer an elementary scalar but a composite state from the new sector. This will naturally
cut off corrections to m3 at the Higgs compositeness scale, just like a proton is transparent to
photons of wave length below the proton radius [16].

The idea of breaking the EW symmetry with composite dynamics has been around since the
late 1970s. Early implementations go under the name of technicolor (TC) models [20,21] and
assume the new composite sector to be a scaled up version of quantum chromodynamics (QCD)
which condenses around the EW scale v = 246 GeV [22]. TC models suffer from a number
of phenomenological problems. Most crucially, they have trouble generating a large enough
top quark mass while keeping flavour-changing neutral currents (FCNC) under control, and
they predict a zoo of composite resonances with mass ~ 1 TeV which have not been observed.
However, there is an extension of TC that avoids its phenomenological hurdles: composite
Higgs models (CHMs).

In CHMs, first introduced by Kaplan and Georgi [23-25], the composite sector vacuum
and the EWSB vacuum do not coincide but are misaligned by an angle § < 1. This creates
a separation between the scale f where the composite sector condenses and the EW scale,
v = fsinf. This implies that in a CHM the composite sector resonances emerge at a much
larger scale than in TC, thus evading experimental bounds. How is this compatible with a
125 GeV Higgs boson? As the composite sector condenses, its global symmetry group G is
spontaneously broken to a subgroup H, implying (dim G — dim H) massless Nambu-Goldstone
bosons (NGBs) [26-28], and we take the Higgs boson to be one of them. Eventually we will also
break G explicitly, for example by gauging the SM subgroup. This turns the NGBs into pseudo
NGBs (pNGBs) and generates a potential for them which will trigger EWSB and give a mass to
the Higgs. In short, the Higgs can be light because it is a pNGB and not a resonance. Finally,
the issue of obtaining the large top quark mass is solved by requiring that the composite sector
produce top partner resonances with the same quantum numbers as the top quark. This allows
for mixing terms between the elementary and composite tops. Since the physical top quark
is now a linear combination of an elementary and a composite state, this idea goes under the
name of partial compositeness [29].

To study the pNGBs and the EWSB it is sufficient to choose the G — H breaking pat-
tern and the irreducible representations (irreps) of the top partners. The smallest coset that
accommodates a Higgs bidoublet is SO(5)/SO(4) which appears in holographic models [30]. In
this work, we instead focus on CHMs with an underlying fermionic gauge theory. That is, we
postulate a composite sector with hyperquarks that are charged under an asymptotically free

hypercolour (HC) gauge group Gyc. In fact, the models we consider have two species ¢ and x
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of hyperquarks in distinct irreps of Gyc. The ¢ carry only EW quantum numbers while the x
carry QCD colour and hypercharge. This isolation of the QCD charged states allows us to treat
the EW and colour sector separately in many cases. After applying a number of requirements
(asymptotic freedom, having appropriate states for the Higgs and top partners, preserving
custodial symmetry, etc) the vast model space can be reduced down to only 12 promising can-
didates [31-33], which in the following we dub the “Ferretti models”. The purpose of this work
is to contribute to the phenomenological investigations into these models: working out typical
signatures, ascertaining the viable parameter space, and suggesting searches for key processes.

This thesis is structured as follows. In Chapter 2 we review the setup of a CHM, some
calculational tools to describe the low-energy effective theory, and the partial compositeness
construction. We then turn to the Ferretti models in Chapter 3. We summarise the steps
to arrive at the 12 models and list the particle content of the models that is relevant to this
thesis. In particular, there are some ubiquitous states that are present in all models, such as an
electrically neutral colour octet vector resonance Vg. We then explore a concrete model in detail,
applying the tools from Chapter 2 to discuss the types of interactions that can appear in the
Lagrangian. Finally, we use the hidden symmetry method to work out the phenomenologically
relevant interactions of the coloured spin-1 resonances. This calculation shows that the Vg
mixes with the gluon.

In the remaining chapters we study the phenomenology of the Ferretti models, beginning
with the pNGBs in Chapter 4. After providing current mass bounds on the QCD pair pro-
duction of coloured pNGBs, we turn to the EW states. We give an overview of the different
production and decay channels and derive simplified model bounds on single and Drell-Yan pair
production. Next, we apply them to a full model based on the SU(5)/SO(5) coset. We show
that the simplified model bounds can compete with a full simulation in some scenarios, then
we present recast bounds for a number of mass hypotheses. The SU(5)/SO(5) model features
a doubly charged scalar that can decay as ST+ — WTtb leading to a 4t-like signature from
pair production. To close out our study of pNGBs, we propose a search for this process. We
focus on the final state with two same-sign leptons which still leaves several light and b-jets.
Due to the large jet multiplicity we employ deep learning techniques to differentiate the signal
process from the SM backgrounds using a combination of jet images and kinematic data. We
then derive the expected discovery reach and exclusion limit at the high-luminosity LHC.

In Chapter 5 we discuss the phenomenology of the fermionic resonances, focusing on the
colour triplet states. We list all possible decay channels and derive recast bounds for several
exotic channels. We then turn to the spin-1 resonances in Chapter 6, where we primarily study
the decays of the octet Vg and derive bounds on its single production. As an outlook for future
colliders, we also list the signatures that can be expected from pair production of two spin-1
states. Finally, we draw our conclusions and present an outlook for extending this work in
Chapter 7.

We provide supplemental information in several appendices. We begin by summarising

some commonly used embeddings and identities in Appendix A. In Appendix B we present
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our simulation setup and detail how we extract upper limits on the cross sections from the
various recasting tools. This is followed by details on the bounds on pNGB pair production
in Appendix C. In Appendix D we review the fundamentals of deep learning, present the full
neural network architectures used in Section 4.5, and justify our choice of training set and
evaluation method. Finally, Appendix E documents scangen, a tool we have developed to

simplify performing the simulations in this work.



2 Composite Higgs models

So far, all experimental investigations of the Higgs boson are consistent with the elementary
doublet predicted by the SM. Nevertheless, the wealth of questions left unanswered by the SM
has motivated theorists to look for alternate explanations. Chief among these questions is the
naturalness problem, which states that radiative corrections to the Higgs mass have to cancel
each other with high precision despite originating from different sectors of the theory. This
problem can be avoided by positing the Higgs bosons as a composite state.

In this chapter we review the theoretical groundwork for this thesis. We begin by retracing
the path from technicolor to composite Higgs and discuss the setup of a CHM. We then go
over the construction of the low-energy Lagrangian and finally discuss how to give a mass to

the top quark via partial compositeness.

2.1 Idea and history

There is a compelling argument in favour of dynamical symmetry breaking via composite dy-
namics: It is the path that Nature has chosen once before, in the case of QCD [22]. Two-flavour
QCD in the massless limit has a global SU(2), x SU(2) g x U(1) g flavour symmetry group, where
B is the baryon number. Looking at QCD at decreasing energies, its coupling constant grows
until it crosses a threshold around the scale Aqcp =~ 200 MeV, above which the coupling be-

comes non-perturbative — QCD condenses. The quark bilinear operator grq; receives a VEV,

(G.ra.0) = Moep 0ij (2.1)

the chiral condensate, which spontaneously breaks the chiral flavour group to its diagonal
subgroup, G = SU(2), x SU(2)g x U(1)p — SU(2)p x U(1)p = H. Thus, the chiral symmetry
breaking in QCD is dynamically induced by the running of the coupling, rather than by an
elementary scalar field. There are still scalars in the spectrum of course, but these are composite
quark-quark bound states: massless pions, the NGBs due to the symmetry breaking. If we
now gauge the EW subgroup Ggw = SU(2); x U(1)y of G with Y = T3 + B/2, the pions
will be eaten by the W and Z bosons, giving them a mass of my = %gf7r ~ 29 MeV with
the pion decay constant f, = 92 MeV [22]. The custodial SU(2)p C H even ensures that
p=mw/(mzcosby) =1 at tree level. While the scale is clearly off, this discussion shows that
QCD can in principle describe EWSB.
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At this point it is natural to wonder if a scaled up version of QCD might do the trick. This
idea has been around since the 1970s [20,21] and goes under the name technicolor (TC). To be
specific, we assume there is a new asymptotically free TC gauge group Grc = SU(Np¢) with
Np massless left- and right-chiral techniquarks 1} p in the fundamental irrep of Grc [34]. We
take ¢ = (UL, D%) € 2 of SU(2),, while the right-chiral fields are SU(2), singlets, leading to a

global flavour group of
G = SU(QND)L X SU(2ND)R X U(l)T (22)

containing the EW group, G D SU(2), x SU(2)gr D SU(2), x U(1)y. Analogously to QCD,
the gauge coupling grc increases with decreasing energy until it hits a scale Apc where the
theory condenses. The global symmetry group is then spontaneously broken as G — H =
SU(2Np)p x U(1)7. This yields 4N3 — 1 technipion NGBs, three of which get absorbed by the
W and Z bosons to give masses my = %g frc = myzcosby. This shows that in TC, frc =v
and therefore Ar¢ = g, frc ~ 1 TeV where g, is a typical composite sector coupling.
Technicolour as discussed so far cannot give masses to the leptons and quarks. To this end,
we have to extend the formalism, which leads us to the fittingly named extended technicolor
(ETC) models [35,36]. Following [22,37], we enlarge the gauge group to SU(Ngrc) D SU(Nt¢)
and assume there is a scale Agrc where the ETC group spontaneously breaks to SU(Nt¢),

SU(NETc) — SU(NTc) X Grem, (23)

where the remainder G,e,, might, for example, include SU(3).. The techniquarks ¢) and the
SM fermions f are embedded in common irreps of SU(Ngrc), thus allowing for the vertices
YAy, fASf, and Y Af with the ETC gauge field A,. At the ETC breaking scale the diagrams

exchanging an A, induce four-fermion operators, analogously to the Fermi interaction:

f T f T

f T f T

There are three relevant classes of four-fermion operators, which can be expressed as

Dty ot
Eint 2 Qgp Q/}Az/;ﬂ + Bab
ETC

Vit Ur frt®f1 n frt®fr frt®fo

ab

, (2.4)

2 2
AETC AETC

where t* are the generators of SU(Ngrc¢), and the «, 5, coefficients depend on the precise

group structure. The a-terms generate masses for the technipions, while the S-terms yield the



2.1 Idea and history 7

desired SM fermion masses, which are roughly of size

A3
my A~ TC

~ . (2.5)
Afiro

The y-terms in Eq. (2.4), however, are phenomenologically dangerous because they generally

include flavour-changing neutral currents. For example, the operator

(575d) (dss)

(2.6)
Afre

gives a contribution to the K —Kg mass difference Am, which has been measured with a relative
uncertainty of 0.17% [38]. To comply with this, the ETC scale has to be very high to suppress
the FCNC operator.

Technicolour models face a number of phenomenological hurdles. For example, getting
the correct kaon mass split requires Agpc > 10% TeV [37], while the estimate Eq. (2.5) implies
Agrc = O(1 TeV) to obtain m; = 173 GeV. The FCNC can be reduced in “walking technicolor”
models [39-44] which replace the QCD-like gauge dynamics with a scenario where the gauge
coupling runs slowly — it “walks” — from Agrc to Apc. This enhances the techniquark
condensate and thereby the a- and [-terms in Eq. (2.4) by a factor of ~ Agrc/Atc, while
leaving the problematic v-terms unaffected. While this approach can accommodate fermion
masses of up to 1 GeV [37], the bottom and especially the top quark still remain out of reach.
Simple TC models also have problems matching the EW precision observables S, T, U. Walking
TC avoids this problem, albeit by virtue of there not being a way to estimate them [45]. Finally,
the arguably strongest argument against TC is provided by the LHC: Since TC condenses
around the weak scale, we would expect to see a zoo of resonances with mass of order 1 TeV,
which simply have not been observed. Contrarily, we have observed a Higgs boson at 125 GeV,
which TC does not predict [46]. Thus, TC has fallen out of favour in recent years. But the
idea of dynamical symmetry breaking lives on in composite Higgs models.

The setup of a CHM [23-25] is similar to TC: We postulate a composite sector of hyper-
quarks W charged under an asymptotically free hypercolour gauge group Gpc. We discuss
concrete implementations of the composite sector in detail in Chapter 3 and only focus on
general features of CHMs for now. The composite sector condenses at a scale Agc as the

hyperquark bilinear forms a condensate,
(U7 = A 5, (2.7)

which breaks the global hyperquark flavour group G — H. The specific breaking pattern and
vacuum Yy depend on the irreps of W. Eventually, we would like to embed the SM gauge
group in H, so we require Ggw C H (neglecting QCD for now). Actually, to protect the
p-parameter, we should have SU(2), x SU(2)g C H [47]. Finally, we demand that there
is a Higgs candidate in the coset, h € G/H. These constraints can be efficiently satisfied
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with G = SO(5) and H = SO(4) since locally SO(4) = SU(2);, x SU(2)g, and corresponding
models are called “minimal composite Higgs models” [30]. However, while the SO(5)/SO(4)
coset famously appears in five-dimensional models [30], it cannot be obtained in the framework
presented here. In this work, we study CHMs with an underlying fermionic description where
the global symmetry of the composite sector is a flavour symmetry of the hyperquarks —
and as such is always unitary. The minimal (i.e. with the fewest NGBs) coset is instead
SU(4)/Sp(4) [48], and we will use it as an example later on.

Up to this point, the Higgs is massless, the EW symmetry remains unbroken, and the
quarks and leptons are massless. To remedy this, we consider the second sector of the theory,
the elementary sector, containing all SM fields (but the Higgs) along with their kinetic terms,
but no Yukawa couplings. The full theory has to respect the SM gauge group, which is why
we required Ggw C H. However, by gauging only a subgroup of H, we explicitly break the
global symmetry of the composite sector. This generates a potential for the now pseudo NGBs
(pNGBs) in G/H, which includes the pNGB mass terms and triggers EWSB. There are two
further potential sources of explicit symmetry breaking: mass terms for the hyperquarks and
partial compositeness interactions of an elementary fermion with a composite partner [29]. The
latter are the preferred way of generating fermion masses in CHMs, and are discussed in more
detail in Section 2.3.

The vacuum Yy = Ygw in Eq. (2.7) preserves the EW symmetry, so what is the correct
vacuum for the broken symmetry phase? In a TC model, it would be the vacuum Y1¢ that

completely breaks Grw to U(1)g. In a CHM, however, we take
Ycu = cosf Ypw + sin 0 Xrc (2.8)

with sin @ < 1. This is known as vacuum misalignment [23] and marks one of the key differences
between TC and CHMs. Furthermore, it highlights the fact that CHMs “smoothly interpolate
between Higgs and technicolor dynamics” [24, p. 2]. We will see below that the misalignment

angle connects the pion decay constant f with the Higgs VEV as
v = fsind. (2.9)

A sufficiently small sin creates a separation between the EW scale and the expected mass

scale of composite resonances, thus avoiding TC’s problem of predicting too light resonances.

2.2 The low-energy Lagrangian

In this section we review how to describe a CHM in the phase of broken global symmetry G,
i.e. when the composite sector has condensed. We first give a general formulation, which also
serves to set our notation for the model dependent calculations in Chapter 3. Then we illustrate
the concepts for the case of a model with SU(4)/Sp(4) breaking.
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2.2.1 Callan-Coleman-Wess-Zumino construction

Following the presentation in [16], we separate the generators T4 = {T% X'} of G into those
preserving (7¢) and breaking (X?) the vacuum %y. From this definition we get

T+ So(T)" =0, X3 —Se(XHT =0. (2.10)
The Lie algebra of the T4 splits as
[Ta,Tb] — Z-fabcTc’ [Ta,XI] — ’ifaIJXJ, [XI,XJ] — ifIJaTa. (211)

The first commutator shows that H is a subgroup. No term proportional to X¥ appears in
the third commutator because we limit ourselves to symmetric cosets in this work. Finally, the
second commutator shows that the X' form a representation of H. Its dimension matches the

number of broken generators, dim G — dim H, and it harbours the pNGBs,
m=r' X" (2.12)

With the normalisation Tr (TATB) = %5‘43, we define the Goldstone matrix

U =exp (@ 7T>. (2.13)

Under a global transformation g € G, the Goldstone matrix transforms as
U(r) = U(r") = gU(r) h (g, 7) (2.14)

with a local element of the unbroken subgroup h € H. This is the non-linear realisation of G
acting on the pNGBs. If we transform U with an element gy € H, on the other hand, then

h(gg, ™) = gu, so U transforms linearly,
U(r) = U(r') = gu U(r) g5 (2.15)

It is also instructive to study the effects of a transformation in the coset, gg/m ~ 1 + iol X1,
Considering for simplicity a coset SO(N)/SO(N — 1), Eq. (2.14) simplifies to

S T
=1+ -—=a;+0 |« : 2.16
I 1 \/§ I nZZQ fnil ( )
This is known as the shift symmetry, which prohibits operators without pNGB (covariant)
derivatives.

In 1969, Callan, Coleman, Wess, and Zumino (CCWZ) showed how to systematically con-
struct the effective Lagrangian in a theory with spontaneous symmetry breaking (SSB) [49,50].
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We define the Maurer-Cartan form
Q=iU" (9, —iF T U=d, X" +eiT"=d, +e, (2.17)

and divide it into the broken and unbroken components, the CCWZ symbols d, and e,, [16]. At
this stage, the F f are external sources, which we will eventually use to gauge the SM. Under

a global transformation g € G, the d- and e-symbols transform as

d, — h(g,m)d,h ' (g,7), (2.18)
e, — h(g,m) (e, +1i9,) h~ ' (g, ). (2.19)

Crucially, the transformation law is linear and only in terms of h. This allows us to construct
the operators of the Lagrangian from the CCWZ symbols and derivatives in an H-invariant
way, and G-invariance follows automatically — this is known as the CCWZ construction. The
resulting operators are assigned a weight by the number of derivatives, or equivalently powers
of momentum p, with d,,e,,d, = O(p). For example, at O(p?) we have Tr(d,d"), which is
the unique O(p?) operator as long as the pNGBs form an irreducible representation of H [16]
— which is the case for the models considered below. To interpret it, we calculate the CCWZ

symbols: By expanding the Maurer-Cartan form, we find [3]

——Q T i?’l’ ™ —271'71' ™
Q, = tf% +fJ,@]+3F[J,@]L%
+mwi%mmr#hMEm+~. (2:20)

Splitting F,, = V¢T* + Al X', we can use Eq. (2.11) to read off

V2 V2i 1 V2

du= A= 2om - m V) - S A+ i m ol 4 (220
e, =V, — @[ﬂ', A+ #[T&', 0] — %[ﬂ', 7, V]| +---. (2.22)

We can now include the EW gauge interactions by setting the external sources equal to the
gauge fields, V, = ¢W, + ¢'B, and A, = 0. Then we have

V2 V2

d, = _7 (O —ig[W,, w] —ig' B, 7)) + - = _TDMT" AR (2.23)
With the appropriate normalisation factor,
_ f2 1 H — 1 I'ipp\1
Ly = T Tr(d,d") D Tr(D,wD'r) = E(D,ﬂr) (DFm)", (2.24)

the O(p?) Lagrangian contains the kinetic terms of the pNGBs.
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We now demonstrate the usefulness of the CCWZ construction with an explicit example.
To this end we study the SU(4)/Sp(4) model following [48]. The EW preserving and breaking

vacua are given by!
720'2 0 0 1
S = Y= 2.25
EW ( 0 —2'02> TC <_]1 O) (2.25)

We can immediately write down the true vacuum with Eq. (2.8),

6 (i ind1
Syt — cos ' (io9) sin | | (2.26)
—sinf1 —cosf (iog)

but it turns out to be more convenient to start working with Y¥gpw and introduce the misalign-
ment later on. Eq. (2.10) yields the 10 unbroken generators, 6 of which form the SU(2),xSU(2)g
subgroup of Sp(4),

. 1{o; 0 . 1{0 0
Ti = T1’2’3 = 5 <(Z-) O), T]ZDL = T4’5’6 = 5 (O _0.T> , (227)

with the 4 remaining ones given by

1 0 oy 1 (0 1
TR — (0 ) po— T . (2.28)
22\ —io; 0 2v/2\1 0

The 5 broken generators span the pNGBs,

s 0 7T1+i7T2 7T3—i7T4
. 1 0 s 7Tg+i7T4 —7T1+’i7'('2 (2 29)
02| m —im m—im —TTs 0 ’ .
7T3+i7T4 —7T1—i7T2 0 —1Ty
which form a 5 of Sp(4) and decompose as?
5—(2,2)+(1,1) =3+1+1=¢+h+n (2.30)

under Sp(4) — SU(2);, x SU(2)g — SU(2)p. The custodial triplet ¢ = (¢*, ¢°) corresponds to
the longitudinal components of the W and Z bosons and is made up from ;5 3. The singlet

h = m, from the bidoublet is the physical Higgs boson, while = 75 is a SM singlet. In unitary

IThere is another inequivalent EW-preserving vacuum, diag(ios, ios), which has been used in e.g. [51].
2Throughout this work the identities for products and decompositions of irreps are taken from [52].
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gauge, 723 = 0, the pNGB matrix simplifies to

n 0 0 —ih
1 0 »n <t 0

m™T=— 2.31
22|10 —ih —n 0 (2:31)
th 0 0 —n
If we now define a rotation () along the Higgs direction,
om
_ 0y h h_ 9T
Q) = exp(ﬁwx ) xh =22, (2.32)
then the rotated generators
T =Q@O)1°00), X' =) XQ0) (2.33)

satisfy Eq. (2.10) with the misaligned vacuum Xcy. Accordingly, the misaligned CCWZ symbols

are defined along the rotated generators,

d, =2Te(Q, X)X, &, = 2Te(, 1) 7", (2.34)
Note that in the rotated Maurer-Cartan form, the SM vectors do not get misaligned,
O, =iU () (0, — igWT} — igB,Tj) U(7), (2.35)

because they generate the unbroken Ggw which corresponds to Ygw. This mismatch leads to

d,, containing a part of the EW gauge fields at O(f°), see Egs. (2.21) and (2.22), which will
yield the W and Z masses. Indeed, we find

’ 1 Jd“ 1 u 1 1
7Tr<d“d ) > 50uhd"h+ SO,md

2 12,2 2 2 2.2
9f59 g° fsece g C ,o0 G5y o 2 Frpr—
h 2= L2002 (2,20 + 20, WHW ) (236
+<8CIZ/V 13, T sa, 4”>(“ 20 WV (2:36)

where ¢y = cosfy and sy = sinf). The custodial symmetry enforces the fixed factor between

the Z2 and W? terms, and we read off

1
my = =g fsinb, my = m—W, (2.37)
2 Cw

which confirms that with our normalisation, v = fsin 6. The further couplings

1
Igaww = gMmwCe = gglvwvwce, Ihhww = 192029 = giSzII;/IWWC%y 9mww = —192537 (238)

highlight that in the limit # — 0, the theory reduces to the SM.
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2.2.2 Wess-Zumino-Witten term

While the CCWZ construction is a great tool, it does not capture all of the low-energy physics.
In particular, it misses the anomalous Wess-Zumino-Witten (WZW) term [53-55], which plays
an important role in the phenomenology of the pNGBs. We briefly summarise its origin follow-
ing [56].

Consider a massless fermion 1 charged under a U(1) gauge theory. Classically, both ¢ —
e') and 1) — €79 are symmetries of the theory and the corresponding vector and axial

vector Noether currents are conserved,

Jv =@ Ja=a" e, Oujya =0 (2.39)
However, in the quantised theory only the vector current remains conserved whereas the axial

current famously satisfies

1
1672

uvpo
€ FF,y,

Dufly = — (2.40)
which is known as the Adler-Bell-Jackiw (ABJ) anomaly after its discoverers [57,58]. Its
origin can be understood in the path integral formalism, where the axial transformation leaves
the action invariant, but not the path integral measure [59,60]. This modifies the generating
functional and thereby leads to Eq. (2.40).

A famous application of the ABJ anomaly is the decay of a neutral pion to two photons.
Following [61], we consider three-flavour QCD where the non-abelian current j%y* = gy*vst4q is
anomalous analogously to Eq. (2.40). The Adler-Bardeen theorem states that the coefficient of
an anomaly does not get renormalised [62]. Thus, by 't Hooft anomaly matching [17] there has
to be a term in the low-energy Lagrangian that reproduces the anomaly exactly. This is the
WZW term. We refer to [32,63] for the formulation in terms of differential forms and focus on

the result relevant for phenomenology here: After expanding the gauged WZW term, we find

2

e
3272 f

Lwzw D WOEMVPUFMVFPU, (2.41)

Y — v with the correct decay

which reproduces the ABJ anomaly and induces the decay m
width. It is the latter point that marks the importance of the WZW term for phenomenology:
It can open new decay channels for the pNGBs. For example, the n from the SU(4)/Sp(4)

model receives the couplings [32]

dlm(\p) 92 _9/2 7 v 7 v 2717+ 117 —uv
Lwzw D W cosfn (TZWZ“ + 99 F,Z" +g Wo,W ), (2.42)
where we use the dual field strength tensor V# = %e’“’p" V,o. Note that the WZW term depends
only on the coset, except for the dimension of the hyperquark irrep under Gy in the global

prefactor.
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2.2.3 Hidden gauge symmetry approach

The spectrum of a CHM also contains composite spin-1 resonances which emerge as bound
states of the form F* ~ Wg#W. They can be described with the hidden gauge symmetry
approach [64-68], see also [69]. It is based on the idea that the nonlinear sigma model for the
coset G/ H is gauge equivalent to a linear model with symmetry group G X Hoca, Where Higeq) 1S
gauged with gauge fields F*. We extend the group structure to G X Gjea1 to also include axial
vector states. The construction of the low-energy Lagrangian for the spin-1 resonances has been
discussed in [70-72] and more recently in [73], whose presentation we follow here. However,
we present the formalism for the case of a model with SU(3). x U(1)x gauge theory which we
will employ in Section 3.4, corresponding to the colour sector of the model class described in
Chapter 3.

We begin with a CHM with global breaking pattern G — H. We enlarge the global
symmetry group to Gg X (G1, where a subset of Gq is gauged by SM gauge fields

V,=3.G,+§iB,. (2.43)

Note that the gauge couplings do not correspond to the physical couplings due to mixing of the
SM fields with the composite fields. The GG is completely gauged by the composite resonances,

Fu=V,+ A, =ViT"+ A X' (2.44)

with gauge coupling g. Note that this implies that there are dim H vector and dim G/H axial
vector states®. The global symmetry is spontaneously broken to Hy x H;, leading to two sets
of pNGBs 7y ;. A linear combination of them gives mass to the A,, while the orthogonal
combination forms the physical pNGBs. Finally, the breaking of Hy x H; — H yields another
set of pNGBs k, which are eaten to give mass to the vector states.

We define a Goldstone matrix

U, = exp (@ﬂ']) (2.45)
fi
and an associated Maurer-Cartan form
Q;, =iU;'D,U; (2.46)
for each sector, where the covariant derivatives read

DUy = (8, —iV,) Uy, (2.47)
DUy = (8, — iV, —i§A,) Uy (2.48)

3 At this point the designation of vector and axial vector is arbitrary. They are only associated with vector
and axial vector fermion currents in cosets of type SU(n) x SU(n)’/SU(n).
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From the Maurer-Cartan forms we define CCWZ symbols dy and ez-‘ in both sectors. The

e-symbols are needed for the covariant derivative of the £k pNGBs: Their Goldstone matrix

K — exp (ik) (2.49)

transforms as
K — h(go, m0) K ™" (g1, m), (2.50)
so the covariant derivative is given by
D,K = 0,K —iey, K +iKe;,. (2.51)

Finally, we define the field strength tensors

Fo = 0,F, — 0,F, —iglF,., F., (2.52)
G = 0,G, — 0,G, — ig[G,, G, (2.53)
B,, = 9,B, — 9,B,.. (2.54)

Now we have all the ingredients to construct the most general Lagrangian at leading order,

1 1 1
L==5TrGuG" = STrB,BY — o Tr Fup F
ng do . df leT d, ,df}
+3 I'do,u 0"‘7 rdy,,dj
2
+ %K Tr D*K (D, K)' +rf Trdy,Kd{ KT, (2.55)

which describes the pNGBs, the SM gauge fields, and the heavy spin-1 resonances. What is

still missing are the fermions.

2.3 Partial compositeness

Finally in our exploration of CHMs we have to find a way to generate Yukawa couplings and
give masses to the fermions, the most pressing being the top quark due to its large mass. In
modern CHMs this is accomplished by the mechanism of partial compositeness (PC) [29], which
posits that the physical top quark is an admixture of an elementary and a composite state. In
this section we introduce PC following [16] and then discuss its phenomenological importance.

In Section 2.1 we saw that (extended) technicolor has difficulties generating a large enough

top mass with a scalar operator,

ETC = _/\t (jLOTctR + h.c. (256)
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where Op¢ has the quantum numbers of the conjugate Higgs doublet. Instead, PC employs

linear couplings to fermionic operators,
EPC = —)\L(jLO}l;C — )\RERO{;C + h.C., (257)

where schematically Oﬁéz = WUV and the operators have the same SM quantum numbers as
qr and tg, respectively. Let’s now evolve the coefficients down to Agc. Assuming that the

theory remains near conformal during the renormalisation group (RG) evolution, we have

AHC [OébR]’% AHC [Orc]-1
/\L,R(AHC) = >\L7R (A_) ) At(AHC) ~ N\ (A_) ) (2-58)
4F 4F

where Ayr > Ay is the scale where the four fermion interactions are generated. In both cases,
a realistic top Yukawa can be obtained if the exponents are close to 0. In TC, this implies
[O1c] & 1 such that |Op¢|? is a relevant operator that leads to another naturalness problem.
This also cannot be compensated by increasing [Orc] and instead choosing a large A, which is
bound by perturbativity. On the other side, there is no problem with [Oég] ~ 5/2, the square
of which is an irrelevant operator.

Below Agc, the operators Opc create fermionic resonances — so-called top partners. We
start with the simplest case, O — Q € (3,2)16 and OF, — T € (3,1)y3. Note that @ and
T are Dirac states, i.e. both chiralities have the same quantum numbers. Thus, in contrast to
the fermions in the SM, the top partners are not chiral but vector-like, and are often called
vector-like quarks (VLQs). We can therefore give them a mass term. The PC Lagrangian can

be conveniently formulated in terms of two-component spinors,
L= —mQQ%QL — mTTf{TR — )\LQCLQL — )\RTRt% + h.C., (259)

where

T Te _
Qr = (Bi> € (3,2)1/6, Q1 = (B;) €(3,2)_1s (2.60)

and T' = (Tg, T5)T. Note that the sub- and superscripts on the two-component spinors are part

of the field names. Looking at the charge-2/3 states, we have a mass matrix

0 0 Mg tL 7
Liix = =T MyssT +hc, Mys= 1A, mg 0|, T=|To|, T°=|T5| (2.61)
0 0 mr TR Tf%
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which is readily diagonalised:

m=20: Tf = cosOpty +sinOrTh, T, = cosOpt; —sin 0Ty, (2.62)

m= /N4 +m2:  T§=—sinbpty +cosOpTs,  To=Tg (2.63)

m =/} +m TS = T¢, Ty = sinft; + cos 0. TF, (2.64)

with mixing angles

)\L >\R

M sinfp= 2B
\/ AL+ mg VAR +mi

We identify the lightest Dirac state ¢t = (Tl, ff)T with the physical top quark. It is a superpo-

sin9L =

(2.65)

sition of the elementary and composite states, thus partially composite.

The previous discussion illustrates the basic idea of PC but misses some crucial details. For
one, we haven’t actually given a mass to the top quark yet — ¢ as defined above is massless.
Secondly, in line with the formalism from Section 2.2.1, we should formulate the Lagrangian in
a G-invariant way. We assume that both ) and 7" originate from the same irrep of H which is

the case® for the models studied in Chapter 3. Schematically,

(@
U= (TR>’ (2.66)

where in practice U will contain further states that don’t mix with the elementary fields. The

elementary ¢, and t} are embedded in an incomplete representation of G, e.g.
qr — o = (tr,b1,0)", % — (&= (0,0,t5)". (2.67)

The (1, and (} are referred to as spurions. For the purpose of constructing the Lagrangian, we
are however free to treat them as full representations of G and only reduce them to incomplete
ones when necessary. To couple the spurions to the top partners, we must promote W — which
transforms with H — to something that transforms with GG. The correct tool for this job is the

Goldstone matrix U, since we schematically have
vw A8 Ut ho = gU, (2.68)
Thus, the proper partial compositeness Lagrangian reads

Lpc = —mgWV — \p (LU — A (U + hec. . (2.69)

4Some models contain several states with the quantum numbers of top partners but we can always find a
doublet and a singlet that come from the same H-irrep.
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Note that while formally looking G-invariant, the spurions are in the end incomplete irreps and
thus represent an explicit breaking of GG, which also contributes to the pNGB potential. We
recall that U = 1 + v/2iw/f + O(n?). The Oth order in the pNGBs corresponds to Eq. (2.59)

and induces the mixing as discussed above. But now there are further terms, schematically

)\R v+h
— cosOgrsinft% ——1tp,
f V2

where the arrow indicates a rotation to the mass eigenstates, and with a slight abuse of notation

A A
—RCWTL—>—R

f f

cosOpsinfptamt, O (2.70)

we retain the quark names on the right hand side. The 7 contains the Higgs field, thus finally
generating a top Yukawa coupling, but other neutral pNGBs may also occur. Such couplings
are phenomenologically important because if present, they open new decay channels for the
pNGBs, m — tt. We can also assess the size of this coupling: it is proportional to 1/f, and the

product of A\g and mixing angles determines the top mass, so we have

my

Cc

with an O(1) coefficient ¢ [33]. The coupling to the bottom quark analogously scales with
my / f

In principle, we could repeat this process for all of the SM fermions f. In practice however,
it is a tall order for a composite sector to produce a partner for every matter field. There is a

much simpler solution: we take the TC approach, generating mass from the operators
fruw. (2.72)

Since the remaining fermions are orders of magnitude lighter than the top quark, the constraints
discussed above are significantly weaker and mass generation via a bilinear operator is a valid
option. Contrarily, such an operator for the top quark will only create a small contribution in

the top left corner of My3 in Eq. (2.61) that will only mildly affect the mixing.



3 The Ferretti models

Realisations of the composite Higgs idea in terms of an underlying model of hyperquarks as out-
lined in the previous chapter have been known since the origins of CHMs [25]. Implementations
of partial compositeness are more difficult however, and have first appeared in 5D models in the
2000s [30, 74], which employ holographic techniques to relate the strongly coupled composite
sector to a weakly coupled theory in five dimensions. Within the context of 4D models, the
quest for ones with a fermionic UV theory that incorporates PC only started in the 2010s with
SUSY CHMs [75,76] and non-SUSY constructions [31,77]. In particular, Ferretti and collabo-
rators have made an effort to classify viable UV models [31-33], which has led to a list of 12
models that are considered promising candidates for a realistic CHM. This work is dedicated to
studying the phenomenology of these models, which we dub the Ferretti models. In this chapter
we first review the setup and define the Ferretti models. We then derive the particle content
of the models and discuss typical couplings using the model M5 as a case study. Finally, we

apply the hidden symmetry method to calculate the colour sector bosonic Lagrangian.

3.1 Models with an underlying fermionic description

In this section we retrace the key steps in reducing the infinite model space down to just a
handful of models [31-33]. A guiding principle in this is the idea of minimality: wherever
possible we will limit ourselves to the simplest cases. This begins already when we set out
the base class of models that are even under consideration. We limit ourselves to simple and
asymptotically free gauge groups Gpc. Besides the hypercolour gauge fields the field content is
purely fermionic. Specifically, we assume hyperquarks in two distinct irreps of Gyc: in terms
of left-handed Weyl fermions there are n, copies of ¢ € Ry, and n,, copies of x € R,. If the
irrep is complex, we instead have n, % (¢, V) € (Ry, Ry) and analogously for x. While the SM
fermions are neutral under Gyc, the hyperquarks carry SM charges: we assign EW quantum
numbers to the v, while the y carry QCD colour and hypercharge. The global flavour group
G of the hyperquarks is spontaneously broken to H when Gyc condenses.

We move on to the conditions that are placed on the models, starting with the phenomeno-

logical ones. Firstly, the global symmetry must allow for the following chain,

G = H O Geuye O G, (3.1)
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v Real Pseudoreal Complex

SU(5)/SO(5) SU(4)/Sp(4) SU(4)?/SU(4)
x:  SU(6)/SO(6) SU(6)/Sp(6) SU(3)2/SU(3)

Table 3.1: Minimal cosets in the EW (¢) and colour sector (x).

where Geyst = SU(3). x SU(2) x SU(2)g x U(1)x and Gsyp = SU(3). x SU(2) x U(1)y. This is
necessary since Gy needs to be a gauge symmetry of the composite sector as well, so it must
also be a global symmetry. We further need the custodial SU(2);, x SU(2)x to keep p =1 at
tree level. Finally, we require an additional U(1)y which becomes part of the hypercharge by
Y = T3 + X. Without it we wouldn’t be able to satisfy our second criterion, the presence of

three-hyperquark states ¥3 that function as top partners

Q5 € (3,2)_1, Tr € (3,1)93 (3.2)

that can couple with ¢ and t%. Depending on the irreps, these will be of the form ¢ x or
x¥x. We have a further requirement on the top partners: the ; must come in a (2,2) of
SU(2); x SU(2)g rather than (2,1) to protect the Zbpb;, coupling [78]. Finally, among the
pNGBs there must of course be a Higgs bidoublet,

G/H > (H,H)=(1,2,2)) of Geus. (3.3)

Let us discuss some implications of these conditions. First, some more words on the symme-
try breaking patterns are in order. As mentioned above, we use the two species of hyperquarks
to separate EW and QCD quantum numbers. More precisely, we split the contributions to

chst as

(R G¢ — Hlll D SU(Z)L X SU(Q)R, (34)
X: G, — H, o SU@B). x U(l)x. (3.5)

Now assume ¢ transforms under a real (R) or pseudoreal (PR) irrep of Gyc, then! Gy = SU(ny,)
and the condensate (1) breaks it to Hy, = SO(ny,) for areal and Hy, = Sp(ny) for a pseudoreal
irrep. For a complex (C) irrep, we instead have two factors of SU(n,) that get broken to the
diagonal subgroup, SU(ny)?/SU(ny). In order to accommodate both the custodial symmetry
and the Higgs, we need ny, > 5 for R or ny > 4 for PR/C, and minimality dictates that we
take the lowest number in each category. For the x hyperquarks the same discussion applies,
with n, > 6 for R/PR and n, > 3 for C. The resulting cosets are listed in Tab. 3.1. We can
take all 9 combinations of (¢, x) realities. However, in the cases (PR, PR), (PR, C), and (C,

PR) it is not possible to form hypercolour singlet top partners, so only 6 combinations appear

!Technically, Gy = U(ny) — we will come back to the U(1) factors later.



3.1 Models with an underlying fermionic description 21

in practice.

There are two subtleties associated with the U(1) factors. Firstly, we focus on a R/PR irrep
and note that the global symmetry is actually U(n) = SU(n) x U(1). Thus, the symmetry from
both irreps is SU(ny) x U(1), x SU(n,) x U(1),, where the U(1)s rotate all hyperquarks by
the same phase. One linear combination of the U(1)s is ABJ anomalous while the orthogonal
combination remains anomaly free, leaving a global SU(n,) x SU(n,) x U(1) symmetry. The
second point concerns U(1) x which is embedded in SO(6) and Sp(6) for R/PR irreps, but seems
to be missing from the complex colour coset in Tab. 3.1. For a hyperquark in a complex irrep,
the global symmetry is U(n) x U(n)" = SU(n) x SU(n)’ x U(1)y x U(1) 4. The axial U(1) 4 again
mixes to form an anomaly free U(1) while the vector-like U(1)y remains unbroken. Therefore,

a complex y implies
SU(3)? x U(1) — SU(3) x U(1) = SU(3). x U(1)x, (3.6)

which efficiently satisfies our requirements.

The symmetry breaking patterns discussed above are plausible but not guaranteed. In
fact, the theory might condense in a way that breaks Gyuc or SU(3).. We exclude all models
where this is predicted to happen by the maximally attractive channel (MAC) hypothesis [79],
a heuristic for assessing which channels are likely to condense first. Finally, we impose a
number of technical constraints: The theory must be free of gauge/global anomalies for a
unitary/symplectic Gyc, and since we are going to gauge it, Gsy must not have 't Hooft
anomalies. When considering the RG flow of the models, there is actually a contradiction:
for PC to generate a large top Yukawa, the W2 operator needs to pick up a large anomalous
dimension for which the running must be conformal. On the other hand, in a conformal theory
the coupling cannot become strongly interacting in the infrared (IR). A possible solution is to
look for non-conformal theories and rely on the fact that we can add additional hyperquarks
of mass ~ Apc to bring them into the conformal window [33]. We follow this approach and
therefore require that our promising models are likely not conformal (unfortunately for this
type of models a definitive test remains out of reach).

Now all that is left to do is to list the irreps of the viable hypercolour gauge groups and
to check which of them fulfill all of our requirements, where we consider only the lowest di-
mensional irrep for each reality. This work has been done in [31-33] and has resulted in 12
promising models which are listed in Tab. 3.2. These models are the framework for all follow-
ing phenomenological discussions in this work. The listed values for the hypercharge will be
justified in Section 3.2.3. The baryon number of the x is 1/6 in models with 1y top partners
and 1/3 in case of ¢ xy. This is because U? couples to quarks and we assign By, = 0.

In the following we mostly take the masses of the BSM particles and the couplings as free
parameters. We point out, however, that information about the spectrum can be obtained from
holographic calculations [80-85]. Furthermore, several Lattice studies have been performed

[86-101] to calculate masses and couplings for CHMs with HC gauge groups Sp(4) and SU(4).
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Guc W % Reality U3 Yy By, Nuc Name
SO(Nuc) 5xF 6 x Spin R,R x¥x -1/3 1/6 7,9 M1, M2
SO(Nuc) 5 x Spin 6 x F R,R oxy» 2/3 1/3 7,9 M3, M4
Sp(2Nuc) 5% Ay 6xF R, PR x¥x -1/3 1/6 2 M5
SU(Nuc) 5% Ay 3 x (F,F) R,C x¢x -1/3 1/6 4 M6
SO(Nuc) 5xF 3 x (Spin,Spin) R, C iy —1/3 1/6 10 M7
Sp(2Nic) 4xF 6 x Ay PR,R o¢xy 2/3 1/3 2 M8
SO(Nuc) 4 x Spin 6 xF PR, R vxy 2/3 1/3 11 M9
SO(Nuc) 4 x (Spin, Spin) 6 x F C,R  ¢xv 2/3 1/3 10 M10
SU(Nuc) 4 x (F,F) 6 x Ay C,R oxy 2/3 1/3 4 M11
SU(Nuc) 4 x (F,F) 3 x (Ag, Ay) C,C Yxv 2/3 1/3 5 M12

Table 3.2: Properties of the Ferretti models, adapted from [33]. The listed models pass all
requirements mentioned in the text, including lying outside of the conformal window. The
hyperquark irreps F, Spin, and Aj refer to the fundamental, spinorial, and two-index antisym-
metric irreps of Gc, respectively. The fourth column notes if the irreps are real (R), pseudoreal
(PR), or complex (C), which determines the coset, see Tab. 3.1. W3 indicates the form of the
top partners, and Y, and B, are the hypercharge and baryon number of the x hyperquarks.

3.2 Particle content

Having defined the Ferretti models, our next task is to work out their phenomenology, starting

with determining the particle content.

3.2.1 Pseudo Nambu-Goldstone bosons

We begin with the spin-0 states that are due to the spontaneous symmetry breaking, the
pNGBs. We have seen in the previous section that for any model we can generically write the

SSB as
Gy x Gy x U(1) = Hy x Hy, (3.7)

which lays out the three sources of pNGBs: the EW coset G, /Hy, the colour sector coset
G,/ H,, and the non-anomalous U(1) — x which is also broken by the hyperquark condensates.

The global U(1). The latter breaking leads to a SM neutral pNGB commonly named a,
which is present in all models and can be very light. We do not study this state in this work
and instead refer to [32,33,102-104] .
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EW sector. The non-abelian sectors offer a much richer particle content. The EW pNGBs?
form an irrep of H,, which we decompose to SU(2), x SU(2)g and SU(2), x U(1)y:

SU(5)/SO(5) : 14 — (3,3) + (2,2) + (1,1) = 341 + 30 + 2112 + 1¢ (3.8)
SU(4)/Sp(4) : 5—(2,2)+(1,1) = 2415 + 1, (3.9)
SU(4)%/SU4): 15— (3,1)+(1,3) +(2,2) + (2,2) + (1,1) (3.10)

=30+ 1o+ 15+ 2410+ 20, 5 + 1o (3.11)

As mentioned in Chapter 3, SU(4)/Sp(4) is the minimal coset, featuring only the Higgs bidou-
blet and a SM singlet commonly denoted as 1 in the literature. Both of these are contained in
the real and complex coset as well, in addition to three triplets for the real and a triplet, two
doublets, and three singlets for the complex case.

Defining the pNGBs as eigenstates of SU(2), x U(1)y only makes sense with respect to the
EW preserving vacuum Xgw. Following [105], we instead express them as custodial eigenstates
since the SU(2)p € SU(2),, x SU(2) g remains unbroken after EWSB in the scalar sector. Thus:

SU(5)/SO(5) : (3,3)+(2,2)+(1,1) > (5+3+1)+(3+1)+1 (3.12)
SU(4)/Sp(4) : (2,2)+(1,1) = (3+1) + 1 (3.13)
SU4)?/SU4) :  (3,1)+(1,3) +(2,2) + (2,2) + (1,1) (3.14)

—-3+3)+(3+1)+(3+1)+1 (3.15)

The parentheses around sums of irreps indicate states that derive from a common multiplet,
with the exception of SU(4)?/SU(4), where the left and right triplets combine to two custodial
triplets as \/Lﬁ(l + 7). We recall that a generic custodial quintuplet s, triplet @3, and singlet

1 contain

s = (P, 08,08, 05,05 7), w3= (0T, 03,03), ©1=¢, (3.16)

where the superscript indicates the electric charge.

Colour sector. In this sector we have the additional complication that the underlying hy-

perquarks carry U(1)x charges X =Y, . Keeping the charge general for now, we have

SU(3)%/SU(3) : 8o (3.19)

2Some of these pNGBs are complete SM singlets. Nevertheless we refer to all pNGBs that emerge from
Gy/Hy as electroweak pNGBs, which should be read as a shorthand for “pNGBs emerging from the EW
sector”.
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under H, — SU(3), x U(1)x, and we have omitted the unbroken U(1) in the complex coset.
Since the coloured pNGBs are all SU(2), singlets, their electric charges () match their X-
charges. Thus, all models contain an electrically neutral colour octet pNGB, customarily de-
noted as mg. The triplet w3 only appears in M5 which has Y, = —1/3 (see Tab. 3.2), so 73 has
() = 2/3 and is comparable to a right-handed stop in SUSY. The charge of the colour sextet
on the other hand depends on the model, being —2/3 in M1-2 and 4/3 in M3-4 and M8-11.
Since the coloured pNGBs are xx bound states, their baryon numbers are 25, apart from the
real color octet: B(ms) = +1/3, B(7r6_2/3) ==+1/3, and B(ﬂ'g/g) = +2/3. In Tab. 3.3 we group

the models by properties of the y and list all colour sector bosons.

3.2.2 Spin-1 resonances

We continue the discussion with the spin-1 resonances, which can also be neatly separated into
EW and colour sector resonances. Assuming a (pseudo)real hyperquark irrep for simplicity, we

generically have
Vo'W ~FgxFg23Adg -+ Adg + Ng =V, + A, (3.20)

with N = dim G/H. As discussed in Section 2.2.3, we separate the spin-1 states into ones along
the unbroken subgroup V,, and ones along the coset A,. Starting again with the EW sector,

we have

SU(5)/S0(5) :  24su(s) — 10s0(s) + 14s0(s) (3.21)
Vi 10so) — (2,2) +(3,1) + (1,3) (3.22)
A, 140 — (3,3) +(2,2) + (1,1) (3.23)
SU(4)/Sp(4) :  15su@) — 10sp() + Bspa) (3.24)
Vi 10gpi = (2,2) +(3,1) +(1,3) (3.25)
Ayt Bspay) — (2,2) +(1,1) (3.26)

We decompose the irreps to SU(2), x SU(2)g. The further decompositions have been given
above. In the complex case, H = G/H = SU(4) and the identification with vector and axial

vectors can be justified with corresponding fermion currents. Just as with the pNGBs,
Vu/ Ay 15guw) — (3,1) +(1,3) +(2,2) + (2,2) + (1,1). (3.27)

The vectors actually contain an additional singlet due to the unbroken U(1) in the complex
coset. A first study of the EW spin-1 resonances has been performed in [73] focusing on the
SU(4)/Sp(4) coset, whereas we conducted a more complete survey in [106].

In this work we focus on the coloured spin-1 states, which are derived analogously: From
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Models b% Y, B, T VH AH
C1 M1-2 R —1/3 1/6 80,6 45 8, 1 325 80, 6 0
C2 M34, M$11 R 2/3 1/3 8 645 8, 1o, 343 80, 64
C3 M5 PR —1/3 1/6 80, 3.5 80, 1o, 655 80, 30
C4 M6-7 C —1/3 1/6 8 8, 1o 8
C5 M12 C2/3 1/3 8 8, 1o 8,

Table 3.3: Grouping of the Ferretti models according to colour sector properties [3]. Besides
the reality, hypercharge, and baryon number of the y, we list the coloured pNGBs, the vector,
and the axial vector states by their SU(3), x U(1)g quantum numbers. The conjugate of the
complex states is implied. The colours of the resonances indicate the baryon number: B = 0
for black, B = £1/3 for red, and B = £2/3 for blue. The blue states can have B-conserving
couplings to two quarks.

35su(6) —* 15s0(6) + 20s0(6) We get
V, = 1550(6) — 80 + 3_ax + 32x + 1o, A, = 20506) — 80 + 62x + 6_ox (3.28)
of SU(3). x U(1)x in the real coset. In the pseudoreal case, 35su() — 21sp(s) + 14sp(6) leads to
V, = 21g,6) — 80 + 62x + 6_2x + 1o, A, = 14g,6) — 80 + 3_2x + 3ax, (3.29)
and in the complex case we only have the octets and a singlet,
Vi 8+ 1, A, 8. (3.30)

The electric charges and baryon numbers of the spin-1 states follow analogously to the pNGBs
and are indicated in Tab. 3.3, where the colour sector bosons are summarised. The table also
groups the Ferretti models into several classes which we will come back to when we study the

phenomenology of the coloured spin-1 resonances in Chapter 6.

3.2.3 Top partners

To determine the fermionic resonances we have to look at the U3 bound states. To illustrate
the procedure, we work out the top partners in detail for the model M5 [107], which will serve
as a case study in this work. Reading off from Tab. 3.2, the cosets are SU(5)/SO(5) and
SU(6)/Sp(6) and the top partners are of type y¥x. Starting with the colour sector, we have
X € 6su() and thus

XUx € 6su(s) X 6su) = 15su(6) + 21su(s) — 14spe) + Lspe) + 21sp(6), (3.31)
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which decompose under SU(3), x U(1)x as in Eq. (3.29). The same states can be obtained

from

XX € 6su(s) X 6su@) = 35sue) + Lsue) — 21spe) + L4spe) + Lsp(o)- (3.32)

In the EW sector there is only one 9 € 5sy(sy — Bsos) — (2,2) + (1,1) of SU(2);, x SU(2)x.
The next step is to determine the hypercharge of the y, for which we look at the colour triplet

top partners:

(5,14)g D (2,2;35x) + (1,1;3_9x) of Geust (3.33)

D) (3, 2)1/2+2X + (3, ]—)—QX of GSM (334)

The last two states have precisely the quantum numbers of ()} and T if we choose X =Y, =
—1/3, as is indicated in Tab. 3.2. In fact, the argument above can be repeated for all models
with top partners of type xtx, which is why they all share the same value of Y,. With the
X-charge fixed, we can complete our classification of top partners in M5. From the 14g,) we

get

(5,14) = (2,2;80) + (1, 1;80) + (2,2 32/3) + (1, 1;35s3) +(2,2;32/3) + (1, 1;3_93) (3.35)
— (87 2)i1/2 + (87 1)0 + [(37 2)7/6 + (3a 2)1/6 + (3a 1)2/3 + CC} (336)

under H — Gyt — Gsy. After EWSB there will be one charged and one neutral colour octet
Dirac fermion and one octet Majorana. Among the colour triplets is one state with charge 5/3,
three with @ = 2/3, and one bottom-like state. Following the notation in [107], we denote

these respectively as
G*, G° §, Xs3, 3T, B. (3.37)
From the Sp(6) singlet we get
(5,1) = (2,2;10) + (1,1; 1) = (1,2)41y0 + (1,1)g — h*, 1%, B, (3.38)
where B is a Majorana spinor. Finally, the 21g,(6) yields

+[(2,2;6_5/3) + (1,1;6_93) + cc] (3.39)
— (8,2) 412+ (8,1)g+ (1,2) 112+ (1,1)g
+ [(6,2) 176+ (6,2) 76 + (6,1) o3 + cc] (3.40)

The octets and singlet match the ones from Eq. (3.36), and we find sextets with charges 1/3,
—5/3, and three states with charge —2/3.
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Models 1 1, 1 3_% 3_% 3% 3% 3% 6_% 6_2/3 6% 8 8, 8;
M1-2, M5-7 v v Y v vV v v v v vV
M3-4 v v v v v

M8-12 v v Y

Table 3.4: Overview of the top partner field content in the Ferretti models. We list the SU(3).. x
U(1)y eigenstates and denote Majorana states with a superscript M. A checkmark indicates
that the W3 combination that yields the top partners contains the respective state.

In the model M5, the fermionic resonances come in the 1,3,6, and 8 of colour. This is
actually the case for all models with top partners of type xvx, see Tab. 3.4. There we show
which mass eigenstates are contained within the U2 top partners. If these are of the form ¢y,
the top partners only come in colour triplets. The electric charges then depend on the coset:
In M3-4, the larger 5g5y(s) 2 % leads to a plethora of states, among them SU(2), triplets with
hypercharges 5/3 and —1/3, which after EWSB yield the exotic states

Xg/g S 38/37 X_4/3 S 3_4/3 of SU(S)C X U(l)Q (341)

In models with ytx, on the other hand, the top partners always come in (2,2) + (1,1) of
SU(2), x SU(2)g and therefore always lead to the states indicated in the first row of Tab. 3.4.
We note that the only universal states are colour triplets of charges 5/3, 2/3, and —1/3.

3.3 A case study: the model M5

We now study a concrete model in some detail, the model M5. This section serves two purposes:
we can put the abstract concepts of the previous chapter to use and show their application in
practice, and we set the notation and perform some calculations that will be important in later
chapters. In this section we follow our previous work [107], where we performed an in-depth
study of M5.

3.3.1 Embeddings

The vacua

7:0'2
0 -1
Yo = | —ioy ; Yoy = <]1 0 3) (3.42)
3
1

break the global symmetry as

SU(5) x SU(6) x U(1) — SO(5) x Sp(6) = H. (3.43)
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Now we embed the generators of G.u in the unbroken subgroup. We take

1 {1, ®° 1ot ®1,
T = T, = = .44

for the SU(2), x SU(2)g and

a_i t% _1 _]13
plE ) m(t) e

for SU(3). x U(1)x, where the t§ = $A* are the SU(3) generators in the fundamental irrep.
Having fixed the generators, we can embed the fields in irreps of H. We recall from Section 3.2.1
that the colour sector pNGBs are the neutral octet 7g and a triplet 73 with charge 2/3. Belong-
ing to the adjoint and two-index antisymmetric irreps of SU(3). respectively, we write them

as

o . 1 ..
wy = oty w3 =my L' with [L'JF = =€ (3.46)

V2

and the full pNGB matrix reads

1 [ 71';
Ty, = —= . 3.47
X \/§ (71_3 ﬂ_g) ( )

The normalisations are chosen such that Tr(w'w) = Ingng + my'wk. Turning to the spin-1
states, the axial vectors exactly match the pNGBs while the vectors consist of a neutral octet

and singlet and a sextet with charge —2/3, embedded into Sp(6) as

1 (Vi+ Ly % 1 (A AL
V“=—< ) u\/Tg 1 T ’ 1 u)’ Aﬂ:_<Ai AZT> (3.48)
Ve’ Vi — W V2\ A AL

The singlet matrix is V{ = V; 13 and for the sextet we have V§ = V{"° K* with symmetric 3 x 3
matrices K*®. Explicit forms for K* can be found in Appendix A, along with an overview of the
colour sector embeddings employed in this work.

We turn to the EW sector. We refer to [106] for the spin-1 states and instead focus on the
pNGBs. The states are listed in Eq. (3.12) and are embedded in SO(5) as

1 \/Ll—o]b + o T H
Ty = 5 ™_ \/LI—O]IQ — T —-H > (349)
ot —Hf 4
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where 74 o are the triplets with hypercharges 1,0 with matrix embeddings

Ty = —=m0", Ty =70, (3.50)

V2
H is the Higgs doublet

H i 3.51
- (%(mmO)) 350)

and H = io?H* its dual. Here h is the physical Higgs, ¢ are the longitudinal components of
the W and Z bosons, and finally 7 is a SM singlet. As discussed above, we prefer to express
the pNGB as custodial eigenstates,

14— (3,3)+(2,2)+(1,1) > (5+3+1)+(3+1)+1 (3.52)
=5 +n3+m)+(o+h)+n. (3.53)

The relation between the 7; and the n; is

b ot
at=nft, 7%= s — 75 , T = s T ) 3.54
+ 775 + \/5 0 \/5 ( )
o_ M-Vl Va4l o
A=V VI T T (3.55)
V3 V6 V2
and 7~ = (7)*, 7° = (7))*, 7 = (71)*, and 7y = (7 )* [105]. In both sectors we exponen-

tiate the my/, to the Goldstone matrices U,/ with separate decay constants f y.

We now come to the top partners, which have been discussed in detail in Section 3.2.3.
While both 1y and® yix lead to the same resonances, the physics is quite different. In the
first case, the top partners proper emerge from the 15 = A, of SU(6), as opposed to the
35 = Ad in the second case. This impacts the spurion irreps of the elementary quarks, which
in turn affects the couplings. In this work, we consider the case where the top partners come
from the As. The couplings to quarks will therefore involve the (5,14)y and (5,1)y, which

are embedded in the colour sector by

I
(5,14) = Uy = \/5<

—Q; —Qs

: 5 1) = Uy = Q1 %0, 3.56
Q’ér _Q3> ( )H Ql 0, ( )

For the fermions we use the same colour sector matrices as for the bosons, i.e. Qg = Q§t3 and

3We recall that these are two-component spinors. The operator will couple to g1, and t%, so the number of
barred spinors must be even. Thus, the second operator reads iy rather than xyy.
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Q; = Q% L'. Note that all @, are quintuplets of SO(5), embedded as

Q3 = (X5/37X2/37TL7BL7iTR>T7 QB = (étaég7ég7é57q/§)T7 (357)
Q§ = (Biv _T}j? - 5/37 X5C/37 _iTE)Ta Ql = (Eza E?u ﬁg? ilc?? ZB)T (3'58)

Here the first two and the third and fourth components both form doublets while the last
component is a singlet. For example, (éj, é’g)T € 21/, and (ég, é;)T € 2_1/2. We now dress
the top partners to obtain operators that transform as (5,15) of G:

O1a=U, (Uy - V14) Ug, O, =U, (U, V) UL (3.59)

X

Finally, the elementary quarks have to be embedded in the conjugate irrep, (1/r € (5,15).

These are given by

0 o
CL B % (EOL 0) ’ €L B 62 LZ, fL = (bL7 _tLa Oa 07 O)Ta (360)
1 {0 0 o
RNG <o 6 ) En=6i L, &=(0.0,00-it5)" (3.61)
R

With all of the definitions out of the way, we now turn to constructing the Lagrangian.

3.3.2 The Lagrangian
We can divide the model Lagrangian into several sectors as follows:

EW colo
Lais = Ly s + L0 + Lwzw — Vones

+ ) fio"Duf + Y (Vio" D W — mQUW) + Lae + Lunix + hec. (3.62)
f v

This splits roughly into bosons in the first row and fermions in the second. The hidden symmetry
Lagrangians £{ . contain kinetic terms for the pNGBs and spin-1 resonances. In the EW sector

for example [1],

LV D Te(D,mwy D wy) (3.63)
w 57 ' _ NN
D <2ieA“ - ig?—Z”) N5 Oumi T+ (%W Hlegns —ins5 ) Ouma T + h.c.) . (3.64)

Here we highlight the couplings that are relevant for the pair production of the doubly charged
n4 " or mixed production of a doubly and singly charged state, which we will make use of in
Chapter 4. The remaining couplings are listed in Appendix C.1. On the side of the spin-1
resonances, Ly induces a mixing between elementary and composite spin-1 states, which

we will explore in detail in Section 3.4 for the colour sector. Finally, the hidden symmetry
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Lagrangian also determines the couplings between the spin-1 states and the pNGBs.
From the anomalous global U(1) we get the WZW term which couples a (pseudo-)scalar to

two gauge bosons. For the ubiquitous colour octet 7y, it is given by

dlmX 1dabc a /u/pchb Gc gsg dlmX Y.

Lgaw = 167T2fx 16727, g SGWPUG“ s (3.65)

where G, and B, are the SU(3). and U(1)y field strength tensors, respectively [33]. Both
couplings are proportional to dimy, which in M5 is dimFg,4) = 4. The d®c is the fully
symmetric tensor of SU(3), and Y, = —1/3 in M5.

Similarly to Eq. (3.65), the EW pNGBs in 75 31 obtain couplings to W, Z, and the photon.

At leading order in v/ f, these all originate from just one operator [1],
mh € W, Bpe = 1o P W, (cwApe — SwZpo) - (3.66)

For the singly charged states, this means that the coupling to the photon is larger than the
coupling to Z by a factor of cot fy,. Furthermore, there are no couplings to WW for the n? and
n*. The latter can be relaxed when including higher order terms: With two Higgs insertions

we can write

1 ' o etre VVZ WJ Ho’H + h.c. (3.67)
7"
This gives a coupling of 775 " to W~W~ which is however suppressed by v/ f7.

The final of the purely bosonic terms in the Lagrangian is the scalar potential. It is generated
by all sources of explicit breaking of the global symmetry: the gauging of the Ggy; subgroup of
H, the potential mass terms for the hyperquarks, and the incomplete spurion irreps of the quarks
in the partial compositeness interactions. The potential induces the EWSB, gives masses to the
pNGBs, and contains multi-pion interactions that may be important for cascade decays. We do
not have the means to calculate the potential. In a previous work [108] we instead classified all
operators that can contribute by means of a spurion analysis. This revealed that the number of
operators and associated independent coefficients is too large for a phenomenological analysis.
We will instead take the pNGB masses as free parameters in this work.

We turn to the fermion terms in the second line of Eq. (3.62). In the first term, the sum runs
over all quarks and leptons and D, is the regular SM covariant derivative. For the composite
fermions W this is more complicated. We recall that the CCWZ symbol e, transforms like an

adjoint and therefore plays the role of a generalised gauge field [16],
D,V = (0, —ie,) V¥ = (0, —igV, — a1|m, A,] — co[mw, O]+ ---) U, (3.68)

where we are deliberately not going into detail about the coefficients, which we will fix in the

following section. For now, we note that we have a coupling with V, acting like a regular gauge
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field, along with operators containing an increasing number of pNGBs and spin-1 fields.
In L4 we have the derivative couplings, so called because they couple two top partners to

a derivative of a pPNGB at leading order. For the present case,
Eder =1iaq l11140'“@14 dM + 'iag @140’“@1 dM + h.c. s (369)

where all index contractions are implicit. Expanding the second term to first order in 7, yields

Lger D —;CLTi Tr(\I/Ma’“‘\Ifl 8M7TX) + h.c. (3.70)
> jji (Q20 Q1 Bt + Q50" Qrdyms + Qo Qi) + e, (3.71)
with
Qic"Qy = éj’“a“z;’ + ég’“a“zg + ég’aa“zg + é;’aa“z; + gaﬂé, (3.72)
Q30" Qq = X5/30“Z: + Xg/gauzg + TLUMZS + BL(T“;L; + TRU"B. (3.73)

We note that the d-symbol also contains the axial vectors, leading to operators like
Tr(V140"V14A4,) D 01Q30,Q3.A%L (3.74)

coupling two triplet top partners to the axial octet. More details about the derivative couplings
can be found in [108].
Finally, we discuss the partial compositeness interactions in L. For the chosen embed-

dings, we have
Emix = _)\L014<L — )\ILOICL — AR014C§ — )\’ROlgc% + h.C., (375)

which are readily expanded to [107]

Orals = Qs — f%fﬂ,czsg v T i + Ol 7). (3.76)
011 = fiw;ﬁ&@l +Ofr ), (3.77)

OraCh = 5E4Q0s — = ErQums — ——EmsQs + Oy, ), (378)

\/_fx \/—fx

iﬂ'ngQl + O(W¢, 7T>2<) (379)

O1C}Cz = fx
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The SO(5) products are

Q56 = Titr + BSbr,  Qsér=Glb, —G%;,  €.Q1 = hiby — hOty, (3.80)
ErQs = tRTkR, (rQs = t%9, ErQ1 = t%é, (3.81)

in the limit § — 0. We see that the desired mixing terms between elementary quarks and top
partners are indeed generated. The terms with one pNGB are phenomenologically important as
well: the third term in Eq. (3.76) for example includes T§mgty, which induces the decay mg — tt
after mixing. The EW pNGBs obtain couplings to third generation quarks analogously.

3.3.3 Baryon or lepton number violation

If the colour triplet pNGB is heavier than at least some of the top partners, it can decay into
them as well as a quark, e.g. 73 — tB. We studied this case in detail in [107] and there are hints
from holographic calculations suggesting that the coloured pNGBs may be rather heavy [80,81].
In this section we instead consider the case where the 73 is the lightest state, expanding on the
brief discussion in [107]. Looking at the Lagrangian in the previous section, there is then no
decay channel for the m3. Being a colour triplet, it can however not be stable. This forces us to
include either baryon or lepton number violating terms — but not both to avoid proton decay.

Beginning with baryon number violation, the simplest possibility would be
LA = capmsbs +h.c. =cap €ijk 7T37ibj8k + h.c. (382)

with the bottom b and the strange quark s. By writing out the colour indices we see why
we cannot couple m3bb: the operator is antisymmetric in the colour indices. We could have
chosen any combination of two different down-type quarks but decided on the heaviest states
in analogy to the partial compositeness couplings.

While the baryon number violating terms were added ad hoc, the lepton number violation
can be incorporated in a much more comprehensive manner. We recall that the singlet top
partners contain a (Bg, Eg) €2_y2 and a B € 1o, which can be interpreted as partners of the
lepton doublet and a right handed neutrino, respectively. We can use this to write down partial
compositeness interactions for the third generation leptons ¢, = (v, 7, ). To this end, we embed

the leptons analogously to the quarks,
éf = (T[Tv —V, 07 07 O)T7 <€ = ££Ex,0 (383)
and we can write

LA = =N 01@ + h.c. (384)

= 6)\¢ (—iz;“TL_ + 552 WS + CZ/QB?LV - % Bv + h.c.) + O(my) + hec.. (3.85)
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Combining this with the composite sector mass term?*
ML Qi@ = MO — Bihy) + L BB
) 1Q1Q1 = My(hyhg — hy d)+§ 165, (3.86)
we get the mass matrices

0 %/\589 6)\{63/2 6)\@83/2 14

L, = =0 so | A M 0 0 B - -
SBR[ 2 =G (exan) (). 3s7)
2 6Aec, O 0 M, R h;

GAes2, O M, 0 hg

In the charged sector we get a massless Weyl spinor (the physical 7,) and a massive Dirac
spinor with mass \/M? + 36)7. The neutral mass matrix also yields one Dirac state with the
same mass (up to O(#?)) and two Majorana states:

M,

0 - -
m =0+ O(h°) vr NL( 6)\£VL+2\/§ + hy + O( )), (3.88)

m= M : p = Ng ((—&—@> B+E2+BS+O(92)>, (3.89)

which we identify as the left- and right-handed neutrinos, respectively. Coming back to the
issue of decay channels for the 73, if we take into account the (T, Br) <> (t1,br) mixing and

the mixing in the lepton sector, then Eq. (3.71) induces
73 — to, brt, (3.90)

which violates lepton number by one unit.

3.4 Calculation of the colour sector spin-1 resonances

Having gained an overview of the Lagrangian of the model M5 in the previous section, we
now focus on a specific sector. We would like to calculate the terms that are relevant for the
phenomenology of the coloured spin-1 resonances, which are (mostly) contained in £ the
colour sector hidden symmetry Lagrangian. Over the course of this calculation we work with
the SU(6)/Sp(6) coset of M5, but the results can easily be extended to the other cosets, which
we will discuss at the end of this section. This section is based on [3].

We briefly recap the setup: we extend the global symmetry to SU(6)y x SU(6); which gets
broken to Sp(6)y x Sp(6); by two sets of pPNGBs mg ;. After a further breaking step mediated
by NGBs k, the remaining symmetry group is the diagonal Sp(6). In terms of the Goldstone

4In principle, one could introduce a mass split between the underlying doublet and singlet hyperquarks [105],
which would lead to a mass split between the h and B. For simplicity we neglect this at this point.



3.4 Calculation of the colour sector spin-1 resonances 35

matrix K of the k, their kinetic term reads
TrD,K(D'K)',  D,K=0,K —iey,K +iKe,,. (3.91)

The k are would-be NGBs that give mass to the V,. Thus, in unitary gauge we have K = 1,

and the kinetic term simplifies to
Tr D, K(D"K)' = Treg ey + Tre; e} —2Treg e} (3.92)

With this, the hidden symmetry Lagrangian Eq. (2.55) is given by

1 1 1
L= TG,G" - JTrB,B" — STt F,, F*

2 2
+ ‘%0 Trd, ,dj + f?l Trd, ,df + rfi Tr do,,dy
2

2
+ ]%K Tregeq + J%K Tre; ef — f& Treg el (3.93)

From Egs. (2.21) and (2.22) we have in the composite sector

V2 g

p=gA, — —Dymi — Sl [m, Al + [7’17[77173u771]]+"' , (3.94)
f1 i 3f1
o .
€1u = gv,u - @[7"7 A,u] + i2[71-17 8,u7r1] [771, [771, v H +oe ) (395)
fi i I
where
D, = 0,7 —ig[V,, ™. (3.96)

In the elementary sector we do not have axial vectors, and the vector states are
Vu = gsG,u + g/B,ua (397)

where the hats on the couplings are there to remind us that these are not the physical SU(3). and
U(1)y gauge couplings, as we will see below. With this, the CCWZ symbols of the elementary

sector are

V2

do, = — 7o — D, + ?:L/f_[ﬂ-o’ [770,5“7"0“ +oee (3.98)
0
gsG +g’B + —= f [7707 Mﬂ-O] f [770’[71-07936} +g/B ]] e (399)
0 0

Now we have all the pieces in place to expand Eq. (3.93) and explore its consequences.
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3.4.1 DMasses and mixing of the spin-1 states

As a first step we determine the physical spin-1 states. To this end, we look for all terms in
the Lagrangian that can give us contributions to the mass matrices. This is straightforward for

the axial vectors,

f—lzTrd d* o iy Tr(A,A") = L2 Al gt (3.100)
2 Lu™1 2 " - 2 A :
with
9h
my = ——. 3.101
A \/5 ( )
For the vector states we look at the e? terms,
1 1
Tr(epef) D g2 Tr(G,G*) + §'* Tr(B,B") = 5@303(}“@ + 5@’213#3#, (3.102)
1
Tr(e ef) D G2 Tr(V, V) = §g2vgva7“, (3.103)
1 1
Tr(ep€)) D Tr((9sG, + ¢'BL)gV") = égsg GV + 5@’@ B VI (3.104)
In Eq. (3.103) we can split the V into
Vaver = Vg Vet + VL,V 2V Ve (3.105)
from which we can immediately read off
my, — 2 (3.106)

V2

For the colour octet and singlet, Eq. (3.104) represents a mixing term, which leads to the octet

mass term

1 Ga 2 ~2 _AS"
SV MEVE W =< ) M2=f—K< ” “’). (3.107)

* Vg,u 2 _gsg §2

The eigenvalues and -vectors of the mass matrix are

(C?S b 8), (3.108)
sin [g

<_Sinﬁ8>, (3.109)
cos fy

1 g
mG:O: | .
VI + 32 (%)
fK = ~ 1 _gs
mvg;:ﬁv92+9§1 W

VI+3E\ g
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and we identify the massless state with the physical gluon. We will show just below that the
physical strong coupling g, is given by

gs = gscos Js = gsin fg. (3.110)

With a slight abuse of notation we can switch to the physical mass eigenstates by replacing

G|, (cosPs —sinfis) (G (3.111)
1z sinfg  cos s 8

In principle the same analysis can be repeated for the colour singlet states. However, there will
be further contributions to that mixing from the EW sector [73], and a combined calculation

is required for reliable results. We leave that for future work.

3.4.2 Couplings to quarks

The vector octet plays a special role for the phenomenology due to its mixing with the gluon.

To see why, we consider the kinetic terms of the quarks:
. A~ = AA,q hys . — A0, A . — A ,a
L2ighq D g qE t5q = gscos fs G ¢ t5 g — gssin s 7 Vsts q (3.112)

where a sum over ¢ is implied. We can read off Eq. (3.110) from the first term after the mixing
since the physical gluon has to couple to the quarks with the physical g;,. The second term

couples the heavy vector to two quarks with the prefactor
Cqqg = —Gssin Bs = —gs tan fBs (3.113)

independent of the quark family. In particular, this couples the Vs to two light quarks, thus
opening up the Drell-Yan single production channel. Generally, the single production cross
section falls off much slower with mass than for pair production. The LHC phenomenology of

the model will therefore be dominated by the single production of Vs.

3.4.3 Couplings to gluons

Despite the prominence of Vg single production, we now turn to the kinetic terms of the vectors
to calculate the couplings relevant for pair production. The reason is that while pair production
of vectors will likely be out of reach at the LHC, these couplings are interesting for a study at

future colliders. We begin with

1 1
L5 TrGuG” = STV, V™ (3.114)
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where we need
Vo =V, —3,V, — V2ij[V,, V] (3.115)

to keep the normalisation fixed, see Appendix A for details. At O(¢°) we have the abelian

kinetic terms
1 a a\2 1 a a )2 1 2
ﬁgo = —Z—l(aHGV - &,GM) - Z—l(auv&l, - 8,,1)8,#) - 5 ]8,)2671,78 - 8,,))6,#,3] . (3116)
At order O(g') each term comes with one derivative of a vector,
L, abc a a b e
‘Cg = _595 f (OMGV - 8I/Gu> G;LGV
1207 | (0.V5, — VeV VE! Tr(t54t5)

+ (0.V5, — O VE,)VEVS T (t5K°K?)
+ (04 Vs — 0oV ) VEEVE" Te (K K'15) + h.c.)} , (3.117)

where from Appendix A we have
ayb e 1 abc - rabc s prtya 1ats
Taking a closer look at the V3 term,

A (9, V5, — O, VE Ve Ve¥ = d*9, V5 VerVg” — d™o, Vs, Vo' Vet (3.119)
= d™0,V§, VIVE — d 0, V8 Ve Ve =0, (3.120)

we see that due to symmetry only the f%¢ contributes, leaving us with

L, abc a a c 1. abc a a WA HCsV
Ly == 50: [ (0,6 = 0,G}) GLGL = 50 1™ (0,15, — DV, V"V

+§|i0,V8, — OV IVEVE ) + (10, Vs — 0 Vo) VIV 8] + h.c.)} .

(3.121)
Lastly, we have the quartic terms at O(g®) where we find

Lo = _ﬁ fabc]cade Gb Gch,uGe,V o 9_2 fabE:fcde Ve Vb Vc,uvd,lf (3 122)

g9 4 nv 4 8,ur8r¥8 8 :
+ 92 Z'Vél,uvé),uvéfsvé; fabd [tg]ts + (Vg,p,tvg,u - Vg,u,tvgw)véfsvgy [t%t%]ts : (3123)

So far we have written the Lagrangians in terms of the purely elementary and composite
fields. The next step is to transform the octets to the physical fields by means of Eq. (3.111).

For simplicity we limit ourselves to the terms of up to two heavy vectors. The O(¢°) Lagrangian
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remains unaffected, of course. At linear order we find

hys 1 abe a . o
Ly 55 = 50 [ (0,61 — 0,G}) GG
! oV aoc a a c,v
- 595 fabc (0.G} — 5VGf§)V§’”V8’ —9sf b (Qﬂ)&y — 8VV87M)Gb7MV87
+i9:(04G — D,GLVEVS )" + 95 (1(0, Vb0 = 0, Vo) VG [tg)" + hic.).
(3.124)

Note that the contributions to the Vs-G-G coupling cancel. This means there will be no gg — Vg

contribution to the single production. Finally, the O(g?) terms become

2
hys 95 rabe rade c e,V
Lo 25 -5 bepele G GL GG (3.125)
2
95 rabe pede a c, 1y yd,v a c, iy yd,v a c, v
= 5 P GGV + GV, GV + GV VM GY)
+igs GRGoVEVer 7 te]" + 02 (Vs Gy — Vi, GrVEG™ [tetg]"™. (3.126)
We note that couplings GV? also exist,

1 ~ ~ abe pcde a C v a C v
Lz D —§gs(gc§ — Gys8) fUf (GAVE VEMVEY + V8 GEVER V), (3.127)

where the coupling is not fixed by gauge invariance but dependens on g [109].

3.4.4 Identifying the physical pNGBs

Before we can calculate the couplings of the vectors to the pNGBs, we need to determine the

physical scalars. To this end we turn to the d-symbols since

2

fi
The d;,, appear squared in the Lagrangian as

2

L= ? Trd;,d! D> Tr D,m;D"n; (3.129)
and as a mixing term
LD rfiTrdy,d} D 27% Tr D, mgD" . (3.130)
All in all we have
LDOTr (DMﬂ'OD‘uﬂ'o + D, D'my + 2T%D“7r0D“7r1> (3.131)

=Tr(DywaD"wa+ D ywpD' ). (3.132)
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In the second line we have introduced decoupled and canonically normalised fields 74 and mp,

which are given by

(3.133)

. TA . B
7T07\/5\/1+7“fl/fo \/5\/1—7”f1/f0’
. TA ™R
" A ir R Ni—r il

The 74, p are still not the physical fields 7p, since a linear combination 7y of them is eaten by

(3.134)

the A,. We therefore introduce another linear transformation,

T4 = COSQTp — Sin Ty, T = Sinamp + cos a Ty, (3.135)

1+ fi/fo
tana = — Tfl/fo (3136)

We can combine both redefinitions into

where

. R (3.137)
Ty = Tp ——, T =Ty — Mp ———— )
0 P 1 R2 1 U P 1 R2
with
R—rdt (3.138)
Jo

The unphysical modes 7 vanish in the unitary gauge, which we will use throughout this
section. The physical 7p = 7 are the usual SU(6)/Sp(6) pNGBs. Their decay constant f, is a

combination of fy and f,
Fo=/f2 —r2f2. (3.139)

3.4.5 Couplings to pNGBs

We now collect all interactions of one V,, or A, with up to three pNGBs. It turns out that the
lowest dimensional couplings are to two 7 for the vectors and three 7 for the axial vectors®,
which matches the situation in QCD. The corresponding operators can always be reduced® to

only one independent form each,
Oy =i Tr([m, 0, w|V#), 04 = Tr([w, [w, 0,7]]A"), (3.140)

where V' = V, G, B denotes a generic vector, and we introduce a factor of ¢ so that both

operators are hermitian. We take a two-step approach with the states, keeping the unphysical

5The operator for a Anm coupling would be of the form Tr [XI, XJ]XK ~TrTeXE =0.
Swith Tr(0,m([m, V*]) = — Tr([m, 0, w|V*) and Tr([w, [x, O] A) = — Tr([m, Ox][w, A]) = Tr(dn[m, [w, A]]).
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vectors for now but working with the physical pPNGBs from the start. Since we work in unitary
gauge, my and m; are both proportional to the physical 7, only differing in the prefactor, see
Eq. (3.137). We therefore have to keep track of which sector the factors of 7 in Eq. (3.140)

stem from,

O — <¢%R2)k <—%R2)liTr([7r,8u7r]V”), (3.141)
0l - (ﬁ) (—%)lmm O] A%, (3.142)

With the definitions settled, we can start collecting terms. The relevant contributions originate

from the d? and e? terms, and we begin with the former:

2
%0 Tr(dy ,df) D Tr(D,moD" ) (3.143)
> 2Z§s Tr(a#ﬂ'()[ﬂ'o, G“]) + Zlg/ Tr(auﬂo[ﬂo, B#]) (3144)
= —2§,0%° — 2 0%, (3.145)

in the elementary sector, and analogously in the composite one,

2
/i Tr(d, ,dY) D 2ig Tr(0,m:[m1, V¥]) + V2

Tr([my, [y, 0,71]]AY)

2 3fi

?9 Tr (0, [y, [0, A]) (3.146)
1
4

= 2ig Tr(0,m1[m1, V"]) + ?\)/f_g Tr([my, [y, 0y71]]A") (3.147)

1
= —250% + V2 O (3.148)

3h
Then there is the dyd; mixed term,
rfi Tr(do,.dy) (3.149)
ig V2§
Drft Tr<f f1a Lmo[m1, V] + fo—flgauﬂ'o[ﬂ'b (71, A"]]

2, (3G B0 + L2, [, o]} A (3.150)
 foh 313

_2_!71 \/_912 205 11 L1 V2§

‘m( h Vg 04 g O +ff0 g Oa ) (3.151)

The remaining contributions come from e?-terms, with

%Tr(eweg) fjf( Tr(2i(§,G, + ¢'B,) [mo, 0" mo)) = J; (9: 02" + ¢ 0%) (3.152)
0 0
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in the elementary sector,

—?(Tr(el uehl) D fK Tr| 2igV (71, 0" 7] + 2v2g (71, Oy ][, AY] (3.153)
2 2f1 fl
- 29
‘f{( ( o0 —‘29 (92{3) (3.154)
in the composite sector, and
V2§ p
—fr Tr(epel) D —fr Tr V71, 0,m1] + [ﬂ'o, 0,70) [0, Oymol[my, A"
f1 fo fifi
(3.155)
2 [ Ys 40,2 02 | 20 \/_9
= — O+ = 03 (9 (’) 3.156
Ji (fl R RS Lt ) (3150

from the mixed terms.
Now we add all contributions and take into account the vector mixing. This results in the

following Lagrangian for the decays into pNGBs:

Edecays = C.AOA + CVg OVS + CV6 OVG (3157)
with coefficients
Cvy = g(r* = 1) T _ 3.158
Ve — g(?“ f2 = Gprms ( . )
. 1+ R |
Cvs = Gomn (c08 s + tan fy sin fs) + 25— g sin fs, (3.159)

Ca= (1 =r*)(ff = 3f%). (3.160)

V2gr
3

The g,nr — named in analogy to QCD — is the coupling of the vectors to the pNGBs with the
elementary sector decoupled, S5 — 0. Indeed,

Blglmo Cvs = Yprr- (3.161)

Now all that’s left is to calculate the operators, where we limit ourselves to the Vs whose

phenomenology we will study later on. Inserting the embeddings in Eqgs. (3.47) and (3.48), we
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find
1 > <
Oy, = Tr([m, 0, V%) = 7 Tr (71‘8 0, Vi + w50, ﬂ3V§> (3.162)
1 s 1 — o
= —= 7§ 0,y Vs Tr(t5t5t5) — —= 75,0, ms; V§ Tr(L'Ltg)  (3.163)

V2 V2

A 1 D -
=15 T8 0Ty VS [ — —= 5, 0,ms; VS [t5]7, (3.164)

42 2v/2

where we made use of some trace identities listed in Appendix A.

3.4.6 Independent parameters

We recap the parameters involved in the hidden symmetry calculation and fix a minimal set of
independent parameters, neglecting the singlet as explained above. The Lagrangian contains

the parameters fo, f1, fx, 7, §s, and g. The mixing angle depends only on g through Eq. (3.110),

sin fBg = % (3.165)
We can trade two f-scales for masses,
2 2my, 2
fi = _\ff'“, fi = \mf”’b _ V2 (3.166)

J RN
Note that only one vector mass is independent. Rather than the two masses we prefer to work

with one mass and a relative mass parameter

g = A (3.167)

mvs

We rewrite the remaining parameters fy and r in terms of two more physical ones, the coupling

Jprr and the decay constant of the physical pNGBs f,, by means of

f2 2 T fzg T
foz\/ P = 1R (3168)
K K

This leaves us with five independent parameters from the hidden symmetry calculation:
9r Gprmr My, & Sy (3.169)

There is however one further source of parameters.
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3.4.7 Couplings from partial compositeness

The phenomenology of the spin-1 resonances is mostly described by the hidden symmetry
Lagrangian, but not entirely. Looking back to Eq. (3.68), the kinetic terms of the top partners

contain
TYU S TYT 258 1Pt (3.170)

where we made use of the PC mixing in the last step. More precisely, the Vg couple to the top

and bottom quarks,
L£> t_Wgtg (g{jttPL + g\}}ttPR) i+ ngtg (g]ebbPL) b (3.171)
where we can estimate the couplings as

P = Gy = g o8 By s, Gy = §cos Py 5% (3.172)

with PC mixing angles sy, g. That is, while the light quarks couple to the Vg solely due to the
vector mixing, the third generation quarks receive additional contributions from PC.

While in the SU(6)/Sp(6) coset, the V in Eq. (3.170) also contains a sextet, it has baryon
number 1/3 so it cannot couple to two quarks. We instead consider the models M3-4 and M8-11
which have SU(6)/SO(6) breaking and the V5 has charge —4/3 and baryon number 2/3. This

allows for couplings
LD ghRteY,t + hec. (3.173)
with
gLl = gshsin 6. (3.174)

where the PC mixing angle is right handed because the operator originates from a singlet top
partner. Furthermore, the coupling is suppressed by sin f due the presence of a left handed and
right handed top partner, one of which has a suppressed mixing with the top quark.
Couplings to third generation quarks can also be found for the axial vectors, induced by the
derivative couplings, see Eq. (3.74). All models feature the octet Ag whose couplings match the
ones of Vg but without the cos fs. Note however that the Ag does not couple to light quarks,
since it does not mix with the gluon. Focusing on the same models as for the V3, we also have

an Ag with charge 4/3, which can couple to two top quarks
LD gt At +hec. (3.175)

. LR _ LR
with g4 = Gyir-
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3.4.8 Generalisation to other cosets

In this section we presented the hidden symmetry calculation for the SU(6)/Sp(6) coset. These
results can be straightforwardly generalised to SU(6)/SO(6) and SU(3)?/SU(3): the Vg and V;
are present in all models and their couplings remain the same. In the complex coset there is
no further vector state, while the real coset features a Vs rather than a Vg, and an Ag instead
of the A3. The couplings can be recovered by replacing ¢g <> —¢5 and ¢f <> ¢3 for generic
triplet /sextet fields ¢35, where the relative sign comes from the fact that the 6gys) is symmetric

while the 3gy(s) is antisymmetric. Furthermore, we have to exchange t3 < tg.



4 Phenomenology of pseudo Nambu-

Goldstone bosons

Any realistic composite Higgs model will feature an extended scalar sector with additional
pNGBs beyond the Higgs boson. In the model class described in Chapter 3, these can be
separated into QCD charged states coming from the yy-condensate and the ones emerging
from the EW sector. For brevity we refer to the latter states as EW pNGBs. The coloured
pNGBs come in the irreps 3, 6, and 8 of SU(3)., while the EW sector scalars come as triplets,
doublets, and singlets of SU(2),. In this chapter we study the phenomenology of both types of
pNGBs, assuming that they are lighter than the fermionic and spin-1 resonances.

We begin with the coloured pNGBs, describing their production and decay channels and
then deriving the current mass bounds. The phenomenology of the electroweak pNGBs is more
involved. In Section 4.2 we give an overview of the various production and decay channels
and establish a fermiophilic and a fermiophobic scenario as two benchmarks. We then derive
simplified model bounds for both scenarios in Section 4.3. As an application, we study the
phenomenology of the pNGBs in the SU(5)/SO(5) coset. We demonstrate both the usefulness
and the limitations of applying the simplified model bounds to a full model, and derive exclusion
bounds on the masses for a variety of mass hierarchies. Sections 4.2 to 4.4 are based on [1].

During our study of the simplified model bounds on EW pNGBs, we found that decays into
quarks are relatively weakly constrained. A dedicated search may discover these processes or
significantly extend the exclusion limits. To this end, we design a search strategy for a 4t-like
signature in Section 4.5: the pair production of two doubly charged scalars undergoing a three-

body decay, pp — STtS~~ — WHtbW tb. The proposed search makes use of deep learning
techniques to differentiate the signal process from the SM backgrounds. We derive the discovery
reach and expected exclusion limit at the high-luminosity LHC (HL-LHC). Section 4.5 is based

on [2].

4.1 Coloured states

In the Ferretti models, coloured pNGBs come in three colour representations: octets 7y, sextets
mg, and triplets m3. We begin this section by summarising their interactions as outlined in

Chapter 3. We then derive the current mass bounds from pair production.
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4.1.1 Production and decay channels

The colour octet, which is present in all 12 models, has two interactions which facilitate decays:
an anomalous coupling to gg, g, and gZ through the WZW term in Eq. (3.65), and couplings

to top and bottom quarks from partial compositeness,
Ts = 99, 97, 9Z; tt, bb. (4.1)

The relative branching ratios of the diboson channels are fixed: 7g — gg accounts for 94%
(80%) of all decays for models with Y, = 1/3 (Y, = 2/3) and for a scalar mass of 1 TeV [33].
Nevertheless, the photon channel leads to interesting signatures which have been studied in
[110,111]. To simplify the analysis we do not study the g7 and gZ decay channels in this work.
For the decays into quarks, we generically expect the coupling to top quarks to dominate over

bottom quarks by a factor of m;/m;. This leaves us with two main decay modes of the g,
s — gg; tt. (4.2)

The anomalous coupling to gluons Eq. (3.65) is a dimension-5 operator and as such comes with
a suppression of 1/f,. It was shown in [110] that despite that, there are models where the
coupling to top quarks is naturally small compared to the gluon coupling, so we consider both
options.

The colour sextet is present in models with the SU(6)/SO(6) coset. Using the model classes
defined in Tab. 3.3, 7 has electric charge @) = —2/3 and baryon number B = —1/3 in C1 and
Q) =4/3 and B = 2/3 in C2. From the charges, the possible decay channels read

Cl: 7 — bb, (4.3)
C2: g —> L. (4.4)

The decay in C2 conserves baryon number and can therefore be generated by partial compos-
iteness. In C1 however, we have to add a baryon number violating (AB = 1) coupling for 74
to have a decay channel. Note that we choose to couple 7g to the bottom quark, but couplings
to light quarks would also be possible. The mg coupling to top quarks was studied in [112].
Finally, the colour triplet is only present in the model M5 featuring the SU(6)/Sp(6) coset.
It has @ = 2/3 and B = 1/3 and we have to add either baryon number or lepton number

violating terms to avoid a stable w3 [107]. Keeping with the typical flavour hierarchy, we have

AB=1: 73 — b3, (4.5)
AL=1: 7y — t, br . (4.6)

Note that 3 — bb is absent due to SU(3), antisymmetrisation. The lepton number violating

decays can be obtained by extending the idea of partial compositeness to the third generation
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leptons as discussed in Section 3.3.3. We follow this approach, which implies Br(ms — tv) =
Br(ms — brt) = 50% up to kinematic differences in the decay products.

To summarise the discussion so far, we formulate simplified models for the coloured pNGBs,
following the notation introduced in [113]. Apart from the universal kinetic and mass terms,

we have couplings to vector bosons and SM fermions,
Lt = EWVV + ﬁﬂff. (4.7)

Since we only study the dominant g — gg diboson decay, the first term simply reads

2
_ 9s r-ms jabe _a b Ayuv,ce
LNVV = MKQS d 7T8G“VGH (48)

with G = %e““p"GPU. The couplings to fermions are given by

Loy =tms (K + ik ys)t

_ 3, i3 g/ 2/3 23
+ twg/d (K +iki® ~5)Cth 4+ b 7r§/3 (k® +1ik* v5)Cb+ h.c.

+ tms (k2 Pr + Ky g Pr)V + bms (k52 P+ K72 nPr)T + hec.
+ 0" g (ﬁggLPL + Kg§7RPR)CS, (4.9)

where C'is the charge conjugation matrix, the superscript of the 7g indicates the electric charge,
and contractions of colour indices are implicit.

The coloured pNGBs can be QCD pair produced at the LHC. The corresponding cross
section is model independent, being purely determined by the SU(3), irreps. For the octet we
calculate the cross section at next-to-leading order (NLO) with the publicly available sgluons
Universal FeynRules Output (UFO) library [114], setting the scales to ug = ur = m, and using
the NNPDF 2.3 parton distribution function (PDF) set. With this scale choice, the K-factor turns
out to be close to 1. We therefore expect that our cross sections of the mg calculated with a
leading order (LO) UFO [115,116] — no NLO calculations are available — will also only see
minor loop corrections. For the 73, precise calculations for decoupled stop pair production are
available at the approximate next-to-next-to-leading order (NNLO) including the next-to-next-
to-leading log (NNLL) [117-119]. The resulting cross sections are shown in grey in Fig. 4.1.
The 7g has the largest cross section, closely followed by the 7g, while the 73 lies about an order
of magnitude below that.

The pair production combined with the decay channels discussed above leads to the sig-
natures 4t/4qg for ms, 4t/4b for m, and bsbs/qslz@sls for w3, where g3 = t,b and I3 = 77, v.
Feynman diagrams for 7g are shown in Fig. 4.2. For the octet and sextet, there is another
production channel: tt- or bb-associated single production, shown in the right panel of Fig. 4.2
for mg. These processes also lead to a 4t/4b signature, albeit with different kinematics. The
single production cross section depends on the couplings to quarks and typically dominates

over pair production for large masses. Due to its model dependence, we do not study it further.
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Figure 4.1: QCD pair production of coloured pNGBs. The grey lines show the cross sections
calculated at a centre-of-mass energy /s = 13 TeV with the precision indicated in parentheses.
The coloured lines are 95% CL upper limits on cross section times branching ratio into the
respective decay channels. The limits are taken from [120] for 4j, and obtained from recasts
of [121,122]/[123,124] for 4t/4b.

Figure 4.2: Feynman diagrams for 4¢g- and 4t production via 7g.

4.1.2 Mass bounds

We now make use of the universality of the pair production cross section to set lower limits on the
masses of the coloured pNGBs for each decay channel. The results are summarised in Tab. 4.1.
We begin with the colour triplet, for which direct searches apply: the baryon number violating
decay is covered by a CMS search for pairs of dijet resonances [120], pp — XX — (45)(j7)-
Masses between 500 and 770 GeV are excluded at 95% confidence level (CL), except for the
region 520-580 GeV which is still barely allowed. Note that while the search is for ¢ — d3,
it does not veto b-jets and can therefore also be applied to the m5 — b5. The lepton number
violating decay is constrained by ATLAS searches for scalar leptoquarks decaying into third
generation fermions [125-127] which have been statistically combined in [128], yielding a mass
bound of 1340 GeV for equal branching ratio into t& and b7". For the colour octet, the decay
into gluons is again covered by [120]. From the upper limit 095 on the cross section at 95% CL,
shown as a blue line in Fig. 4.1 assuming an acceptance of 10%, masses below 925 GeV are
excluded. Furthermore, the region 1040 GeV < m,, < 1210 GeV is excluded also.

For the remaining channels, no dedicated searches have been performed at 13 TeV. We
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Process Mass bound [GeV] Constraining searches

ey — 4t 1375 ATLAS SUSY searches [121,122]
gy — 4g 925 CMS search XX — 4j [120]
memg — At 1510 ATLAS SUSY searches [121,122]

ATLAS searches for b-squarks [124]
and general new phenomena [123]
m3§ — bsbs 770 CMS search XX — 45 [120]

Stat. combination of

ATLAS LQ searches [128]

memg — 40 990

7T37T§ — Q3l_3q_3l3 1340

Table 4.1: Mass bounds from QCD pair production of coloured pNGBs assuming 100% branch-
ing ratio into each channel. The leptoquark (LQ) channel of w3 has Br(m3 — t©) = Br(ms —
br™) = 50% up to mass effects.

therefore determine the upper limits from recast searches. Our procedure and the toolchain are
presented in Appendix B. We use publicly available UFO libraries for the octet [129-131] and
sextet [115,116] to generate leading order events. The strongest constraints on the XX — 4t
signature are obtained from two ATLAS SUSY searches, both using 139 fb=! of data and
implemented in CheckMATE: a search for R-parity violating SUSY in final states with leptons
and many jets [121], and a search focusing on final states with missing transverse momentum
and > 3 b-jets [122]. Since the searches are not charge-sensitive, the limits apply equally to
mg — tt and mg — tt, and we read off m,, > 1375 GeV and m,, > 1510 GeV. To our knowledge,
these are the strongest recasting bounds for these channels in the literature, improving the limit
on M., obtained in [131] by about 120 GeV. In the ATLAS analysis [132] the results of a search
for tt H/A — 4t are applied to mgmg — 4t, yielding a slightly weaker bound of 1330 GeV. Finally,
we find a bound of 990 GeV for the g — bb decay channel. Here, the constraining analyses
are an ATLAS search for bottom squarks using 139 fb~! [124] and a general search for new

phenomena based on only 3.2 fb~! but with a large number of signal regions [123].

4.2 Overview of electroweak states

The electroweak pNGBs come with electric charges £2, £1, and 0. When discussing them
in a model independent way, we denote them as ST+, S*, and S°, respectively. Being colour
singlets, they lack the large and model independent QCD pair production channel of their colour
sector counterparts. In this section, we discuss their possible production and decay channels.

The phenomenology of the EW pNGBs is determined by three types of couplings:

o Lssy+Lgsyy: gauge couplings to one or two EW gauge bosons coming from the covariant

derivative,

e Lgyy: anomalous couplings to two EW gauge bosons via the WZW term,
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Figure 4.3: Feynman diagrams for the pair and single production of electroweak pNGBs via
(a,b) Drell-Yan, (c,d) vector boson fusion, (e) quark associated production, and (f) gluon-gluon-
fusion (ggF).

e Lgss: couplings to third generation quarks via partial compositeness.

Of those, the gauge couplings are always present, although the specific values are model de-
pendent. The anomaly and quark couplings do not necessarily appear and we discuss them
below. For now, we assume all couplings are present. This leads to a variety of production
channels, as illustrated in Fig. 4.3 for a generic singly charged scalar ST. The first row high-
lights the production channels due to gauge couplings: Fig. 4.3a shows STS~ Drell-Yan (DY)
production. Since the pNGBs come in multiplets of SU(2)., there can also be mixed channels,
e.g. STS% in Fig. 4.3b. A second mode for pair production is vector boson fusion (VBF) via
the SSVV-couplings in the covariant derivative as in Fig. 4.3c. It was shown in [105] that DY
production dominates over VBF. The anomaly coupling of a scalar to two vector bosons allows
for VBF single production as shown in Fig. 4.3d. However, since the coupling is suppressed
by a large scale, the corresponding cross section is quite small. This is not the case for the
second single production mode: the ST can be produced in association with a top and bottom
quark as depicted in Fig. 4.3e. Finally, the coupling of the neutral scalar to top quarks allows
for single production by gluon-gluon-fusion (see Fig. 4.3f) analogous to the SM Higgs. The
cross sections for both associated production and gluon-gluon-fusion depend quadratically on
the scalar-quark coupling.

We now turn to the decay channels of the EW pNGBs. The first thing to note is that the

gauge couplings in Lggy allow for cascade decays of the form

Sy — S,V (4.10)
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if mg, > mg, with a fitting vector boson V = W= Z. Depending on the mass splitting,
the vector boson may be off-shell. Cascade decays play an important role when studying the
phenomenology of a full model, as we will see in Section 4.4. For now we only look at the
decays of the lightest scalars, for which there are two options: decays into fermions or into
vector bosons.

If couplings of the pNGBs to third generation quarks are generated (fermiophilic scenario),
we expect them to dominate over the anomaly couplings to vector bosons. The dominant decay

channels are

ST — tb, (4.11)
SO — tt; bb. (4.12)

The S°bb-coupling is suppressed by my/m; compared to the top coupling. Therefore, the
S% — bb channel is only relevant if the decay into top quarks is kinematically forbidden, i.e.

mgo < 2m,. Note that the coupling to the top quarks also induces the decay
SO — 4y (4.13)

via a top loop. While being significantly suppressed compared to diquark decays, its clean
signature makes this decay channel important when searching for S° as proven by the Higgs
boson. Finally, the doubly charged scalar cannot decay into two quarks due to its charge.

Instead, its dominant decay in the fermiophilic scenario is a three body decay mediated by an
off-shell ST,

ST WHST — Wt (4.14)

In the SU(5)/SO(5) model — the only coset to feature a doubly charged scalar — this decay
dominates over the ST — WTW* anomaly decay despite the phase space suppression [1]. The
size of the couplings to quarks depends on the specific model, but as explained in Section 2.3
we can estimate cmy/ fy, with an order-1 coupling ¢ and f, 2 1 TeV.

There are also models where at least some of the pPNGBs do not couple to quarks [133]. In
the absence of couplings to quarks (fermiophobic scenario), the suppressed decays into vector

bosons become important. The electric charges allow for the following decays:

ST S WHWT, (4.15)
St Wy, WZ, (4.16)
S s WHW™, vy, vZ, ZZ. (4.17)

The anomaly couplings are fully determined by the coset and are listed in [133]. We show
the branching ratios for the EW pNGBs appearing in the Ferretti models in Fig. 4.4. For
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Figure 4.4: Branching ratios of EW pNGBs in the Ferretti models. The misalignment angle
was taken as 8 = 0, in which case the singly charged and neutral states in the real coset have
the same branching ratios. The 7 in the SU(4)?/SU(4) coset has identical couplings to its
counterpart in SU(4)/Sp(4).

simplicity we have taken the limit' # — 0 in which case the branching ratios of ni and 7
coincide (Fig. 4.4a), as do the ones of 7y and 73 (Fig. 4.4b). For 77, the decay into W*W~
is negligibly small. For the gauge singlet n on the other hand, W*W ™ is the dominant decay
channel. This is true both for the real coset (Fig. 4.4c) as well as the pseudoreal and complex
cosets (Fig. 4.4d), both of which have the same branching ratios of 7. For the latter cosets, the
n does not couple to .

There are a few notable absences in Fig. 4.4. In the SU(5)/SO(5) coset, the 7y does not
couple to the anomaly. In the fermiophobic scenario, it will undergo three body decays via
off-shell pNGBs as discussed in detail in Section 4.4. In the SU(4)%/SU(4) coset, the 7 is even
the only state with anomaly couplings. If the remaining pNGBs also do not couple to fermions
then at first glance they cannot decay. In practice however, we always expect at least a small
mass splitting between the states which leads to cascade decays to the lightest state, mediated
either by gauge couplings or by the scalar potential. The lightest pNGB can then decay to
gauge bosons via two (potentially off-shell) 7.

!Taking a vanishing @ only changes the branching ratios by O(1%) compared to a more realistic 6 ~ 0.1.
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4.3 Simplified model bounds

In the previous section we noted that Drell-Yan is the dominant pair production mode, while
the pNGBs can be singly produced in association with two third generation quarks or via gluon-
gluon-fusion for the case of neutral scalars. As a next step, we would like to assess to which
extent the EW pNGBs have been excluded by LHC data. This was straightforward for the
coloured pNGBs due to the model independent QCD pair production, whereas both single and
pair production of EW pNGBs depend on model specific couplings: the W and Z couplings for
DY and the quark couplings for single production. Our aim will therefore be to derive limits
on production cross section times branching ratio rather than mass bounds. That is, instead of
constraining a specific model we derive bounds on simplified models [1]. This way, our results
are applicable to a wide class of models with extended scalar sectors, not just composite Higgs

models.

4.3.1 Simplified models

We employ the simplified model for extended scalar sectors that was introduced in [113], ex-
tending the SM by four scalars: S°, S, S, and S**. The new scalars are colour singlets and
are labeled by the electric charge, i.e. they are mass eigenstates. Note that we have included two
neutral scalars which we assume to have opposite parity. This is necessary to have a coupling
of two neutral scalars to the Z boson. We assume that the state even under charge-parity (CP)
does not obtain a VEV. Besides the kinetic and mass terms, the BSM Lagrangian splits into
three parts,

Lint = Lssv + Lsyv + Lsyy, (4.18)

as discussed in the previous section.

We begin with the scalar-scalar-vector couplings,

) — / — - —
Lssy = W (K§V°S*50 D, St + K55 S0, St KS5T 50, s++> +hec.
Sw

4 Smiiw A (KEOSO/SOE_:SO/ + K§+S‘S+<a_:87 + K§++S__S++<87577>
A (SWﬁS— n 25++<a_,fs——> , (4.19)

where ¢ <8_:¢2 = ¢1(0,¢2) — (0,¢01)p2. These couplings are generated by the covariant derivative
terms in a full model. Note that the photon couplings are fixed by QED, while the couplings
to the W and Z bosons depend on the model, specifically the SU(2);, x U(1)y irreps of the
pNGBs and the mass mixing. The K{° parameters determine the production cross section,
with o(pp — S192) oc |K52)2.
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Secondly we have the scalar-vector-vector couplings facilitating the decays into gauge bosons,

62 0 r-S0 [V S0 7 uv F-S0 7 Uy
Lovy = o= {S (KWFWF“ + p— K$,F,, 2" + o K5, 2,,2"
2 . -
+TK$V°WWJVWW)
Sw
0r v 0r v '\ v
+5Y <K:/qv Fl F* + chWK;qZ F,Z" + S%VC%VKEZZMVZM
2 ,
+TK§VOWWLW“”)
Sw
2 8 2 3
+ <S+ (—KEV*VFWW—W + 2—K§§VZWW—W) + h.c.)
SWwW Swwew
1 - -
HSTH S K W W h.c.] , (4.20)
Sw

which are dimension-5 operators. The dual field strength tensor reads F* = %e‘“’p"F vo- We
write the couplings with F'F since that is the form of the WZW term. Only for the CP-even
SY we have to take the combination F'F. This does not affect the kinematics of the decay.

Finally we have the fermiophilic couplings induced by partial compositeness,
Lopp=5° {me tyst + iRy B%b] + 5 {KEO i+ wp l_)b]
ST (@JLPL n befRPR) b+he.. (4.21)

As with Lgyy, we write the couplings to S° as a pseudoscalar and SY as a scalar. For the

singly charged state we allow chiral interactions.

4.3.2 Bounds on single production

In the fermiophilic scenario, S° and ST can be singly produced from their couplings to third

generation quarks. One option is production in association with two quarks,
pp — SOt — titt, pp — STth — thth. (4.22)
Furthermore, the S° can be produced by gluon-gluon-fusion, leading to
pp — S0 — tt, pp — S® — v (4.23)

Fortunately, there are direct searches applicable to each of these processes. Our approach in
this section is to compare the limits on the cross sections obtained from the direct searches

with estimates of realistic cross sections in composite Higgs models.
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Figure 4.5: Bounds on the single production of EW pNGBs (a,b) in association with two third
generation quarks and (c,d) via gluon-gluon-fusion. The area shaded in blue indicates typical
cross sections assuming that only one scalar is present. The coupling to the quarks is given by
cmy/ fy, and the side band maps the blue shade to the corresponding value of ¢ (for f, =1 TeV)
and fy (for ¢ =1). The darker regions are theoretically more favourable (see text).

We recall that the couplings in Eq. (4.21) involving a top quark can be written as

my

Ki = ¢ f_¢ (4.24)
with an O(1) constant ¢; and fy, 2 1 TeV. In Fig. 4.5 we show the cross sections for the single
production processes for reference values ¢ = 1/5, 1, and 5, assuming a fixed f, = 1 TeV. To
obtain the cross section for arbitrary values of ¢ and f, we can rescale the ¢ = 1 line by (¢/f)?
with f, in TeV. For Fig. 4.5a we calculate the cross section at leading order using the public
eVLQ UFO model presented in [113]. We use the NNPDF 2.3 PDF set and set the renormalisation
and factorisation scales to pug = pp = (my+mp+mg+)/3, as this results in a K-factor very close
to 1 [134]. For the remaining three processes, calculations by the Higgs Xsection working group
are available [135,136], so we use these and rescale the Yukawa coupling accordingly. Lower
cross section values are shaded in a darker blue to indicate that this is the more favourable
region of parameter space from a model building point of view. The reason is that the f, can

always be chosen larger than 1 TeV, whereas couplings ¢ > 5 are unrealistic, making the lightly
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Figure 4.6: Examples of di-scalar channels from pair production via Drell-Yan processes with
subsequent decays into SM particles in the (left) fermiophobic and (right) fermiophilic case.

shaded and white regions of the plots hard to reach.

The cross sections are to be compared with the experimental searches for (a) pp — S*tb —
toth [137,138], (b) pp — (H/A)tt — titt [139], (c) pp — Z' — tt [140-142], and (d) pp — S° —
~7 [143]. For each search we show the upper limit on the cross section of the respective process.
The only process that yields a bound is S°tt associated production in Fig. 4.5b, which can be
excluded up to 640 GeV for ¢ = 5 and f, = 1 TeV. Looking at the shaded regions, the area
where an exclusion is reached is a rather small part of the parameter space.

Even for a specific model, the couplings to quarks ¢; depend on unknown mixing angles
between top quark and top partners, making it impossible to derive specific bounds on the
scalar mass in a given model. However, if a model contains several scalars of the same charge, all
states will populate the signal regions of the constraining analyses, thus enlarging the parameter

space that leads to an exclusion.

4.3.3 Bounds on Drell-Yan pair production

We now turn to the pair production of EW pNGBs via DY processes. The possible scalar pairs
that can be produced at the LHC are

pp — SEEST §EGY gtrg— gt §05Y, (4.25)

We refer to a scalar pair combined with its first tier decays into SM particles as a di-scalar
channel, while reserving the term final state for the detector-level objects. Two examples for
di-scalar channels are shown in Fig. 4.6. In Tabs. 4.2 and 4.3 we list all di-scalar channels in
the fermiophobic and fermiophilic scenarios, of which there are 24 and 8, respectively. Note
that charge conjugated processes belong to the same di-scalar channel.

Our goal is to determine upper limits g5 on the di-scalar channel cross sections, i.e. limits
on the product of the Drell-Yan production cross sections with the branching ratios into SM
particles. For the single production described in the previous section, there were experimental
searches for all processes of interest, from which we could extract the og5. The search coverage
for the di-scalar channels is significantly worse. To the best of our knowledge, only two channels
have been directly searched for: S*+S== — WWWW and S*ST — WWWZ in [144].

A reason why these channels are an exception is that the doubly charged scalar cannot be
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fermiophobic Stts—— SEEST StS- S+500) 50507 /50150
WWWW | WIWTW-w- - - - WHW-W+w-
WWW~ - WHEWEW Ty - WEAW W -
WWWZ - WEWEWTZ - WEZW+W~— -
WW A~y - - WHyW - WHW =~y
WW Z~ - - WEAyW+FZ - WHW—~Z
WWZZ - - WtzZw-z - Wtw-227
Wyyy - - - WEyyy -
W Zryy - - - WH{Zy}y -
WZZy - - - WH{Zy}Z -
WZ7ZZ - - - Wtz27 -
YYYY - - - - YYVY
Zyyy - - - - Zyyy
ZZyy - - - - Z{Z~}y
277~ - - - - 277~
2277 - - - - 2277

Table 4.2: Classification of the 24 di-scalar channels in the fermiophobic scenario in terms of
the 5 pair production cases (columns) and the 15 combinations of gauge bosons (rows) from
decays. Bosons of the same colours are resonantly produced. The notation {Z~v} = Z~v + 2
indicates the two permutations. The charge conjugated channels are also included.

fermiophilic | S*+S——  §tts— Stg— g+go0) §ogur/gorgo
tttt - - - - ttit
ttth - - - tott -
ttbb - - tbbt - tthb
tbbb - - - tbbb -
bbbb - - - - bbbb
Wtthb - Wtbbt - - -
WWitthb | WHtbW bt - - - -

Table 4.3: Classification of the 8 di-scalar channels in the fermiophilic scenario in terms of
the 5 pair production cases (columns) and the 5 combinations of top and bottom from decays
(rows). In cases with one or two doubly charged scalars, one always obtains ¢tbb with one or
two additional W bosons, respectively. The charge conjugated channels are also included.

singly produced with a considerable cross section, thus motivating a search for pair production.
Besides that, several searches have been performed for processes that are similar to ours: di-
Higgs production leads to WW ™~y WIW®WW ™) and bbbb channels [145-150], but searches
for them are strongly focused on scalar masses of 125 GeV and study different production
mechanisms. There are searches for non-Higgs scalar pair production in the WIWWW [151]
and bbbb [152] channels, but these consider resonant production. Due to the different kinematics
and/or limitation to the Higgs mass, these searches have limited applicability to the di-scalar
channels at hand.

Since only 2 out of 32 di-scalar channels have been constrained by experiments, it is necessary
to reinterpret existing analyses to derive bounds on the scalar pair production. To this end,
a comprehensive recasting study is in order, which we performed in [1]. The basis for our

simulations is the public eVLQ UFO model presented in [113], which implements the simplified
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models presented in Section 4.3.1 and is capable of NLO calculations in QCD. We extended the
model by an additional neutral scalar S to allow for S°SY” production. For channels involving
two different scalars, we assume them to be mass degenerate. We generate signal events for
DY production and decay to SM particles at a centre-of-mass energy of /s = 13 TeV at NLO
in QCD. We then scan over the mass and generate 10° Monte Carlo events per parameter
point using MadGraph5_aMCONLO. The events are then passed to MadAnalysis5, CheckMATE,
and Rivet/Contur for evaluation, see Appendix B for details. From each available recast
analysis, we extract the upper limit on the di-scalar cross section at 95% CL and finally save
the strongest bound as the result for that scan point.

The resulting simplified model bounds are displayed in Fig. 4.7:

(a) We begin with the fermiophilic decays in Fig. 4.7a, which yield several third generation
quarks and W bosons if the ST is involved. The 4t(-like) channels are constrained the
strongest, while channels with multiple bottom quarks are less so. In Section 4.5, we

propose a search strategy for one of these channels, ST+S~— — W+tbW ~tb.

(b) First among the fermiophobic channels we show the ones featuring an S™* in Fig. 4.7b.
We also show the limits of the two direct searches [144], which are naturally stronger than

the recast bounds.

(¢) In Fig. 4.7c we show the three channels resulting from S*S~ production. The bounds
show a clear hierarchy dictated by the number of photons appearing, with W~W+~ being
constrained the strongest and WZW Z the weakest.

(d) Next, we show the limits on the S*S° channels in Fig. 4.7d. This reaffirms that photon-

rich channels are more strongly constrained.

(e) To help with readability we split the S°SY channels into two panels, starting with those
with > 2 photons in Fig. 4.7e, all of which are quite strongly constrained.

mally, Fig. 4.7t shows the bounds on the channels with at most 1 photon.
f) Finally, Fig. 4.7f sh he bound he S°SY ch ls with 1 ph

The bounds in Fig. 4.7 have been derived from recasts of [121,123,124,144,153-164]. More
detailed information about which searches provide the strongest bounds for which di-scalar
channels is given in Tabs. C.1 and C.2 in Appendix C.3. The full numerical results displayed
in Fig. 4.7 are available on https://github.com/manuelkunkel/scalarbounds.

Before concluding our study of the simplified model bounds, some comments about the
advantages and limitations of our results are in order. The key advantage of the simplified
model bounds lies in their ease of use. Using the upper limits in Fig. 4.7 requires calculating
cross sections and branching ratios but completely eliminates the need for recasting, thus saving
on computation time and simplifying the technical setup.

The simplified model approach comes with some downsides however. We recall that — apart

from the di-scalar channels featuring S** — W*W#= covered by [144] — the bounds presented
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Figure 4.7: Upper limits on the cross section of the di-scalar channels from Drell-Yan pair
production. The scalars decay to (a) third generation quarks or (b)-(f) two vector bosons. Both
scalars are assumed to have the same mass. The analyses contributing to the bounds are [121,
123,124,144,153-164] (see Tab. C.1 and Tab. C.2 in Appendix C.3 for details). The numerical
values of the limits are available on https://github.com/manuelkunkel/scalarbounds.
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in Fig. 4.7 are derived from recasts of BSM searches or SM measurements. Therefore, the most
important limitation of our results is that they are only based on searches and measurements
by ATLAS, CMS, and LHCb, for which recasts are available in MadAnalysis5, CheckMATE,
or Rivet/Contur. This is the case for only a fraction of LHC searches and measurements,
with especially the latest and most advanced searches being underrepresented. Our bounds can
certainly be improved by recasting additional searches. Performing all these recasts is beyond
the scope of this work and instead requires a dedicated effort by the collider phenomenology
community.

Another limitation of the simplified model approach lies in the fact that limits are extracted
for each di-scalar channel separately. In a realistic model with an extended scalar sector how-
ever, there may well be several scalar states with the same charge, each of which have several
possible decay channels, leading to a plethora of di-scalar channels. Applying the simplified
model bounds is nontrivial in such a case. In the following, we therefore discuss how to extract

reliable limits in several template scenarios which cover all possibilities.

Drell-Yan production, single scalar: We start with the case of DY production of a single
particle, i.e. STTS™ or STS~. There is a single relevant production cross section o(pp —
SS5*). If the scalar only has a single decay mode, the bound on the mass can immediately
be obtained from Fig. 4.7 by drawing in o(pp — SS*) and reading off the intersection with
the relevant bound. If the scalars have several decay channels, it is necessary to calculate
o(pp — SS*)xBr(S — XX xBr(S — YY) for each matching di-scalar channel X XYY ()
and then compare each separately to the corresponding limit in Fig. 4.7. A conservative final
result is the strongest of these bounds. As several of the channels may contribute to the same
signal regions, the bound can be improved by performing a full simulation considering all decay

channels simultaneously. An example for this case is an SU(2), singlet with Y = 2.

Drell-Yan production, unique scalar pair: The next complicated case is to add a multi-
plet where each charge eigenstate appears only once. DY production then leads to the scalar
pairs listed in Eq. (4.25) (apart from S°SY) with only one contribution to each channel. In
addition to pp — SS*, this case also contains the production pp — 5195 with S; # S5, lead-
ing to more di-scalar channels. A conservative bound on these new channels can be obtained
analogously to the former case. An example of this case is the custodial quintuplet 75 in the
SU(5)/SO(5) coset discussed in Section 4.4.

The novel feature of this case is that there might be distinct channels leading to very similar
signatures, e.g. STEST — WEWEWTy and STS° — WHyWFW~. As long as all scalars are
close in mass, combining the two channels can lead to a more realistic bound. For example, we
might sum up the cross sections times branching ratios of all di-scalar channels that contribute
to the same signal region of a search. This is only valid as long as the acceptances are similar

across all channels. We discuss an explicit example of this approach in Section 4.4.2.
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Drell-Yan production, multiple scalar pairs: In a full model there may also be several
states with the same electric charge, thus creating several contributions to at least some of the
scalar pairs in Eq. (4.25). If all states are close to mass degenerate, the different contributions
can be summed up as described in the previous paragraph. An example of this case is the
bitriplet in the SU(5)/SO(5) coset.

Non Drell-Yan production and/or new decay channels: In models where the dominant
pair production mode is not Drell-Yan but e.g. resonant production via a heavy resonance,
the limits in Fig. 4.7 cannot be applied directly. Using bounds extracted from recasts plays
in our favour here: The searches are not dedicated to the specific final state and production
mechanism we apply them to, as they would be with a direct search. This gives us some leeway,
since the different kinematics typically have a limited effect on the bounds. Considering the
case of resonant production, the applicability naturally depends on the mass of the resonant
particle: We can expect the limits in Fig. 4.7 to provide a good estimate for a moderate mass,
while a multi-TeV resonance will lead to strongly boosted scalars which may alter acceptances
significantly. In either case, a full simulation is needed to extract a reliable bound. Similarly,
the limits in Fig. 4.7 may be partially applicable to different decay channels, such as cascade

or three body decays.

4.4 Bounds on the SU(5)/SO(5) model

The simplified model approach taken in the previous section can be used to obtain conservative
bounds for a large class of models. The generality comes at the cost of obtaining weaker bounds
than a dedicated model study can provide. To quantify this effect we study a full model with
an extended scalar sector in this section [1]. Of the three EW cosets present in the Ferretti
models, we choose the SU(5)/SO(5) coset for this model specific investigation since it is the
only one that contains a doubly charged scalar, thus covering the full breadth of the simplified
model bounds. After summarising the model’s phenomenology, we derive bounds on the full
model and compare the results to the estimates obtained from the simplified model bounds in
Fig. 4.7.

4.4.1 Phenomenology

The SU(5)/SO(5) model has been studied since the early days of composite Higgs models [25].
Within the context of the Ferretti models, early discussions of this real coset can be found
in [165] and a first rough sketch of its LHC phenomenology is given in [32]. A thorough
study of the model aspects has been performed in [105], which also includes a discussion of
the phenomenology based on a few benchmark points. In this section we expand on the work
of [105] and present a complete characterisation of the model’s phenomenology.

We recall from Section 3.3.1 that the SU(5)/SO(5) coset contains 14 pNGBs: the Higgs
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degrees of freedom, a singlet 1, and an EW bitriplet that can be decomposed into a custodial

fiveplet 75, triplet ns, and singlet 7,

ns =T ndndms ns ), = (3 n5,my),  mo=n (4.26)

which drive the BSM phenomenology of the model. We note that this superficially matches
the Georgi-Machacek model [166,167] with an additional singlet, but the scalars have different
parities in the two models which significantly impacts the phenomenology [105]. The scalar
potential induces a mixing among states of equal charge. We make the simplifying assumption
that the mixing is negligibly small and take the custodial multiplets to have separate masses
ms, ms, and my, but being mass degenerate within each multiplet. There will generically be
mass splittings between the multiplets. Since they are caused by EWSB we expect the relative
splitting to be of order v/m; with the details depending on the scalar potential. In the following
analysis we leave the mass differences as free parameters that can go up to 200 GeV.

All states in Eq. (4.26) are odd under a CP transformation, with the exception of 7.
In principle, the neutral triplet can therefore develop a VEV. The consequences of this are
discussed in [105]. In this work we limit ourselves to the case (n3) = 0. Finally, there is
another parameter of the model: the pNGB decay constant f,;,, which enters in cross sections
and branching ratios through the combination sinf = v/ f,. During our numerical studies we
found that taking the simplifying limit § — 0 has negligible effect on the phenomenology. We
therefore employ it in all simulations in this section.

We recall from the discussion in Section 4.2 that the phenomenology of the pNGBs is
determined by three types of couplings. The covariant derivative gives rise to couplings of two
scalars to one (or two) EW gauge bosons, which determine the DY production cross sections as
well as cascade decays in case of sufficiently large mass splittings; the S-S-V couplings for the
SU(5)/SO(5) model are listed in Appendix C.1. The anomaly term couples all pNGBs (apart
from the CP-even 79) to two gauge bosons, and PC induces couplings of scalars to two third
generation quarks. Whether the latter are generated depends on the embeddings of the top
partners, see [105] for a classification.

In Fig. 4.8 we show the Drell-Yan production cross sections of all scalar pairs at the LHC at
\/s = 13 TeV. The cross sections were calculated at leading order and then multiplied with a
flat K-factor of 1.15 to account for QCD corrections [168]. Depending on the channel, the cross
section varies by about one order of magnitude. The signatures resulting from pair production
depend strongly on whether the pNGBs couple to quarks or not. We will not make an explicit
choice of top partner embeddings but follow the approach taken in Section 4.3 to separately
consider a fermiophobic and a fermiophilic scenario.

We begin the discussion with the fermiophobic case. The di-boson branching ratios of the
77; 5 and the 77?,5 are shown as a function of mass in Figs. 4.4a and 4.4b, and can also be read off

from the leftmost edges in the corresponding panels of Figs. 4.9 and 4.10 for mg = 600 GeV.
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Figure 4.8: Cross sections for the Drell-Yan production of SU(5)/SO(5) pNGBs at the LHC
with /s = 13 TeV, assuming the same mass for all states of the custodial singlet, triplet, and
quintuplet. Note that the 71 combination is not allowed as they are both CP-odd.

The singly charged states decay as
Nas — Wy, WHZ. (4.27)

The branching ratios for both states coincide (in the limit # — 0) and we have Br(ng, —

Wty) = cos? Oy ~ 78%, as already pointed out in [105]. The neutral singlet and quintuplet
decay as

s =7, 1%, 22 (4.28)

with comparable branching ratios. The channel 77?’5 — WTW~ is strongly suppressed by
sin? @ ~ 1072 and thus completely negligible. The same suppression applies to the decay of the
doubly charged scalar,

nEt = WEWH, (4.29)

However, since this is the only available decay channel, we cannot neglect it and we do not take
sinf — 0 in its numerical treatment. We refer to the discussion around Egs. (3.66) and (3.67)
for an explanation of the hierarchies. Finally, we turn to the 53 which is the odd one out due

to the absence of anomaly couplings. Instead of di-boson channels, it therefore undergoes three

body decays mediated by off-shell pNGBs:

0 = WEW =y, WIW=Z  via ;) (4.30)
773(,) — Zyy, ZZv, ZZZ via 77?7(5*) (4.31)

The branching ratios of 7§ are shown in Figs. 4.10c and 4.10d for two mass hierarchies. As a
result of the simplifications we have taken, a cancellation takes place among certain three body
decay channels: When 6 = 0 and mg3 = my, the contributions to Eq. (4.30) cancel exactly, as

do the ones in Eq. (4.31) if m; = mz = ms. In this limit, the 9 would be long lived and leave
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Figure 4.9: Overview of the pNGB decays in the fermiophobic scenario. The mass of the
decaying particles is set to 600 GeV. The heavier state decays either via the anomaly into
di-boson final states or via an (off-shell) gauge boson into a lighter pNGB.

the detector before it decays. In practice however, we expect at least a small mass split, so
n9 decays promptly to three vector bosons. Still, the cancellation does have an impact on the
phenomenology: it is the reason why the charged channels in Fig. 4.10d are strongly suppressed
when my > my 2 m3. We explore this effect further in Section 4.4.3.

The decays discussed so far are always possible but may be subdominant if there is a lighter

scalar multiplet that allows for cascade decays. For example, if ms > mg > myq,

nd T = WS g — Z0nf, el gl — wEERF 2600, (4.32)
nf — WO nd s 2600, (4.33)

Note that 75 — Z®*)n? is absent since both states are CP-odd. If the mass splitting lies below
mwyz, the vector boson will be off-shell. The decays into an on-shell vector boson and an
off-shell scalar are suppressed by the small anomaly couplings of the pNGBs. When the mass
splitting is large enough to allow for a two body decay, the cascade decays will clearly dominate
over the di-boson channels. To investigate the hierarchies for splittings below 80 GeV, we show

the competing branching ratios in Figs. 4.9, 4.10a and 4.10b. We find that cascade and anomaly
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Figure 4.10: Overview of the pNGB decays in the fermiophobic scenario (continued from
Fig. 4.9). The neutral triplet component decays into three gauge bosons, as it does not couple
to the anomaly.

decays are comparable when the mass splitting is between 30 and 50 GeV. For larger splittings
the cascade decays dominate. The two exceptions to this are the ni* (Fig. 4.9b) due to the
suppressed anomaly coupling, and 13 for which the cascade decays dominate over the anomaly-
induced three body decays whenever they are open. In Fig. 4.11 we show a Feynman diagram
for pNGB pair production that includes both cascade decays and the three body decay of 73.
This illustrates that the signatures in the full model can be significantly more complicated than
the four vector boson channels studied in Section 4.3.
We now turn to the fermiophilic scenario. The couplings to quarks in Eq. (4.21) scale as
my n? my nj-r 5 Ty

i _ _ i
Kyt =C— Ky =C—, Ky =C

fy’ fuo ®fy

For definiteness we set f;, = 1 TeV and all ¢ = 1. While the anomaly couplings are still present,

(4.34)

they are clearly subdominant to the quark couplings. We therefore have

N5 — tb (4.35)
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Figure 4.11: Example of Drell-Yan production of two pNGBs with cascade and anomaly decays.
If the triplet is the lightest multiplet, the 9 undergoes three-body decays via off-shell pNGBs.

and

Mas — bb if my, < 2my, (4.36)

Mas — tt if my, > 2my. (4.37)

For masses below but close to the tf threshold we also take decays into one on-shell and one
off-shell top quark into account. The doubly charged scalar does not have a coupling to two
quarks. Instead it can undergo three body decays via an off-shell 7];7 5. The anomaly coupling
of the 7 is not only loop induced but is further suppressed by a factor of sin®6. With the

couplings listed above, it turns out that this suppression is strong enough for the decay
it — Wb (4.38)

to dominate over n7 = — WTWT despite the reduced phase space. If there are mass differences
between the multiplets, cascade decays as in Eq. (4.32) are opened up. However, in the fermio-
philic case, they are not as competitive as in the fermiophobic case: For mass splits below the
myyz thresholds the two body decays to quarks are dominant, while above the threshold the
hierarchy depends on the ¢ coefficients. Things are more complicated for s *: for mass splits
below 25 GeV the decay into quarks is dominant, while the cascade decay ni ™ — W+)p

becomes competitive around Am = 50 GeV and dominates for larger splittings.

4.4.2 Application of simplified model bounds

Having detailed the model’s phenomenology, we now set about determining constraints on the
scalar masses. In a first step we apply the simplified model bounds derived in Section 4.3 to
determine a baseline. The following discussion also serves to illustrate how to get the most
out of the simplified model bounds. We focus only on the quintuplet 75, thereby avoiding the
complications of cascade and three body decays, and only consider the fermiophobic case. In
Section 4.3 we saw that the di-scalar channels with at least two photons yield the strongest

constraints. Within the quintuplet there are four such channels. In Fig. 4.12a, we compare the
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Figure 4.12: Application of the model independent bounds to a specific model: the custodial
quintuplet 75 from the SU(5)/SO(5) coset. In (a) we determine the bounds from the dominant
individual channels by comparing the cross section time branching ratio from the model (solid)
with the upper limits from Fig. 4.7 (dashed). In green we show the results of a full simulation.
The blue line in (b) is the sum of the individual multi-photon cross sections shown in (a).
Further details are given in the text.

cross section times branching ratio (solid lines) with the corresponding bounds from Fig. 4.7
(dashed lines). Three channels lead to a bound on mg, with the strongest bound of 340 GeV
stemming from n?ng — W~vyy. In order to assess the quality of the mass bound from the
individual channels, we also perform a full simulation in which all states contained in the
quintuplet are pair produced and decayed into di-bosons as discussed in the previous section.
The solid green line denotes the sum of the pair production cross sections of all scalar pairs
from the quintuplet and the dashed green line shows the corresponding upper limit at 95% CL.
For the full model the upper limit is conceptually a bit different than for individual channels:
given the convolution of pair productions with the corresponding decay channels, it is the upper
limit on the overall cross section of these events. The bound obtained from the full simulation
is mg > 485 GeV, a significant improvement over the individual channels. The discrepancy
between simplified model bounds and the full simulation was predictable: the latter collects all
multiphoton contributions to the signal regions of constraining analysis [154] (listed in Tab. 4.4
for reference), while they are spread over three channels for the simplified model bounds. In
fact, around mg ~ 500 GeV, the signal region yielding the strongest limit is the same for all of
the multiphoton channels (SRaaWH), and the limits are very close in magnitude. This allows
us to perform a strong combination of bounds: we add up the cross section times branching
ratio of all multiphoton channels, shown as a solid blue line in Fig. 4.12b, and compare it to the
bounds on the individual channels. The resulting mass bound, indicated by the region shaded
in blue, lies between 460 and 500 GeV, which is in agreement with the full simulation. This

example highlights both the usefulness and limitations of the simplified model bounds.
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4.4.3 Bounds in the fermiophobic case

We now turn to studying the full bitriplet with decays into vector bosons. In the previous sec-
tion, we saw that the effective cross section of multiphoton production is of crucial importance
for the mass bound, and how many scalar pairs ultimately lead to multiphoton final states
depends on the mass hierarchies. To explore this further, we begin with several one dimen-
sional mass scans with a single parameter mg and fixed mass splits between the multiplets.

Concretely, we study the following four scenarios:

S-eq: m3=mg—2 GeV, ms5=mg, m; =mg+2GeV (4.39a)
S-135: my; =mg — 50 GeV, m3 =mg, ms=mg+ 50 GeV (4.39b)
S-531: ms =mg — 50 GeV, mz =mg, m; =mg+ 50 GeV (4.39¢)
S-351: ms3 =mg — 50 GeV, ms=mg, m; =mg+ 50 GeV (4.39d)

We chose mass splits of 50 GeV since they are expected to be a fraction of the Higgs VEV
and we saw in Figs. 4.9 and 4.10 that around 50 GeV both cascade and anomaly decays are
important. Each mass scenario has a different phenomenology: In S-eq, all particles decay via
the anomaly and 73 exhibits three body decays. We introduce a small mass split of 2 GeV to
avoid a long lived 79, see the discussion below Eq. (4.31). In S-351 we also have the triplet
as the lightest states with the heavier ones decaying to n3. In S-135 (S-531), it is the singlet
(quintuplet) that decays exclusively via the anomaly.

The bounds on mg in the four benchmark scenarios are shown in Fig. 4.13. The blue
line shows the model cross section and the orange line indicates the upper limit og; on the
convolution of production and decay channels. As discussed above, the strongest bounds come
from the multiphoton plus jet search [154]. The kink in g5 is due to a change in dominant
signal region from SRaaWH to SRaaSH, see Tab. 4.4. The differences in mass bounds between
the scenarios are a mixture of differences in cross section and in ogs: Scenario S-531 has the
largest cross section since the populous quintuplet is the lightest. However, this leaves many
ns T after the cascade decays are done, which decay to WW ™ and therefore do not contribute
to the signal regions of [154], leading to the weakest ogs limits of the studied scenarios. The
two effects combine in a way that gives the weakest mass bound, 640 GeV. On the other hand,
the strongest bound of 720 GeV is obtained from scenario S-351, which trades a reduced cross
section due to the heavier ns for the lightest multiplet n3 having a large branching ratio into
multiphoton channels. The scenario S-eq lies between them with mg > 660 GeV.

Next, we study the dependence of the bounds on the mass splits between the multiplets.

To this end we consider two benchmarks? where one of the multiplets is decoupled:

S-31: ms > msnu, S-35: my > msps (440)

2Note that the case ms > m1 5 is already covered by the discussion in Section 4.4.2 where we only considered
the quintuplet since the 75 and 7; do not couple, reducing this case to 1575 production.
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Figure 4.13: Bounds on the pNGB masses for the Drell-Yan production of the full bi-triplet for
multiple benchmark mass spectra defined in Eq. (4.39). In (a), all masses are approximately
equal. In the remaining panels, there is a 50 GeV mass split between the multiplets.

We scan over the triplet mass and the mass split Am;3 = m; — m3 or Amss in the range
|Am| < 200 GeV. For each point we simulate the DY production of all scalar pairs both within
and across multiplets. Fig. 4.14 shows the results for scenario S-31. As solid lines we show
the exclusion contours at 95% CL (black) and 68% CL (grey). Additionally, we show the total
production cross section as a heatmap and dotted contours. This serves to identify interesting
regions as those where the bound deviates from the cross section contour. We can identify
three such regions by following the 95% CL bound: In the lower half of the plot, the singlet is
the lightest state so the signatures are determined by the anomaly decays of 1?. The bounds
weaken from Amy3 = —200 GeV to —100 GeV since the V' = W, Z from the n3 — 1,V decays
get softer. This is followed by an increase in the bounds as the n; — W'~ decay sets in
towards Amiz = 0. In the upper half of the plot the bounds decrease again as Br(n) — yvZ)
reduces with growing Am;s. Finally we note the region at mg = 700 GeV where a few points
are excluded at 68% CL despite being surrounded by allowed point. This is due to a switch in
the dominant signal region from SRaaWL to SRaaSH analogous to the kinks in Fig. 4.13.

In Fig. 4.15 we repeat this analysis for scenario S-35. We again follow the 95% CL bound to
understand the features, starting at Amss = —200 GeV where the quintuplet decays through
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Figure 4.14: Bounds on the pNGB masses for the Drell-Yan production of the custodial triplet
ns and singlet 7; with the quintuplet 75 decoupled (scenario S-31). Depending on the mass
hierarchy, the pNGBs decay either into di-bosons or into one vector boson and a lighter pNGB.
The heatmap and the dotted contours show the total cross section. The bounds are obtained
from [154], with the dominant signal region indicated by the marker symbol (see Tab. 4.4
for details). The 95% and 68% CL exclusion contours are drawn in solid black and grey,
respectively.
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Figure 4.15: Bounds on the pNGB masses for the Drell-Yan production of the custodial triplet
ns and quintuplet 7; with the singlet 7; decoupled (scenario S-35). Depending on the mass
hierarchy, the pNGBs decay either into di-bosons or into one vector boson and a lighter pNGB.
The heatmap and the dotted contours show the total cross section. The bounds are obtained
from [154], with the dominant signal region indicated by the marker symbol (see Tab. 4.4
for details). The 95% and 68% CL exclusion contours are drawn in solid black and grey,
respectively.
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Signal region SRaaWL SRaaWH SRaaSH
Number of photons > 2 > 2 > 2

EJ [GeV] > 75 > 75 > 75
Emiss [GeV] > 150 > 250 > 250
Hr [GeV] > 1500 > 1000 > 2000
Amin (7, jet) > 0.5 > 0.5 > 0.5
APuin (77, ERIS) - > 0.5 > 0.5

Table 4.4: Signal regions of [154] that are referenced in the text and in Figs. 4.14 and 4.15.

the anomaly. The dominant decay of the 13 turns out to be into 7 = which does not contribute
any photons to the final state. As the 73 anomaly decay becomes important around Amss =
—50 GeV, we can therefore see the bounds increase relative to the cross section. This is followed
by a rapid increase as Amsz turns positive. This is due to the nf *: its suppressed anomaly
coupling means that at Amsz = 25 GeV the cascade decay into 7y is already close to 100%.
Combining this with the large production cross section of the 77 explains the sudden increase
in photon production. Finally, with increasing Amss the bounds decrease again. This can be
explained by the dependence of the 79 three body decays on the mass split, see Fig. 4.10d.
The channel vvZ is enhanced for small Amss and decreases as the suppression of the channels
WW~ and WW Z lifts, thus decreasing the net number of multiphoton channels. And again,
the unusual shape of the 68% CL line can be explained by a switch in the dominant signal

region.

4.4.4 Bounds in the fermiophilic case

We now turn to the fermiophilic scenario where the pNGBs decay to third generation quarks.
As discussed in Section 4.4.1, mass differences between the multiplets have a limited impact
on the phenomenology in this case, so we limit ourselves to a one dimensional scan with all
scalar masses equal to mg. The results are shown in Fig. 4.16, where the blue line gives the
sum of the DY cross sections of all scalar pairs and the orange lines indicate the upper limits
on the convolution of production with all possible decays. The dominant bounds come from a
search for R-parity-violating SUSY in final states with many jets and at least one lepton [121]
which is implemented in CheckMATE. Using the default evaluation method of CheckMATE —
selecting the most sensitive signal region as the one with the strongest expected bound and
reporting the corresponding observed bound as the final result — yields the bound given by
the solid orange line. However, this can lead to an unintuitive behaviour if the observed and
expected bounds differ significantly, as is the case at mg = 325 GeV and for mg > 450 GeV in
Fig. 4.16. The dashed orange line shows the limit obtained from a modified procedure where
the strongest observed bound is chosen without reference to the expected bound. This would
smooth out the line of g5 and improve the mass bound to about 500 GeV. However, this is not

a statistically sound approach. We discuss the differences of these two evaluation procedures
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Figure 4.16: Bounds on the pNGB masses for the Drell-Yan production of the full bitriplet
with decays to third generation quarks. All states are taken to be mass degenerate.

in Appendix C.2.

4.5 Deep learning-based search strategy for
pp — STHS—= — WHtbW —tb

In the previous sections we have performed a comprehensive survey of the current bounds on
Drell-Yan pair production of electroweak pNGBs. The vast majority of the di-scalar channels
under investigation have not been searched for at the LHC. We were therefore forced to base our
bounds solely on analyses that have been recast, which imposes a twofold limitation. Firstly,
a recast search is typically not optimised for the final state we are interested in, whereas a
dedicated search can be very specifically designed. Secondly, only a fraction of the existing
searches and measurements have been implemented in the public recasting tools. For the two
di-scalar channels for which a direct search does exist [144], it provided significantly stronger
bounds than the recasts. This underlines the need for further searches to fully utilise the LHC
data to either discover or constrain EW pNGBs. In this section we contribute to that effort by
proposing a search strategy for one of the di-scalar channels [2].

When choosing which channel to search for, there are multiple factors to consider. To
maximise the chance of discovery, we look at channels with a large cross section and branching
ratio (preferably 100%). The latter point suggests focusing on the fermiophilic scenario, where
each state has one dominant decay channel. Another important consideration is the question
of background processes. The fermiophilic di-scalar channels lead to final states with lots of
hadronic activity, which implies large backgrounds at the LHC. A common method of reducing
backgrounds is to focus on multilepton final states (lepton meaning electron or muon in this

section). A same-sign lepton pair is particularly useful here since it cuts away the considerable
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tt plus jets backgrounds. This rules out STS~ — tbth. In the end we decided on
pp — STTS™™ — WTtbW ~tb (4.41)

which is shown in Fig. 4.17a. We chose this channel because the three body decay channel of
S** had never been studied before, and because the signature mimics the production of four
top quarks which has only recently been discovered [169,170].

The goal in this section is to design an experimental search for Eq. (4.41). To evaluate our
proposal, we will derive the expected cross sections that are needed for discovery or exclusion
analogously to the simplified model bounds in Section 4.3. To assess the maximal reach of the
LHC, we assume a centre-of-mass energy of 1/s = 14 TeV as well as an integrated luminosity of
3000 fb~!, the dataset that is expected to be available after the HL-LHC phase has concluded
[171]. While our results apply to any model featuring the process in Eq. (4.41), it is nonetheless
useful to have a reference model from which we can derive concrete results. To this end we use
the quintuplet from the SU(5)/SO(5) model for any model specific statements, i.e. we identify
St — pd and ST — 1.

Even while focusing on the same-sign lepton channel, the final state remains busy with
multiple light and b-jets. This is a challenging scenario for a classic cut-and-count search due
to limited b-tagging efficiencies and combinatorial difficulties in pairing jets to resonances. Thus,
there is potential to improve upon cut-and-count searches with new approaches for handling
final states with lots of hadronic activity. In recent years, deep learning techniques and in
particular ideas from computer vision have been applied to particle physics with great success,
e.g. to the task of differentiating jets originating from top quarks or QCD [172-174]. Inspired

by these early successes, we designed a deep learning-based?® search strategy for Eq. (4.41).

4.5.1 Process anatomy

We focus on the final state with two same-sign leptons (2SSL), i.e.
STHS™ = WHOW ~th — (XL bbbb jjjj + pirss. (4.42)

A Feynman diagram for the full decay chain is shown in Fig. 4.17c. The conjugate process is
also included in our analysis. The charged leptons can either directly come from W bosons,
or from a 7 through W — 7v, — flyv,.. Besides the 25SL, the detector signature consists of
missing transverse momentum due to the neutrinos, four b-tagged jets, and four light jets j.
Since the three body decay of ST is mediated by an off-shell ST, there must be a W-S*-
St coupling, which implies that we can also produce ST+SF, see Fig. 4.17b. This channel can

also yield 2SSL with a similar detector signature to our target process,

SEEST — Witbth — (0F bbbb jj + pi'ss (4.43)

3An overview of the basic concepts of deep learning is provided in Appendix D.
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(c) Full decay chain of ST+S~= — WHtbW ~tb

Figure 4.17: Feynman diagrams for the processes studied in Section 4.5.

and will therefore contribute to our signal as well. In the following analysis we will look
at two cases: (i) considering only the pair production of the doubly charged scalar and (ii)
considering both the pair and the mixed production with the relative cross sections taken from
the SU(5)/SO(5) quintuplet. There is a third process that warrants mentioning: the pair
production of the singly charged state, S*S~ — tbtb. While it looks similar to Eq. (4.42) at
first glance, its dilepton channel contains opposite-sign leptons, so it does not contribute to the

signal.

4.5.2 Preselection and backgrounds

The core idea behind designing a search is to find a set of criteria by which to differentiate the
signal process from its backgrounds. This is typically achieved by defining selection cuts which
the signal largely passes while the background is significantly reduced. Here we use a two-stage
approach: in a first step — the so-called preselection — we apply cuts on kinematic variables
of the final state objects like a conventional cut-and-count analysis. The events that pass the
preselection are then used to train a neural network (NN) classifier which provides the final
discrimination between signal and background.

We have already mentioned one of our preselection criteria: we demand all events to have

exactly two same-sign leptons. More precisely, we require two isolated leptons with equal
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Figure 4.18: Drell-Yan production cross sections of StTS~~ and S**ST in the SU(5)/SO(5)
model at /s = 14 TeV.

charge but possibly different flavour that satisfy pr(¢) > 20 GeV, |n(¢)| < 2.5, and the isolation

criterium

pr(f)
pT(E) + ZiEC Pri

> 0.7, (4.44)

where the sum goes over particles in a cone C around the lepton ¢ defined by AR;; < 0.3
and we only count particles with pr; > 0.5 GeV. Besides the leptons, the target final state
contains several light and b-tagged jets. While in principle we expect four of each, in practice
the reconstruction of jets and especially the tagging of b-jets is not a perfect process, so by
demanding the maximum number of jets we would cut away a lot of our signal. Instead, we
apply the more inclusive cuts of N(j) > 3 and N(b) > 3, where both light and b-tagged jets
are required to satisfy || < 2.5 and pr > 25 GeV. Finally we apply two global cuts: to avoid
final states which are too soft, we require the scalar sum Sr of the transverse momenta of all
reconstructed jets and the two leptons to satisfy Sp > 400 GeV. And since the leptons in our
signal process come from W bosons, we also require events to contain some missing transverse
momentum, pss > 20 GeV.

Before presenting the results of the preselection, we describe our simulation setup, see
Appendix B for details. We generate events with MadGraph5_aMC@NLO version 3.4.0 at a centre-
of-mass energy of /s = 14 TeV with the NNPDF 2.3 set of PDFs using dynamical renormalisation
and factorisation scales. The hard scattering events are showered and hadronised using Pythia8
and then passed to Delphes v3.4.1 for detector simulation, reconstruction, and analysis. We
use Delphes with modified ATLAS configurations as described in [175]. Jets are reconstructed
using the anti-kr algorithm with a cone radius of r = 0.4. For simplicity we assume a flat (i.e.
n-independent) b-tagging efficiency of €,,, = 0.8, and a mistag rate for a c-jet (light-flavour
jet) to be misidentified as a b-jet of €., = 0.2 (¢, = 0.01), with values taken from [176].

For the generation of signal events we use the public eVLQ model implementation [113] in

FeynRules to generate a UFO library. We generate leading order events of St+5~~ and S**S5F
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Process  Event generation  €preselection oga [fb] Events at 3 ab™!
STTS—— LO 9.87 x 1072 4.90 x 1072 147
SEEST LO 4.81 x 1073 2.87x 1073 86

1V NLO 1.70 x 107* 2.72 x 107! 816

tth NLO 3.75 x 107 2.10 x 107! 629

tttt LO 1.63 x 1072 1.91 x 107! 572

tvv NLO 1.74 x 107*  3.29 x 1072 98

VvV NLO 2.08 x 1076 1.05 x 1073 3

Table 4.5: Preselection results. For each process we indicate whether events were generated at
leading or next-to-leading order, give the preselection efficiency, the fiducial cross section after
the preselection cuts, and the expected number of events at the HL-LHC. For signal processes,
we show results for a reference mass of mg = 400 GeV.

production for mg from 300 to 1000 GeV in steps of 50 GeV. We apply a flat K-factor of 1.15
to the cross sections to account for NLO effects [168]. The signal cross sections are shown
in Fig. 4.18. For the background event generation we use the built-in SM implementation
in MadGraph5_aMC@ONLO. The irreducible background ¢ttt is generated at leading order due to
technical difficulties with the NLO event generation, but its cross section is rescaled to the NLO
value of 11.7 fb. The remaining backgrounds are generated at NLO in QCD. In descending order
of cross section, these are ttV (1.60 pb) where V = W=, Z; tth (560 fb); and ttVV (18.9 fb).
Other background such as VVV (509 fb) turn out to be negligibly small once preselection
efficiencies are taken into account.

We pass the generated events through the preselection as detailed above, leading to the
results shown in Tab. 4.5. From the last column we can read off the expected total number
of background events as B = 2118 compared to S = 233 signal events for a reference mass of

mg = 400 GeV. Using a crude approximation for the significance Z [177], we can estimate

J~ —— 5.
VB

This is a good first step: already after the first half of the analysis we have a discovery reach

(4.45)

of up to 400 GeV. In the following sections we explore how far this can be extended using deep

learning techniques.

4.5.3 Data representation

When preparing a machine learning analysis, one of the first questions that has to be addressed
is how to represent the data. In our case, the raw data consists of HepMC files for the signal
and background events. These are too large to use for machine learning and they contain
a lot of redundant information that would hinder the learning process anyway. Instead, we

should extract interesting features from the event data. A simple approach along those lines
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is to construct high level kinematic variables from the reconstructed objects: by definition,
each event that passes the preselection contains two leptons and at least three light and three
b-tagged jets. If there are more than three jets, we only consider the three “leading” jets with

the highest pr and disregard the excess jets:

R = {1, 05, j1, ja, j3, b1, b2, b} (4.46)

The most basic properties of the reconstructed objects are their four momenta, which are
however ill suited as neural network inputs [2]. Instead we use the four momenta to calculate

higher level variables, such as the invariant mass and angular separation

M;; = \/ (pi +pj)?, AR;j = \/(Uz — )%+ (9 — ;)2 1,] €ER (4.47)

where p; is the four momentum of object ¢. We also consider the transverse momentum pr;

of all reconstructed objects, as well as the global variables p*s and Sp. All in all, the set of

kinematic variables reads

IC = U Mij U U ARW U UpT’i U {p?iss, ST} (448)
i#] i#j i

Note that we make no attempt at pairing jets to reconstruct a resonance mass, nor employ any
other involved variables. The point of the dataset K is rather to set a baseline for a simple
deep learning analysis.

The final state under study features a lot of hadronic activity, the details of which cannot
be captured by a few kinematic variables defined from the reconstructed jets. To get the full
picture we have to look at lower level event data. A promising approach to this is the notion
of jet images [172]: we imagine the calorimeter as a grid of towers. For each grid cell we sum
up the pr of each particle passing through it and project it into the n-¢-plane. The result is an
image that shows the hadronic particle flow — a so-called jet image. Casting a physics event
into an image allows it to be analysed with the quickly growing toolset of computer vision,
including convolutional neural networks [178-180] as first explored in [173]. Early applications
of jet images were in “jet tagging” [172,173], the task of differentiating boosted jets from QCD
jets. In fact, the tagging of top jets has become a benchmark problem for testing various neural
network architectures [174,181]. While jet tagging only considers images of a single (potentially
fat) jet, there have also been efforts to use jet images of a full event to differentiate some signal
process from its backgrounds [175,182-186]. Our work is another contribution to that effort.

We construct jet images following the approach in [185], separating the particle flow into
charged hadrons and neutral particles, the latter consisting of neutral hadrons and non-isolated
photons. Leptons are removed from both channels. We descretise the n-¢-plane into 50 x 50
calorimeter cells covering the regions —2.5 < n < 2.5 and —7 < ¢ < 7. We define the origin

of the n-¢-plane to be the centre of the two isolated leptons, i.e. we shift the coordinates of all
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particles by

1 1
=1 =N, N = 5(77@1 + 7o, ); O = O — du, Gu= 5(@1 + ¢, ). (4.49)

This may shift the ¢ of some particles out of the [—m, 7| region, so we enforce 2m-periodicity
in ¢-direction. While this is obvious for an angle, we also artificially impose periodicity in n
rather than losing information or enlarging the images with mostly empty regions at the edges.
We note that while the pseudorapidity is not actually periodic, there is no reason to require the
jet images to be physical as long as they provide a useful data representation. The intensity of
each pixel is the total transverse momentum of particles passing through that pixel, where we
only consider hadrons with py > 0.7 GeV. Counter to common machine learning practices, we
do not normalise the pixel intensities since the total intensity also holds information that can
help differentiate signal from backgrounds, see Fig. 4.19. In addition to the charged and neutral
particles, we also project the two leptons into the discretised n-¢-plane to obtain the “lepton
jet images” which consist of only two non-zero pixels. We include the leptons to capture the
full correlations between final state particles. All in all, the data structure of the jet images

reads
Zene = (3 x50 x 50), (4.50)

where the 3 represents the charged (C'), neutral (N), and lepton (¢) channels.

We have yet to discuss one important caveat: the question of whether the jet images for
the charged and neutral particles can be experimentally obtained in the first place. To answer
this we have to discuss pileup effects. At the HL-LHC we expect O(200) collisions per bunch
crossing [187] from which the actual hard scattering event has to be extracted. For charged
particles the pileup can be cleaned up using longitudinal vertex information [188], but this is
not possible for neutral particles. While there is ongoing experimental research to mitigate
pileup for neutral particles [188,189], an analysis based on Zo e remains out of reach for now.
We will therefore explore two scenarios: an optimistic case where advances in pileup mitigation

make it possible to use the full Zoy, dataset, and a conservative analysis based on
Zee = (2 x 50 x 50), (4.51)

which does not use the neutral images.

In Fig. 4.19 we show the distribution of the jet images of the (left three columns) background
and (right three columns) signal processes for different masses. In each panel we overlay the jet
images of all simulated events. The pixel intensity indicates the mean pr per pixel. Comparing
the jet images of the signal and background processes, we notice several differences: the signal
images are generally “brighter” than the backgrounds, indicating a larger total pr, as is to
be expected from the decay products of a heavy resonance. The brightness further increases

with mg. Also the distributions differ significantly, with the leptons being centered around the
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Figure 4.19: Distribution of jet and lepton images of (left) background and (right) signal
processes, where the scalar mass in GeV is given in parentheses. The final state signatures are
discretised into 50 x 50 calorimeter grids within a region of —2.5 <7 < 2.5 and —7 < ¢ < 7.
The origin of the coordinate system is the centre of the two same-sign leptons. The columns
show charged and neutral components of the jets, as well as isolated leptons, respectively. The
colourbar indicates the mean pr per pixel.
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origin for the signal images but less focussed for the backgrounds. This can be understood by
considering the decay chain: in the signal images both leptons come from the decay of the same
particle, ST+ or S™7, leading to a small angular separation between the leptons, whereas they
are further apart for the backgrounds since they originate from different particles.

Just looking at the distributions in Fig. 4.19 may give a wrong impression about how easy
signal and backgrounds are to separate. While the differences are obvious when overlaying
many events, a separation by eye is impossible on an event-by-event basis. To illustrate this,
we show some jet images for individual events in Fig. 4.20. Note also that the pixel intensities

span more than two orders of magnitude.

4.5.4 Neural network architectures

We have extracted interesting features from the simulated events in the form of kinematic
variables and jet images. The next step is to use the obtained data to train classifiers to differ-
entiate signal from background events. We have designed three neural network architectures
for this purpose, each using a different dataset. With a slight abuse of notation, we refer to the

network architectures by the dataset they use:
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Figure 4.20: Example jet images for single events. The coordinates are chosen as in Fig. 4.19.
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Figure 4.21: A schematic architecture of the neural networks used in this paper. We study
both the multilayer perceptron and the convolutional neural network on their own as well as
the combination shown here.

e /C: multilayer perceptron (MLP) using only kinematic data

e Zcv/Zene: convolutional neural network (CNN) using only jet images of charged (and

neutral) hadrons and leptons

o Zov+ K/Zone+ K: combination of a CNN using jet images and a MLP for the kinematic
data. The flattened part of the CNN is interfaced with the MLP to produce one combined
output, see Fig. 4.21.

By having some networks use only part of the available dataset we will be able to learn which

data holds the strongest discriminatory power. Each network has two output nodes, the values

of which can be interpreted as the probability of being a signal or background event as assigned

by the network. In the following we refer to this probability of being a signal event as the
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“NN score”, i.e. an event with NN score close to 0 (1) is background-like (signal-like). We
have implemented the networks in the PyTorch framework [190,191]. Details of the network
architectures and hyperparameters are given in Appendix D.1.

We train and evaluate the networks on a dataset consisting of about 130,000 events, which
we split into training (64%), validation (16%), and a holdout test set (20%). The training
and validation sets consist to equal parts of signal and background events. The signal events
are a mixture of different mass hypotheses, with each mass from 300 GeV to 800 GeV in
steps of 50 GeV present with the same weight. For the backgrounds, the number of events
is proportional to the fiducial cross section in Tab. 4.5, thus weighting the background events
by how often they are seen at the LHC. The training set is used to optimise the weights of
the network with the Adam optimiser [192] such as to minimise the cross entropy loss function.
During training we monitor the generalisation loss with the validation set and choose the best
model parameters as those with the lowest validation loss. The final evaluation is performed
on the test set, which is comprised of the same mix of background events as the training and
validation sets but only contains signal events of a single mass.

There are many sources of systematic uncertainties in our proposed search: limited knowl-
edge of the background cross sections in the relevant region of phase space, some processes
have only been generated at leading order, different parton showering algorithms can lead to
different jet images®*, a limited number of events in the dataset, and the stochastic nature of
the training process, to name just a few. While a detailed study of the systematic uncertainties
is beyond the scope of this work, we do have control over the systematics originating from the
machine learning. The limited number of Monte Carlo events makes the results susceptible to
statistical fluctuations. Furthermore, the random initialisation of the network parameters and
the training with stochastic gradient descent both introduce uncertainties. To take these into
account, we independently train 20 copies of each network and evaluate them separately. The
results we present in the following are averaged over the 20 copies and the error bars indicate

the 1o variations across the samples.

4.5.5 Results

To assess how well our neural networks perform as classifiers, we compare the receiver operator
characteristic (ROC) curves for several scalar masses in Fig. 4.22. The ROC curve displays
how many background events can be successfully rejected for a given signal efficiency. The
performance increases from K to Zon, + K in line with expectations that a network with more
information should perform better. All networks perform better at higher mg, which can be
explained by the increased pr of the final state particles. Also the boost in performance from
adding the kinematic data to the jet images has an increased effect at higher mass, going from

a negligible effect at mg = 300 GeV to a significant improvement at 800 GeV.

4While we do not investigate this further, we emphasise that this may introduce sizable systematics for the
results based on CNNs. The effect of different parton showers has been studied in [193] in the context of jet

tagging.
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Figure 4.22: Comparison of network performances with ROC curves. The markers indicate the
working points used in the following analysis.

We have now seen that our networks are effective at separating signal from background
events, and we turn to the physics application. To this end we pick a working point on the
ROC curve for each network. The chosen signal efficiency corresponds to a cut on the NN
score, with each event with a NN score larger than the cut being designated as a signal event.
Among the events passing the NN score cut, there are S true signal events and B background
events that were misidentified as a signal. From these values we can calculate the significance

of discovering the signal process as

B L(S + B|B)
Zdis—\/—2ln<L(S+B|S+B)> (4.52)

while the exclusion significance is given by

where

L(n|A\) = X e

~ (4.54)

is the likelihood of observing n events when A events were expected [177,194]. We are however
not only interested in the significances assuming the cross sections from the SU(5)/SO(5) model,
but rather in results that can be applied to any model featuring our signal process. To this end

we replace S — uS and vary p such that
Zdis(Sa Ba ,udis) = 57 Zexcl(S7 Ba ,uexcl) = 1.64. (455)

As final results we now obtain the expected discovery reach o5, required to discover the signal
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Figure 4.23: Expected (left) discovery reach and (right) exclusion limit of ST+ production
at the HL-LHC (3 ab™!) for different network architectures. In the first row, only S*+S~~
pair production is taken into account. The second row includes both S**S~— and S**+ST
production with mg++ = mg+ and the corresponding cross sections from Fig. 4.18. The dashed
lines indicate the 14 TeV reference cross sections in the SU(5)/SO(5) model of (top) ST+S™~
and (bottom) the sum of ST+S~~ and S*¥*S7 production. For the solid lines, the networks
were trained on multiple masses simultaneously. The points marked by stars were trained using
only the respective masses.

with 50 significance and the upper limit og5 required to exclude the signal at 95% CL as

055 = Hdis Oref 095 = Hexcl Oref (456)

where o, is the reference cross section from Fig. 4.18.

When setting the NN score cut, a common approach is to choose it such as to maximise
Zais- For many of our networks however, the discrimination is so strong that this optimal cut
regularly leaves fewer than 1 background event remaining, making the statistical treatment
challenging. We therefore forgo the optimisation procedure and instead manually place the
NN score cut at a fixed number of background events: B = 5 for the CNNs and B = 50 for
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the network IC. We show in Appendix D.2 that this does not strongly affect the results. The
selected working points are indicated by the markers in Fig. 4.22.

In Figs. 4.23a and 4.23b we show the expected discovery reaches and the upper limits derived
from the networks K, Z¢, + K, and Zeoy, + K, assuming an integrated luminosity of 3 ab™!.
The black dashed line shows the 14 TeV reference cross section for ST+S~~ production in the
SU(5)/SO(5) model. The kinematic data in isolation is barely enough to discover the signal up
to 440 GeV and exclude masses below 650 GeV. Combining the kinematic data with charged
jet and lepton images brings a sizable improvement with a discovery reach up to 560 GeV and
exclusion up to 750 GeV. This can be improved further if advances in pileup mitigation allow
the usage of neutral jet images, in which case the signal can be discovered up to 640 GeV and
masses below 820 GeV can be excluded.

For the solid lines in Fig. 4.23, the networks were trained on the dataset containing a mixture
of signal masses. A priori we would expect the network to perform better if it is trained only
on the mass that it is evaluated on. To investigate this, we retrained the networks with a
single mass for mg = 300, 550, and 800 GeV. The results are shown as star-shaped markers in
Figs. 4.23a and 4.23b. For 300 GeV this leads to a considerable improvement, while the effect
is negligible for the higher masses. This confirms that our approach of training with a mixed
mass dataset only mildly affects the results while reducing the computation time significantly.
More details on the choice of training dataset are provided in Appendix D.3.

In Figs. 4.23¢ and 4.23d, the mixed production S¥*+S7¥ is also taken into account. The dis-
covery reach and upper limit cross sections now refer to the sum of pair and mixed production,
as does the reference cross section from the quintuplet in the SU(5)/SO(5) model. Searching
for both processes simultaneously increases both the discovery reach and exclusion limit by
about 50 GeV for all three networks.

To properly assess our search strategy, we should compare it with a current search using the
full Run-2 dataset. While our signal process has not yet been searched for, we can compare the
upper limit derived from a recast of [121] in Section 4.3 with the exclusions our networks would
provide. This comparison is shown in Fig. 4.24, where the network bounds were calculated
for an integrated luminosity of 139 fb~!. We note that the recast bounds were obtained for
13 TeV but the neural networks were trained on 14 TeV events, but this does not change
the results qualitatively. Since we are comparing to a recast rather than a dedicated search,
we cannot draw quantitative conclusions between the performances of cut-and-count vs deep
learning searches. We can however see, that the recast performs similarly to the MLP, while

the bounds are significantly stronger when jet images are included.
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Figure 4.24: Expected exclusion limit of ST™"S~~ pair production at the LHC with L, =
139 fb~! for different network architectures. The recast bounds are taken from Fig. 4.7a and de-
rived from [121]. The black line indicates the 13 TeV reference cross section in the SU(5)/SO(5)

model.



5 Phenomenology of spin-1/2

resoinarces

Modern CHMs tackle the problem of generating a large Yukawa coupling for the top quark by
introducing a mixing between the elementary state and heavy top partners. As a consequence,
the models contain heavy fermionic resonances with expected masses in the TeV range and thus
accessible to the LHC. In this chapter we give an overview of the phenomenology of spin-1/2
resonances in the Ferretti models. We focus on the colour triplets, referred to as vector-like

quarks (VLQs). Top partners with exotic colour charges have been studied in [107].

5.1 Simplified models for vector-like quarks

The Ferretti models contain the following VLQs
Xgs3 € g3, Xs3 €353, T €393, Be3_y13, Y €3 43 (5.1)

expressed as eigenstates of SU(3). x U(1)g. Note that any given model may contain only a
subset of these as listed in Tab. 3.4. Furthermore, there may be several states with the same
quantum numbers. For the purposes of this chapter, however, we do not consider the full VLQ
content of a model but discuss general features of each VLQ on its own. To this end we employ

simplified models [113]. For the charge-2/3 state for example,

e — + e — _
L=—kVTW Pb+ kZ TZPpt+ kh hTPpt 5.2
\/§3W T,L W L 2 S T,L Z L T,L L ( )
+ w5 SOT Pt + w5, SYTPb + (L <+ R) + hic.. (5.3)

The interactions for the other VLQs are parameterised analogously. The relative sizes of the
couplings in Eq. (5.2) are fixed by the underlying SU(2), representation. The T' can originate

from a doublet or a singlet, and it can be shown that

singlet : Br(T — W) :Br(T — Zt) :Br(T = ht) =2:1:1 (5.4)
doublet : Br(T — W) :Br(T — Zt) : Br(T - ht)=0:1:1 (5.5)
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in the limit my — oo [195,196]. This can be understood by considering the SU(2), coupling
structure: the Goldstone equivalance theorem [197] states that at high energies compared to
the W mass the longitudinal degrees of freedom of the W and Z bosons are described by
the NGBs. For the VLQ decays the longitudinal components turn out to be the dominant
contribution [16]. We can therefore consider the couplings with the Higgs doublet, which for

the case of a singlet/doublet top partner are

- 1 _ -
Singlet . H- CYLTR = —(h — i¢0)tLTR — gb_bLTR (56)
V2
- 1 _ _
doublet : H- QLtR = —(h - i¢O)TLtR - qbeLtR (57)
V2
where Q) = (TL,BL)T. This yields the branching ratios as quoted above. As a concrete

example we consider the case of a singlet top partner, where the couplings scale as

R = Kip = ok, Kpp=#, Kpgp=0 (5.8)
mr
and we assume dominant left handed couplings [198]. While the X5/3 and Y only have one
decay channel to two SM particles, the branching ratios of the B can be determined analogously
to the 7. In fact we can read off the doublet case from Eq. (5.7), and the analog to Eq. (5.6)
yields:

singlet : Br(B—W7t):Br(B— Zb) :Br(B—hb)=2:1:1 (5.9)
doublet : Br(B— W7t):Br(B— Zb) : Br(B—hb)=1:0:0 (5.10)

5.2 Production and decay channels

As QCD coloured states the VLQs can be pair produced with a universal cross section depending
only on the mass. This is shown in black in Fig. 5.2 for /s = 13 TeV calculated at NLO in
QCD. We use the NNPDF 2.3 PDF set and fix the scales to pp = pp = mg. Besides pair
production, the couplings discussed in the previous section also allow for single production, for
which the cross section falls off less quickly with mass. When considering heavy VLQs it may
therefore also be interesting to study single production. Both T"and B can be produced through
the diagrams in Fig. 5.1 (switching ¢t <> b for B) with the Higgs-channel being a subdominant
contribution. For X5/3 and Y, the W-channel is open while the Xy /3 cannot be singly produced.
Fig. 5.2 also shows the single production cross sections of a singlet T', calculated with the same
scale and PDF choices as above but at LO. The conjugate process is always included in the
calculation. We parameterise the couplings as described in the previous section and set k = 1.
Note that the total cross sections are proportional to |x[%. The Thj cross section is larger than
Tty for two reasons: firstly, the larger coupling to the W. Secondly, for T'tj a gluon must split

into t¢, while Thj only needs a bb pair, and the former is kinematically more costly due to the
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Figure 5.1: Feynman diagrams for the single production of 7. Analogous diagrams exist for B.
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Figure 5.2: Cross sections for the pair and single production of VLQs at /s = 13 TeV. The
former was calculated at NLO in QCD while for single production we show leading order results
using the parameterisations from Section 5.1 with x = 1.

large top mass. Finally, we note that a large single production cross section requires a large
coupling which in turn leads to a large width compared to the mass. Large width effects in
VLQ production have been studied in [199].

We now turn to the decays of the VLQs, which can be separated into two classes — standard
channels and exotic channels. Under standard channels we collect the aforementioned decays
of a VLQ into two SM particles,

Xsjg > tW*H, T —bW" tZ th, B—tW~,bZ bh, Y —bW". (5.11)

These decays make use of the same couplings that allow for single production. Decays of a
VLQ into a quark and a BSM scalar on the other hand are referred to as exotic decays. The
decay widths are highly model dependent and we limit ourselves to listing the possibilities that
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are allowed by colour and charge conservation:

Xgj3 — ST (5.12)
X3 — bSTH, 15T byl (5.13)
T —tS° bST:  tmy, {71'3/3 (5.14)
B —bS°, tS™; b, brg ', b (5.15)
Y b8, tS 7 img P i (5.16)

Here we have further subdivided the exotic decays into ones featuring colour singlets S*++0
and coloured pNGBs 7,.. While we expect the former to be relatively light, in Section 4.1
we have seen that the coloured states are already excluded as far as 1.5 TeV in mass, so the
corresponding VLQ decay channels may be kinematically suppressed or even unavailable. We
therefore focus on the decays into uncoloured pNGBs.

Naturally, the detector signatures further depend on the decays of the pNGBs, which have
been discussed in Section 4.2. Starting from the pair production of two VLQs, all in all there are
more than 150 distinct possible processes. Rather than listing them all out we instead discuss
the general features that can be expected. Firstly, there will always be two third generation
quarks from the primary decays, thus guaranteeing two b-jets with potentially additional W
bosons. If the pNGBs decay into fermions, they will be joined by several further top and/or

bottom quarks, for example
TT — tS°tS° — 6t. (5.17)

For the case of fermiophobic decays, we instead expect a number of W and Z bosons with the

option of some hard photons as well.

5.3 Bounds on VLQ pair production

Pair production of VLQs with standard decay channels has been extensively searched for at the
LHC, see [198] for a recent overview. The strongest bounds have been put on Y with masses
below 1.70 TeV having been excluded by the ATLAS search [200]. The strongest bounds on T
and B have been set by the CMS search [201], which excludes Thoub, Tsings Bdoub, and Bing up to
1.48,1.49, 1.47, and 1.56 TeV, respectively. Finally, the X5,3 has been excluded up to 1.46 TeV
by the ATLAS analysis [202]. In summary, the pair production of VLQs with standard decay
channels currently yields bounds of about 1.5 TeV, with the exception of the more strongly
constrained Y.

While a myriad of experimental searches have been performed for the standard decay chan-
nels, the exotic decays remain unexplored. Their inclusion is however crucial for a realistic
image of VLQs since exotic decays are universally present in realistic CHMs. Even the models

with the smallest scalar sectors, based on SU(4)/Sp(4), feature a neutral BSM scalar. Exotic
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Figure 5.3: Bounds on the pair production of VLQs with exotic decays. The heatmap shows the
upper limits on cross section times branching ratio. The solid lines indicate the mass bounds
for a given total branching ratio, e.g. Br(T — t5%)? x Br(S° — ZZ)? in (a). There can be
multiple VLQs contributing to a channel, so we also show a line for an effective branching ratio
larger than 1.

VLQ decays have received more attention on the theoretical side [103,133,198,203-205] includ-
ing recast studies for a few processes, although only few recently. Also for us deriving recast
bounds for all exotic channels is well beyond the scope of this work. Instead we will focus on
a few benchmark processes, selected in order to cover a wide range of the possible signatures.

From the channels with a fermiophobic scalar, we study the photon-less
TT — tS°tS° - tZZtZ7 (5.18)
and the multiphoton channel

TT — tS°tS° — tyy tyy. (5.19)
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From the fermiophilic channels, we consider one with a large number of top quarks,

TT — tSYtS° — ttt ttt, (5.20)
and one with several bottom quarks,

TT — bSTbS™ — btbbtb. (5.21)

We present the bounds on these four processes in Fig. 5.3, where the heat map indicates the
the upper limit on cross section times branching ratio. In this case branching ratio refers to

the product of those for the VLQ decays and the scalar decays. For Fig. 5.3a for example,
Briota = Br(T — t5°)* x Br(S° — ZZ2)*. (5.22)

The upper limits are derived from recasts of [122,156,206] in Fig. 5.3a, [154] in Fig. 5.3b,
[121,122] in Fig. 5.3¢c, and [206] in Fig. 5.3d, all of which have been implemented in CheckMATE.
Besides the upper limits we also draw contours corresponding to mass bounds as solid lines.
To this end we compare the NLO cross sections from Fig. 5.2 with the upper limits. We draw
bounds for several values of the total branching ratio, including a value of 2. This is to be
understood as several mass degenerate VLQs contributing to the same channel. The colours
are chosen identically across the different processes. Fig. 5.3d is the weakest constrained and
the 6t channel Fig. 5.3c¢ the strongest. The upper limits depend weakly on the VLQ mass in
Figs. 5.3b and 5.3c and more strongly in the other two. For all processes, the bounds are mostly
vertical and therefore depend only weakly on the scalar mass.

The fact that for four quite different topologies we were able to derive largely competitive
limits compared to the standard decay channels shows that the current recasting tools are well

equipped for studying exotic VLQ decays. We leave a more detailed study for future work.



6 Phenomenology of spin-1 resonances

The Ferretti models predict several heavy spin-1 resonances. Of those, the coloured states
stand out through their large production cross section at hadron colliders. We will focus on
them in this chapter and refer to [73,106] for the EW states. In Chapter 3 we showed that
every model has a colour octet vector Vg that mixes with the gluon and can therefore be singly
produced at the LHC. We begin this chapter by describing the decay channels of the Vg and
of the other spin-1 resonances and then turn to LHC bounds on Vs. At the end we give an
outlook for what signatures to expect at a future collider. Throughout this chapter we refer to
the Ferretti models in terms of the colour sector classes C1-5 defined in Tab. 3.3. This chapter
is based on [3].

6.1 Decay channels

We begin with the decays of the vector octet, for which we have
V8 — qq, b[_jv tf? T8T8, 7T67T(6:a 7T37T§- (61)

We list all possible decays across the models and leave it understood that only parts of them
appear in any given model. The decays to light quarks ¢ = wu,d, s, c are due solely to the
mixing of the Vg with the gluon. The pNGB channels are also fixed by the hidden symmetry

calculation. In fact, for fixed masses we have

Br(Vs — memg) 10 Br(Vs = mym§) 2

l: = — d l: =
rea BI‘(Vg — 7Tg7T8> ’ psetdorea BI'(VB — 7T87T8) 3

(6.2)

for models with real/pseudoreal cosets. The decays Vg — bb, tf on the other hand have two
contributions: one from the Vg mixing and one from partial compositeness couplings. The
former we can calculate while the latter we cannot. For simplicity we assume right-handed PC
couplings. In this case, the bottom quarks do not get an enhancement from PC and we include
them in the ¢ in the following. For the top quarks we neglect the left-handed part of the vector
mixing and only take the right-handed coupling, i.e. g5, = 0 and ¢}, = ¢y in Eq. (3.172). We

note that the couplings to top quarks originate from a coupling of the vector octet to two top
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Figure 6.1: Branching ratios of the colour octet vector Vg when the pNGB decay channel is
closed, my, < 2m,. The branching ratios depend only on g and the coupling to two top quarks
which is fixed to ¢y = 1.

partners, which implies that
Vs — TT, tT, {T (6.3)

are also possible. In the following we assume that the top partners are sufficiently heavy so
that this decay can be safely ignored, which is the case for my 2 2m.,.
We recall from Section 3.4.6 that the hidden symmetry calculation leaves five independent

parameters that fix all couplings,

ga G My, 57 fX7 (64)

which are the composite sector gauge coupling, the coupling scale of a vector to two pNGBs,
the vector octet mass, the ratio of axial to vector octet mass, and the coloured pNGB decay
constant, respectively. The branching ratios will further depend on the pion mass m, and the
top coupling ¢;;. These are too many parameters for a grid scan so we make some simplifying
assumptions. We take all pNGBs to have the same mass and fix it to m, = 1.6 TeV to evade
the bounds from Section 4.1. We further fix f, = 1 TeV and ¢, = 1. The composite sector
gauge coupling has to be g > g5 but is otherwise only bounded by perturbativity, so it may be
large. Similarly, we expect g, > 1, being a composite sector coupling. Finally, both Lattice
studies [88,91,93,100] and calculations employing gauge/gravity duality [80-83,85] suggest that
the axial vectors are heavier than the vectors, i.e. £ > 1.

We first briefly cover the case where the Vs is too light to decay into two pNGBs, which is
shown in Fig. 6.1. The hierarchy between Vg — tt and Vg — ¢ then only depends on g (and
¢y) and is universal for all cosets. The decay to light quarks is dominant for small § while the
top decay takes over for large g.

In Fig. 6.2 we give an overview of the branching ratios of the Vg with the vector mass well
above the threshold for Vs — nm, my, = 4.5 TeV. The figure is separated into three panels
according to the coset. In each panel we consider g, € {1,5} and £ € {3,1,2}. For cach
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Figure 6.2: Branching ratios of the colour octet vector Vg for the three colour sector cosets.
The light quarks ¢ = u,d, s, ¢, b include the bottom quark. The vector and pNGB masses are
fixed to my, = 4.5 TeV and m, = 1.6 TeV. The coupling to the top quark is ¢ = 1 and the
pNGB decay constant is f, = 1 TeV. The shaded areas indicate the regions of large width

compared to the mass.
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Figure 6.3: Contours of width over mass of the vector octet in the SU(6)/SO(6) coset using the
same parameters as in Fig. 6.2. The shaded areas indicate the regions where the total width
exceeds (left) 10% and (right) 50% of the mass.

combination we show the branching ratios as a function of g. We see that the decays into pNGBs
tend to dominate while the light quarks are usually the weakest channel. The areas shaded in
light (dark) grey indicate the regions where the total width of the Vg exceeds 10% (50%) of its
mass. The former threshold marks the breakdown of the narrow width approximation (NWA),
while a relative width of 50% calls even the interpretation as a resonance into question. The
total width increases with g,.» and £ but decreases with g. This is illustrated further by Fig. 6.3,
where we show contours of I'/my,. The shaded areas indicate the regions of large width. The
dependence of the relative width on g, is low for small g but quite strong for larger g.

We have discussed the first tier decays of the Vs but to see the detector signatures we need
to combine this with the pNGB decays: ms — tt (for simplicity we neglect the g — gg decay
here), g — bb in C1 and mg — tt in C2, and 73 — b5 or m3 — br T, t¥ with equal branching

ratios for the lepton channels, see Section 4.1 for details. For the different model classes, this

yields
Cl: Vs — qq, tt, mgms(— 4t), memg(— 4b) (6.5)
C2: Vs — qq, tt, mgms(— 4t), mems(— 4t) (6.6)
C3: Vs — qq, tt, mgms(— 4t), m3m5(— bsbs or qslzgsls) (6.7)
C4-5: Vg — qq, t[, 7T87T8(—> 4t) (68)

where g3 = b,t and I3 =7, .
We turn to the remaining coloured spin-1 states, starting with the vectors. We recall that

3 x 6 x8 D1 in SU(3), so we can have V3 — mgmg. In the class C2, the V5 can also couple to
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two top quarks. All in all,

Cl: Vs — mgme — ttbh, (6.9)
C2: V3 — tt, mgmg(— ttit). (6.10)

The ditop channel in Eq. (6.10) is subleading, however, since its coupling is suppressed by sin 6,
see Eq. (3.174). The sextet vector from C3 can analogously decay to

C3: Vs — mem§ — ttbs or ttbr ™, tttv. (6.11)

The coupling to pNGBs is g,xr, so we expect V3 and Vs to also have a large width.
Our calculation of the hidden symmetry Lagrangian in Section 3.4 showed that the lowest
order coupling of axial vectors is to three pNGBs. There is an axial octet in all models, and

colour allows

Cl: Ag— mgmems(— 6t), mymemg(— 2t4b), (6.12)
C2:  Ag — mgmgms(— 6t), mgmemg(— 61), (6.13)
C3:  Ag — mememg(— 6t), memams(— ttbsbs or ttqslsgsls), (6.14)
C4-5: .Ag — 7T87T87T8(—> 6t) (615)
Being three body decays, these channels are however subleading to
Ag — tt (616)

which is induced by derivative couplings, see Eq. (3.74). The A3 only appears in C3 and can

have
C3: A3 — 7Ts7T87T3(—> tftﬂ_)g or tl?tfq:),l_?)), 7T37T§7T3(—> ngSl_)g or C]g[g(jglg(]g[g). (617)
Finally, the axial sextet has a coupling to ¢t in C2 in addition to the pNGB decays. Thus,

Cl: Ag — mgmyme(— 4t2b), memgme(— 6), (6.18)
C2: .AG — 1, 7T87T87T6(—> 6t), 7T67Tg7'[‘6(—> 6t) (619)

Due to the phase space suppression of the three body decays, the axial vectors are narrow
resonances. The Ag — tt width is suppressed by sin? § so it may be comparable with the three

body decays.
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Figure 6.4: Feynman diagrams for the single production of Vg with decays into quarks or
pNGBs.

6.2 LHC bounds from vector octet single production

The vector octet can be singly produced at the LHC via the Feynman diagrams shown in
Fig. 6.4. The production cross section of Vg (assuming zero width) at /s = 13 TeV is shown
as the background shading and dotted contours in Fig. 6.6. We use the NNPDF 2.3 PDF set and
dynamical renormalisation and factorisation scales. Besides the mass, the cross section also
depends on the vector-quark coupling and thereby on g, decreasing both with increasing mass
and increasing g.

For the numerical simulations in this chapter we implemented a UFO library of the spin-1
resonances and pNGBs. The basis is formed by the publicly available models of top-philic
resonances [129,131] and sextet scalars [115,116], which we extend by a vector and scalar
triplet, a vector sextet, and the relevant interactions between the states. We then generate one
combined UFO model at LO.

Each of the decay channels of the Vg allows us to constrain the parameter space. We first
consider the region below the pNGB threshold, my, < 2m,, where the universal branching
ratios are given by Fig. 6.1 assuming a coupling to top quarks of ¢; = 1. The two decay
channels are covered by experimental searches for high mass di-jet resonances [207] and ¢t
resonances [142]. In Fig. 6.5 we compare the cross sections for both processes with the upper
limits for my, = 2m, = 3.2 TeV. We choose the highest possible mass which corresponds to
the smallest cross section, but we have verified that the following statements holds for the full
mass range: the top quark channel provides the stronger bounds and excludes the full § range.

Next we consider the case where the pNGB channel is open. The decays into pNGBs have
not been searched for, so we derive recast bounds for them using the simulation setup described
in Appendix B assuming a narrow width. In all cases the most sensitive searches turn out to
be recasts of SUSY searches [122,156,206] that are implemented in CheckMATE. We show the
bounds on the vector mass and ¢ in Fig. 6.6, where we assume 100% branching ratio into
the respective channels. The pNGB decays are weighted by the branching ratios in Eq. (6.2).
Looking at Fig. 6.2, above the 77 threshold the most important decays are into a top pair and
into pNGBs. The bounds on these turn out to be quite similar. In the model classes C2-5,

vector masses up to 4 and 5.5 TeV are excluded for large and small g, respectively. In C1, the
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Figure 6.5: Bounds on vector octet single production for my, = 3.2 TeV, just below the

threshold for the decay into pNGBs, with upper limits from [142,207].

limit at large ¢ is reduced to 3.5 TeV due to the less strongly constrained 4b final state. Note
that the region of small § has to be treated with care as the NWA is likely not valid here.

We have claimed multiple times throughout this work that the phenomenology of the spin-1
states at the LHC is driven by single production of the vector octet, despite Vg pair production
always being possible. We can now justify this statement: we have shown that the Vs must
have a mass of at least 3.5 TeV, for which the pair production cross section is 3.8 x 10~7 pb —

clearly negligible compared to single production.

6.3 Pair production at future colliders

While pair production of heavy vectors is out of reach for the LHC, it may be accessible to future
colliders. In Fig. 6.7 we show the LO pair production cross sections of colour octet, sextet, and
triplet vectors for the often discussed case of a 100 TeV pp-collider [208,209]. The cross sections
were calculated with the NNPDF 2.3 PDF set with the scales fixed to ug = pr = my and apply
both to vector and axial vector states. The sextets have the largest cross section as expected
from the large Casimir while the triplets have the smallest. Naturally, single production will
also be enhanced by the increased centre-of-mass energy. Fig. 6.7 shows that even for a large
g, single production overtakes octet pair production at my, =4 TeV.

Nevertheless, vector pair production will definitely be detectable at a 100 TeV collider, and
we discuss the expected signatures in this section. To simplify the discussion we assume that
one class of decays always dominate: light quarks, top quarks, or pPNGBs. In all models we can

have
VsVs — 4q, 4t, 4mg(— 8t). (6.20)

Of those, the light quark decay is likely subdominant, see Fig. 6.2, while either of the other

channels may dominate. In the model classes C1-3 we get additional contributions from the
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assuming 100% branching ratio into the indicated channel. For the decays in pNGBs, the
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Figure 6.7: Pair production cross section of spin-1 resonances at a /s = 100 TeV pp-collider.
The values also apply to axial vectors. For comparison we show the single production cross
section for g = 9.
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pNGBs,
Cl: WV — 4dmg(— 8b), 2ms2ms(— 4t4D), (6.21)
C2: WVs — 4dmg(— 8t), 2mg2me(— 8t), (6.22)
C3:  VsVs — 4mg(— 4bds or 4l34qs), 2mg2ms(— 4t2b2s or 4t2132qs3). (6.23)

From the triplet vector we get

Cl: V3V5 — 2mg2mg — 4t4D, (6.24)
C2: V3V§ — 2mg2Tmg — 8t, (625)

where we neglect the suppressed V3 — tt channel. The Vg from C3 yields
VeV§ — 2mg2mg — 4t2b2s or 4t2l52qs. (6.26)

Note that we expect the decay widths of the vectors to be large relative to the mass, thus
requiring dedicated search strategies.
Next we turn to the axial vectors. We again have the universal octet which has the dominant

channel

AsAs — 4t, (6.27)
with the subleading contributions
Cl: ASAg — 67T8(—> 12t), 27T847T6(—> 4t8b), 47T827T6(—> 8t4b), (628)
C2: AgAg — 67Tg(—> 12t), 271'847'('6(—) 12t>, 471'8271'6(—) 12t), (629)
C3:  AgAg — 6mg(— 12t), 2mgdms(— 4tdbds or 4tdlzdqs), dmg2ms(— 8t2b2s or 8t2132q3).
(6.30)

The pair production of the axial sextets yields

Cl: AgA§ — 4mg2mg(— 8t4b), 2mgdme(— 4t8D), 6m6(— 12b), (6.31)
C2:  AgA§ — 4t, dmg2me(— 12t), 2mgdmg(— 12t), 6ms(— 12¢). (6.32)

Finally, the triplet from C3 leads to
A3 A5 — dmg2ms(— 8t2b2s or 8t2¢32l3), 673(— 6b6s or 6¢3613). (6.33)

The axial vectors will have a narrow width and decay promptly.
To summarise, pair production of spin-1 resonances leads to exotic signatures with large

multiplicities of top and bottom quarks. Through the ubiquitous octets, every model can
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produce four and eight top quarks. In C1 this is supplemented by decays into multiple bottom
quarks. The triplet pNGB in C3 leads to more diverse signatures: mixtures of light jets, bottom
jets, and potentially top quarks in the baryon number violating case; and third generation
quarks with large missing transverse momentum and tau leptons if lepton number violating

interactions are added.



7 Conclusions and outlook

In this thesis we explored the collider phenomenology of realistic composite Higgs models in
the context of the Ferretti model class [31-33]. The Ferretti models are characterised by
an underlying fermionic description with two species of hyperquarks in distinct irreps of the
hypercolour gauge group. After defining the Ferretti models we presented the relevant particle
content, highlighted the kinds of interactions in the models, and calculated the Lagrangian that
determines the phenomenology of the coloured spin-1 resonances.

We then turned to studying the phenomenology of this model class, beginning with the
pseudo Nambu-Goldstone bosons. Starting with the coloured pNGBs, we collected the bounds
on QCD pair production where direct searches have been performed and derived recast bounds
where no searches were available. To our knowledge, we were able to set the strongest bounds
on the production of two octet (sextet) pNGBs decaying to tt (tt) so far, excluding masses
below 1375 (1510) GeV. Next we considered the pNGBs emerging from the EW sector. We
began with a model agnostic approach, setting upper limits on production cross section times
branching ratio on the DY pair production of pNGBs in the context of simplified models. We
studied all decay channels that can occur within the Ferretti models, providing a comprehensive
overview. This showed that multiphoton channels especially are very strongly constrained. In
comparison, the bounds on decay channels with multiple W/Z bosons or third generation
quarks are considerably weaker. We then studied the bounds on a full model, choosing the
SU(5)/SO(5) coset for its rich particle content. We first applied the simplified model bounds
and then performed a full simulation of the model. For the case where all pNGBs are mass
degenerate and decay into EW gauge bosons, the model is excluded up to 660 GeV; the bound
on decays into third generation quarks is 450 GeV. With a few exceptions, none of these Drell-
Yan pair production processes have been directly searched for. To contribute to that effort, we
proposed a search technique for the process pp — ST+S~~ — WTtbW ~tb making use of deep
learning methods. We trained deep neural networks to differentiate the signal process from the
dominant SM backgrounds. The best performing network was a combination of a convolutional
neural network using jet images and a multilayer perceptron based on kinematic observables.
This would allow for a discovery/exclusion of up to 640/820 GeV at the HL-LHC.

Next we considered the vector-like quarks. We discussed the standard and exotic decay
channels, summarised the current bounds on the former and derived recast bounds for some

select exotic channels. This revealed that several different final state topologies can be con-
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strained quite strongly, showing that the current recasting tools are well equipped for a more
systematic study of VLQs.

Finally, we made use of the aforementioned calculation of the spin-1 Lagrangian to study the
phenomenology of the coloured vector resonances. These contain a vector octet Vg that mixes
with the gluon. This state dominates the LHC phenomenology through its single production
channel. We discussed the relative strengths of the possible decay channels and derived bounds
in the mass-coupling-plane. The bounds lie between 3.5 to 5.5 TeV. We also showed that the
Vs may well have a large relative width > 10% or even 50%, requiring a specialised search
technique. As an outlook for future colliders we finally summarised the signatures expected
from pair production of two spin-1 states, where multi top processes are common, featuring as
many as 12 top quarks.

While we have made an effort to shine some light on the phenomenology of the Ferretti
models in this work, a lot remains to explore. We have touched on the VLQs, but given their
prominence they deserve further attention. This is a challenging topic: setting upper limits on
all VLQ pair production channels, similar to what we did for the EW pNGBs, would require
recasting for more than 150 processes in a mass-mass-plane. This requires significant resources,
both in terms of computation time and manual work. It might be more efficient to first perform
a preselection to identify the most important processes and then target these. For example,
one might focus on processes that are available in a large number of models rather than very
specific ones. This information can be combined with the branching ratios for the fermiophobic
decays of the scalars, considering only common processes with a large expected branching ratio.
Besides the VLQs, the Ferretti models also feature fermionic resonances of different colour
representations. The sextets stand out by their large pair production cross section. They have
not been studied before, so an exploration of their phenomenology is needed. Furthermore,
while we have thoroughly covered the coloured spin-1 states, a corresponding study of the EW
vectors should be performed. In fact, we are currently working on applying the approach in
Chapter 6 to the EW sector [106].

A different direction for extending our work is regarding the application of deep learning
in the search for new physics. One possibility is to focus on the methodological aspects, for
example trying to find better neural network architectures. We highlight [210] as a step in
that direction. The approach can also be improved to be closer to experiment, for example by
including pileup effects. Besides that we highlight that our approach can also be used to study
different BSM processes.



A Colour sector embeddings

At several points throughout this work we embed QCD coloured states into two-index irreps of
Sp(6). In this appendix we summarise these embeddings and collect some identities that are
useful for the corresponding calculations.

We label the generators of SU(3). as t¢ where r is the irrep they are acting on. For example,
a 1 a
2
with the Gell-Mann matrices A\* satisfying Tr()\“)\b) = 20%. From the product identity [211]
ayb 2 ab abc - rabey y ¢
follows the useful trace
Tr(A*A°AC) = 2(d™ + i f*). (A.3)

Before turning to Sp(6), we review how to express several SU(3) irreps as 3 x 3 matrices.

Following the notation of [212], we write
¢1=dils, @3 =o3L" g =K, b= ity (A.4)

for a generic field ¢, of irrep r. The triplet and sextet matrices are symmetric and antisym-

metric, respectively, with

. 1 ..
Lk — ik A5
(L] 7 (A.5)
and
100 1010 000
K'=[loo0o0]|, K=—|100], K'=[010], (A.6)
V2
000 00 0 000
1000 00 0 1001
Ktr=—1Jlo0oo0 1|, K°=]|00 0|, K'=—|0 0 0 AT
NG 7 (A7)
010 00 1 100
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They are normalised as
Tr(L'L) =—67,  Tr(K°K') =06 (A.8)

In the main text we make use of the fact that [212]

Te(LiLt3) = %[tg]ij L OTR(K'KCH) = %[tg]st. (A.9)

In the Ferretti models, the SU(3). is a subgroup of the unbroken global symmetry group,
for example Sp(6). States appear in the 14 and 21 of Sp(6), which decompose as

14 — 89 + 39/3 + 3_a/3, (A.10)
21 — 80+6,2/3—|—62/3+10 (All)

under Sp(6) — SU(3). x U(1)x. Embedding the SU(3). into Sp(6) by

o_ 1 (ts 0
i ) s
we can embed the SU(3). irreps by [107]
1 T
1y = 2 (ZS 2%), (A.13)
3 Ps
1 (s + b oF
Py = — V6 . A.14
. ﬁ( P} —¢§—¢%¢1) A
They are normalised such that
1 .
Tr(@lius) = oot + 03'0%, (A.15)
1 1
Te(@him ) = 56101 + 65704 + 5080t (A.16)

Finally we discuss a normalisation subtlety in the field strength tensor of the vector reso-

nances, which we would like to have the form
Vi, = 9.V — 0,V + gfArevive (A.17)

where A, B, C are adjoint indices of the unbroken subgroup H. We included a 1/4/2 in the
definition of the T'* above, but this has the side effect that

1 [te, 15 0 1.
Ta,Tb _ 33 - abcTc‘ A18



A Colour sector embeddings 107

To counteract this we need an additional v/2 in front of the commutator in

v;w = a,uvu - auvu - \/§Z§[vu, VV} (A]_g)



B Simulation setup

In the main text we present a variety of numerical results obtained from simulating particle
physics events. This appendix provides a comprehensive summary of the utilised tools and
evaluation methods.

Our first step to simulating BSM events is to implement the model under study in the
FeynRules framework [213] and generate a UFO library [214]. The UFO is then read by the
Monte Carlo event generator MadGraph5_aMC@NLO [215], which allows to calculate cross sections
and generate hard scattering events of arbitrary processes at leading or next-to-leading order.
Unless stated otherwise, we run MadGraph5 with the default dynamical renormalisation and
factorisation scale choices and use the NNPDF 2.3 set of PDFs [216] provided by LHAPDF6 [217].
The events are then passed to Pythia8 [218], which performs the decays of unstable SM particles
(top quarks, W/Z bosons etc.), then showers and hadronises the events, and finally saves them
in the HepMC format [219]. This is a universal format that can be read by many analysis tools.

Despite the extensive search program for physics beyond the SM being carried out by the
ATLAS and CMS collaborations, it is impossible for them to search for every signature of every
model. Furthermore, from theorists proposing a new model to a corresponding search being
published it can take years. In response to this issue, the theoretical community has developed
several tools that allow model builders to quickly determine which parts of the parameter
space are still viable — so-called recasting tools. The basic idea of them is to reimplement the
cuts of a given search, then run simulated BSM events through the cuts, compare the number
of events that pass the cuts with the observed number of events in the search, and finally
compute an exclusion value with the CLg prescription [220]. Such routines are implemented
in MadAnalysisb5 [221-224] and CheckMATE [225,226]. Both tools use Delphes 3 [227] for
detector simulation and event reconstruction, and jets are clustered with the anti-kr algorithm
[228] implemented in FastJet [229]. While MadAnalysis5 and CheckMATE focus on recasts
of searches, a similar procedure can be applied to SM measurements. The tool of choice for
this purpose is Rivet [230], where a large quantity of measurements have been implemented, in
particular differential cross section measurements. Monte Carlo events are analysed with Rivet
and the results passed to Contur [231,232] for statistical evaluation. We list the version of each
tool that was used in the various simulations in the main text in Tab. B.1. In practice we used

these tools within framework of the scangen program which is documented in Appendix E.
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Section MadGraphb5 MadAnalysis5 CheckMATE Rivet Contur
Section 4.1 v3.5.1 v1.10.9beta commit 1cb3f7 v3.1.8 v2.2.4
Sections 4.3 and 4.4 v3.3.2* v1.9.60 commit 8952e7 v3.1.5 v2.2.1
Section 4.5 v3.4.0 — — — —
Chapter 5 v3.5.1 v1.10.9beta commit 1cb3f7 v3.1.8 v2.24
Chapter 6 v3.5.3 v1.10.9beta commit 1cb3f7 v3.1.8 v2.24

Table B.1: Tool versions used in the simulations in the main text. v3.3.2* consists of v3.3.2
along with several patches that were later published in v3.4.0.

In this work, we use recasting tools to answer two related but different questions:
1. Given a signal process, is a given parameter point excluded or still viable?
2. Given a signal process, what does its cross section have to be to exclude it at 95% CL?

Answering question 1 is straightforward as this is arguably what the recasting tools are designed
to do: after supplying hadronised signal events and the corresponding cross section, all three
tools calculate an exclusion value. The approach to question 2, calculating an upper limit ogs

on the cross section, depends on the tool [1]:

e MadAnalysisb performs the necessary calculation internally and outputs an expected
(sig95exp) and an observed (sig95obs) upper limit for every signal region. We use the
observed limit from the most sensitive signal region as indicated by the best column in
the output file.

e CheckMATE quotes upper limits on the number of signal events obtained from the recast
search, Sgi¥ (expected) and S§*

signal events S that passed the cuts and the input cross section oy, to calculate the upper

(observed). We can combine these with the number of

limit as

obs
Sor
g Oin-

(B.1)

095 =

We use the observed bound to calculate the final result but choose the signal region with

the strongest expected bound, which is the default procedure employed by CheckMATE.

e Contur does not have any features to facilitate calculating ogs5. Instead we rerun the
evaluation multiple times and update the input cross section dynamically until we reach
CLs; = 0.05 £ 0.01.

We determine the results from all three tools and implemented analyses and then report the
overall strongest exclusion/upper limit as the final result. We do not attempt any statistical

combination of results beyond what is implemented in the tools.



C Details on bounds on EW pNGBs

In Sections 4.3 and 4.4 we derive bounds on the Drell-Yan pair production of EW pNGBs. In
this appendix we provide some supplemental information on this: we list the couplings in the
SU(5)/SO(5) model that determine the production cross section, discuss a technical point about
extracting bounds from CheckMATE, and provide a list detailling which searches contribute to

which simplified model bounds [1].

C.1 Couplings for Drell-Yan pair production

In this appendix we list the couplings emerging from the kinetic term of the pNGBs in the
SU(5)/SO(5) coset which have been presented in [113]. In the notation of Eq. (4.19), they read

Kvsvgsj K;*}fsﬁ K;gsg K;js; K;’j*s;*
nyooms M homg ms  n n o my M s~
ho 0 0 h 00 0 0 0
773 —3 %9 77;(3) 0 % i %ce 0
e I s 00 0 - -
75 %ce 0 m 0 0
i 0 0 i 0
s - % s - —ge -
5 - s -5
s - —Cau

where ¢y = cos with sinf = v/ fy and ¢y, = cos 20y, with the Weinberg angle 6y .
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Figure C.1: Bounds on the pNGB masses for the Drell-Yan production of the full bitriplet with
decays to third generation quarks.

C.2 Choosing the best signal region

In Section 4.4 we determined the bounds on the SU(5)/SO(5) model assuming all pNGBs to be
mass degenerate. This was done for both fermiophobic (Fig. 4.13a) and fermiophilic (Fig. 4.16)
decays of the pNGBs. In both cases the upper limit on the cross section shows a distinctive
kink — towards stronger bounds for the former, but weakening the bounds in the second case.
The kinks are due to a change in the dominant signal region. However, we usually expect the
upper limits to grow stronger with mass since the final state objects grow harder. Seeing a
weakening bound is therefore worthy of further examination.

We show all relevant limits in Fig. C.1. There are three relevant signal regions — SR11
in blue, SR13 in orange, and SR15 in green — and for each we show the expected (dashed)
and observed (solid) upper limits. As mentioned in the previous appendix, CheckMATE uses the
expected limit to select the most sensitive signal region but then reports the observed limit as
the result. This method leads to the total upper limit shown as a black dotted line. To contrast,
the grey dotted line shows the limit that is obtained by disregarding the expected limit and
only choosing the strongest of all observed limits. At low masses, SR11 is clearly the strongest
signal region. A first discrepancy occurs at mg = 300 GeV where SR13 overtakes SR11 in the
observed but not yet the expected bound, the latter catching up around 330 GeV. The major
difference that motivated this investigation occurs at 450 GeV: The expected bound of SR15
slightly overtakes SR13. The observed bound of SR15, however, is considerably weaker than
that of SR13, leading to a decreased bound. Given that the difference between expected limits
is marginal, one might be tempted to ignore it and simply choose the stronger observed bound.
This would not be statistically sound, however. Once an evaluation procedure has been chosen

we cannot pick another one based on the results. Otherwise we tend to inflate our bounds by



C.3 List of dominant analyses 112

a look-elsewhere effect. We therefore take the black dotted line in Fig. C.1 as our result.

C.3 List of dominant analyses

In Section 4.3 we give an overview of DY production of EW pNGBs, presenting simplified model
bounds for a variety of decay channels. Besides the bounds themselves, another purpose of this
work is as an assessment of the sensitivity of the searches currently implemented in recast tools
to a variety of final states. This appendix gives more information to this end. In Tab. C.1 we
go through all processes and list the searches that provide the dominant bound for at least one
mass point, separated by the tool they are implemented in. An even finer breakdown showing
also which mass points the searches were dominant for, along with the numerical upper limits,
can be found at https://github.com/manuelkunkel/scalarbounds. Additionally, Tab. C.2
provides a brief overview of these searches and lists the internal name under which they are

implemented in the recasting tools.
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Production =~ Channel  MadAnalysisb CheckMATE Rivet/Contur
Stts——  WWWW [153] [164]
gt gT WWWZ [153] [164]
WWW~ [161,162]
WZWZ [164]
StS~ WZW~ [161,162]
WAW~ [154,159]
WZWW [153] [164]
W~WWw [161,162]
WZZZ [164]
g (W)(22) 1160 162
(WZ)(Z) [161,162]
WZ)() [154]
(W)(Z7) [154,150]
WAyyy (123,154, 159
WWWWwW [153] [164]
WWZZ [164]
WWn~Z [161,162]
WW [154]
G0gn 71777 [164] [160]
NLLZ [160-162]
(vZ2)(vZ) [154,159] [160,161]
(V)(2Z) [154]
Yy Z [154,159]
Ty [123] [155]
StHS—- WitbWtb [121]
SEESF Wtbtb [121]
StS~ tbtb [121,156]
g+ go tbtt [121]
tbbb [157] (121,123,124, 156]
tttt [121]
S0570 ttbb [158] [121,156]
bbbb [158] [123]

Table C.1: Experimental analyses contributing to the simplified model bounds in Fig. 4.7. More

details are available on https://github.com/manuelkunkel/scalarbounds.
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Analysis Description Recast
ATLAS JHEP [144] STHS™= 4w, TS - WWWZz;,

139 fb~! 2, 3 or 4 leptons, MET and jets

CMS PAS EXO-19-002 [153]  Type-III seesaw and light scalars; MadAnalysisb

137 b1

ATLAS PRD 97 [154]
36.1 fb !

ATLAS JHEP [155]
139 fb—!

ATLAS EPJ C 81 [121]
139 fb~!

ATLAS EPJ C 81 [156]
139 b1

ATLAS EPJ C 79 [123]
3.2 !

ATLAS JHEP [124]
139 fh!

CMS PAS SUS-19-006 [157]
137 b1

CMS-SUS-16-033 [158]
35.9 b~ !

ATLAS JHEP [159]
139 b !

ATLAS JHEP [160]
139 fh~!

ATLAS JHEP [161]
139 fb~!

ATLAS JHEP [162]
36.1 bt

ATLAS-CONF-2016-096 [163]
13.3 bt

CMS PAS SUS-16-039 [164]
35.9 b1

at least 3 charged leptons

Gauge mediated SUSY breaking;
(multi)photon and jets

Measurement of prompt photon-pair

production

RPV SUSY; many jets,
> 1 leptons and 0 or > 3 b-jets

Squarks and gluinos;

1 lepton, jets and MET

General search for new phenomena
Bottom-squark pair production;

no leptons, > 3 b-jets and MET

Gluinos and squarks;
no leptons, multiple jets and MET

Gluinos and stops;
no leptons, multiple jets and MET

Chargino-neutralino production;
MET and h — vy

Measurements of four-lepton
differential cross sections

Measurement of the Z(— £4~)y
production cross section

Measurement of the Z(— vi)y
production cross section

Electroweakino production;
2 to 3 leptons, MET and no jets

Electroweakino production;
> 2 leptons and MET

cms_exo0.19_.002

CheckMATE
atlas_1802_03158

Rivet/Contur
ATLAS_2021_11887997

CheckMATE
atlas_2106_09609

CheckMATE
atlas_2101.01629

CheckMATE
atlas_1807_07447

CheckMATE
atlas_1908_03122

MadAnalysisb
cms_sus_19_006

MadAnalysisb
cms_sus_16_033

CheckMATE
atlas_2004-10894

Rivet/Contur
ATLAS_2021_.11849535

Rivet/Contur
ATLAS_2019_.11764342

Rivet/Contur
ATLAS_2018_11698006

CheckMATE
atlas_conf_2016_096

CheckMATE
cms_sus_16_039

Table C.2: Summary of the analyses that contribute to the simplified model bounds in Fig. 4.7.



D Deep learning

In this appendix we give further information on the technical aspects of our search proposal in
Section 4.5. We begin with a general overview of the fundamentals of deep learning. We then

provide justification for our choice of training set and evaluation method [2].

D.1 A brief introduction to deep learning

This section contains the necessary background on the neural networks (NNs) employed in
Section 4.5. A thorough introduction to deep learning is beyond the scope of this work, so we
will focus only on the basics. We mostly follow [233]. For more elementary introductions see
e.g. [234,235].

We begin with some nomenclature: A machine learning (ML) algorithm is anything where a
program autonomously learns patterns from data. A simple example is a linear regression which,
while undeniably useful, is quite limited in the tasks it can solve. Deep learning is a subset of
ML algorithms that employs deep neural networks. This approach has seen tremendous success
in recent years both in science and in everyday life, and we have applied it to particle physics
in this work.

The simplest network is the multilayer perceptron (MLP) which consists of an input layer,
an output layer, and a number of hidden layers. The hidden layers transfer information through
the network and consist of several nodes which we can think of as forming a vector of numbers

l;. To calculate the output layer from the input data (performing a forward pass), we work our

way from left to right by chaining affine transformations,
l_;1+1 = Wn+ll_;L + gn+1~ (D.1)

The matrix W,,,; is often called weight matrix and b is the bias vector. In the following we
refer to the elements of the weight matrices and the bias vectors collectively as weights. Due to
the presence of the weight matrix, every node of the next layer is connected to every node of
the previous layer; the network is fully connected. One detail is still missing: concatenating two
affine transformations is again an affine transformation, so we need to introduce non-linearity

via a so-called activation function for the network to be able to learn non-linear behavior. In
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1 Hidden layer ~ Hidden layer ~Hidden layer  Hidden layer
Input layer ~(2400) x 2 (1200) x2 (600) x 2 (300)x 2

.. Output layer

sig

bkg

Figure D.1: Neural network architecture of the MLP used in the main text. A ReLU activation
function is used between each layer. (2400) x 2 indicates two consecutive hidden layers with
2400 nodes each.

this work we always use the rectified linear unit (ReLU), which is defined as
ReLU(z) = max(0, z). (D.2)

To move from one layer to the next, we therefore have

—

lh.1 = ReLU (Wnﬂfn n B,m) . (D.3)

In this work we are interested in classification tasks, specifically differentiating signal from
background events. We therefore present the network with data corresponding to a physics
event and ask it to predict whether it is a signal or background. To this end, the output layer

of our network contains only two nodes z; 5. After normalisation with the softmax function

e*

Zj e

softmax(z;) = (D.4)
their values correspond to the probability of the event being signal pg or background pg as
assigned by the network. In the following we refer to pg as the NN score. We present the MLP
network architecture used in the main text in Fig. D.1, which consists of a sequence of fully
connected layers with a ReLLU activation function between each layer.

Once a network architecture is defined, we have to train it. To this end we need a metric
for how well the network has classified an event. It can be shown [233] that the optimal loss

function for a classification task is the cross entropy loss, which in our case reads

—log pg, true signal event (0.5)

L = — U 10 + T 10 -
o (Psiirue log s + P arue log Ps) { —logpg, true background event

for a given event, where pg/p are the model’s predictions and pg v = 1 if it is in fact a signal
event and pgue = 0 otherwise. The loss function is then used to optimise the network by
iteratively adjusting the weights #; by a method called gradient descent: Each optimisation

step we run over the dataset and pass the events through the network. We then calculate the
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Network  Batch size Learning rate Weight decay

K 20 5x 1077 2 x 107°
Lo 20 5x 107 3 x 107
Tone 20 3x 1074 3x 1074
Tev + K 20 3x107* 2 x 107*
Tene + K 20 5x 1074 3 x 1074

Table D.1: Hyperparameters of the networks used in the main text.

loss functions and the gradients with respect to the weights, average over the gradients, and

finally update the weights to reduce the loss:

oL
t+1 _ gt _
gt = o A<a@> (D.6)

The step size A is called the learning rate. The networks in this work were not trained with
pure gradient descent but with the Adam optimiser [192], a more advanced algorithm based on
the same principle.

In practice we cannot use the whole dataset for training. Rather, we split it into three parts:
one for training, one for validation, and a holdout test set only to be used at the very end for
a final evaluation. The training set is used as outlined above while the validation set serves to
monitor the training progress and optimise the network architecture without introducing biases
into the evaluation. A full pass over the training set is called an epoch. However, updating the
weights only once per epoch turns out to be computationally inefficient. We rather divide the
training set into minibatches, then evaluate the mean gradient and take the optimisation step
after each minibatch. The number of samples in a minibatch is called the batch size.

A common issue with gradient descent learning is that the network might overfit on the
training set, i.e. it performs very well on this training set but badly on unseen data. One of the
purposes of the validation set is to monitor this by regularly evaluating the network on data it
has not been trained on. To further combat overfitting we can apply regularisation methods.

A common practice is to add the square sum of all weights to the loss function [234],
Lo L+ 6 (D.7)
2 - v '

where the parameter « is known as weight decay.

The learning rate, weight decay, batch size, and in fact the full network architecture are
external parameters that are not optimised during training. Rather one starts with an initial
guess, fully trains the network, and then varies the parameter and retrains to see if the per-
formance improved or not. The performance measure for this task is the loss evaluated on the
validation set. In Tab. D.1 we list the most important hyperparameters of the networks used
in the main text.

Neural networks tend to learn best on normalised data. A popular way to ensure that
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Figure D.2: Neural network architecture of the CNN used in the main text. For the networks
Zenye + K the CNN output is interfaced with a separate MLP using kinematic data, shown in
the top right. 4@50 x 50 denotes 4 feature maps of size 50 x 50. A batch normalisation layer
is included after every convolutional layer.

normalisation is maintained throughout the network is with batch normalisation layers [236].
Given a minibatch of samples z; with i = 1,..., Npatchsize, We calculate the mean (z;) and

variance o2 and then define normalised values &; by

N Ty — <l'z>

Tj = ———xot
Vo?4e

where € is a small number to avoid dividing by zero. Finally, the output of the batch normali-

(D.8)

sation is a rescaled and shifted z;,
BN, 5(z;) = 7i; + f, (D.9)

where v and [ are trainable parameters.

Besides the simple MLP we also employ a more advanced architecture, a so-called convo-
lutional neural network (CNN) [178-180]. These networks were developed in the context of
computer vision and as such the input is usually image data — in our case jet images. Our
full architecture is shown in Fig. D.2. The core of a CNN is the convolution operation, which
constructs a new image x;; by convolving the old image x;; with a filter matrix W. Mathemat-
ically [233],

ny
/k):ZZW“ z+r]+s+b(k)7 kzlv""”f’ (DlO)

=1 ms

where we take ny copies of the image, called feature maps. Each convolution is characterised by

a kernel size (the range of r and s), the stride (the step size at which the kernel moves across
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the image), and the padding (adding a full line of zeroes around the image). To keep the image
size fixed during a convolution, we use a stride of 1 and a padding of 1.

In the end we have to reduce the image information down to only two output nodes. In a
first step we condense the images with pooling operations which combine multiple pixels into
only one pixel in the next layer. We use both average and max pooling which respectively

replace the input with the average or maximum value, for example

]. 3 vgroo 9 1 3 axroo
Avebgel 2 MaxPool g, (D.11)
6 8 2 6 8

In our network in Fig. D.2 we have two branches, one using average and one max pooling. After
two pooling steps they are flattened and combined into a MLP which eventually reduces the
information down to the two output nodes.

Besides the pure MLP and CNN we also use a combined network which starts out as a
CNN and a separate MLP, see the right side of Fig. D.2. Once the CNN has been flattened we
interface it with the MLP by concatenating the outputs from the two fully connected chains

followed by a combined MLP with two output nodes.

D.2 Details on the evaluation

To derive physical results from the networks we evaluate them on the test set. This yields a NN
score associated with each event, where a score close to 1 indicates that the network thinks the
event is signal-like whereas 0 is background-like. While the NN score distribution contains the
most information, our goal is to calculate discovery reaches and exclusion limits. This requires
the calculation of significances, for which we need to place a cut on the NN score which defines
everything with a larger score as being identified as a signal. A common way to place this
cut is to find the cut that maximises the significance. However, our networks are such strong
classifiers that this approach regularly yielded results with less than 1 expected background
event [2]. This calls into question if this approach is statistically sound.

We therefore employed a different approach to the NN score cut. In Fig. D.3 we show the
discovery reach as a function of the number of background events (which corresponds one-to-
one to the NN score cuts) for each mass we evaluate at. We see that especially for high masses
a very strict cut is preferred. On the whole, however, the discovery reach is relatively flat.
Rather than dynamically determining the cut, we therefore decided on picking it manually to
ensure a certain number of background events — 5 for the CNNs and 50 for the MLP. For the
latter the dynamical approach would have been fine but for consistency we also fix it manually.
These cutoffs were chosen ad hoc to get sufficient statistics while not overly diminishing the

discovery reach.
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Figure D.3: Discovery reach as a function of number of background events, i.e. the NN score
cut.

D.3 Details on the training dataset

In the main text we described the makeup of our dataset: it is divided into training (64%),
validation (16%), and test (20%). Each part is further divided into 50% signal events and
50% backgrounds. The latter are always constituted according to the cross section after the
preselection cuts. For the training dataset we instead combine several signal mass hypotheses,
taking events from mg = 300 GeV to 800 GeV in steps of 50 GeV with equal weight. The
motivation for this was mainly to save on computational resources by not having to train
separately for each mass. It raises the question, however, if the results would have been better
with a more focused training set. To investigate this, we have also trained the networks with a
training set consisting of events of only one mass [2]. As benchmark masses we chose 300 GeV,
550 GeV, and 800 GeV. We have already shown a part of these results in the main text: the star
shaped markers in Figs. 4.23a and 4.23b show the discovery reach and exclusion limit when the
network is trained with the same mass where it is evaluated. This showed a significant boost

in performance at 300 GeV but hardly any effect at higher masses. We now take a closer look
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Figure D.4: Comparison of networks trained on a single fixed mass.

at the dependence on the training set. To this end we compare the full results of training with
a fixed mass versus the mixed training set in Fig. D.4. For the fixed masses, the error bands
indicate the 1o variation across 10 independent training runs. The effects qualitatively coincide
for all three networks. We find that indeed at low masses the best performance is achieved by
training on 300 GeV. However, it is quickly overtaken by the network trained on 550 GeV and
the mixed dataset, the two having comparable performances across most of the mass range. At
masses above 800 GeV there is a marginal advantage to using the network trained on the high
mass.

To summarise, the mixed dataset is performing well and we are justified in using it for
our evaluations in the main text. Given the additional computational costs, training on each
mass point separately seems unnecessary for the expected gains. Only at small masses can we
expect a significant improvement. A hybrid approach might be the best solution: training two
networks, one for mg < 400 GeV and one for mg > 400 GeV. For the latter, either a mixed

dataset can be used or a single midrange mass point, e.g. 550 GeV.
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Some of the simulations performed in this work — recasting studies for a large number of
processes and scans over large parameter grids — are quite complex and time consuming to
set up. To help with this we have developed a tool, dubbed scangen, that automates a lot
of the manual work. The purpose of this appendix is to give an overview of its features and
show its usefulness on a few examples. Both making the code public and publishing a detailed
documentation is planned for the near future.

The first step towards setting up simulations is to have a functioning toolchain. To simplify
this, scangen comes with installation scripts' for all relevant tools which can either be used
to install them locally or build up a singularity container environment [237]. The latter is
especially useful because it is portable and can be used both on local machines and on a high

performance cluster. Specifically, we install

e ROOT [238], a software for scientific computing that is a requirement of CheckMATE and
MadAnalysisb,

e HepMC and Delphes, external installations of which are required for CheckMATE,
e the recasting tools CheckMATE, MadAnalysis5, Rivet, and Contur,
e and MadGraph5_aMC@NLO as our event generator of choice.

For the singularity container, these tools are installed in a Debian 11 environment.

The idea for scangen came from an attempt to build a unified framework for all recasting
tools. Contur comes with a great tool for setting up parameter scans, contur-batch, so
scangen started as a collection of bash scripts around contur-batch. Over time, it became
clear that the features we wanted to add required building up a new tool from scratch — this
is the scangen used in this work. Due to this history, our naming conventions and directory
structure closely follows the ones of Contur. This has the advantage that a Contur recasting
study performed within scangen can still be evaluated with pure Contur.

To perform a simple scan, say to calculate cross sections of top partner pair production,
three things must be provided: a UFO, a steering file for MadGraph5, and a file defining the
parameter ranges, in this case the top partner mass. The latter two must be placed in a

directory called input/. Example files for top partner pair production are

I'Thanks to Yang Liu for providing me with a first version of these.
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and

$ cat input/param_file.dat
[Parameters]

[[mass]]

mode = LIST

values = [1000, 1500, 2000]

$ cat input/mg.txt

import model ../../../SimpleVLQ_UFO
generate p p > tp tp”~

output mgevents

launch

shower=0FF

set param_card mtp {mass}

To prepare the scan, we run

$ scangen -e 14 -n 10000 -i 3

which sets the centre-of-mass energy to 14 TeV, generates 10000 events per point and ensures

that all three parameter points are run in parallel. The scangen call creates a directory called

myscan00 that contains the steering scripts and the runareas for the parameter points. For

example,

$ 1s myscan00/14TeV/0000

mg.txt params.dat runpoint.sh

where mg.txt is the file shown above except that the parameters in curly braces have been

replaced with the value listed in params.txt and the number of events and beam energy have
been added to the bottom. That is,

and

$ cat runarea/14TeV/0000/params.dat
mtp = 1000.0

$ cat runarea/14TeV/0000/mg.txt
import model ../../../SimpleVLQ_UFO
generate p p > tp tp~

output mgevents

launch

shower=0FF

set param_card mtp 1000.0
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set run_card nevents 10000
set run_card ebeaml 7000.0
set run_card ebeam2 7000.0

Finally, runpoint.sh contains the commands to start the run in the container environment.

The user can now start the run with
$ scangen-run
and then evaluate it by calling

$ scangen-get-xs

point mass  xs(pb)
0000 1000.0 0.044525
0001 1500.0 0.002367
0002 2000.0 0.000194

In the simple example above we only calculated cross sections. Let us now discuss a more

advanced use case: determining recast bounds on the process
pp — TT — tS'tS° — 6t. (E.1)

To this end we provide files in the style of MadAnalysisb’s recasting card.dat that can be
used to conveniently specify which search from which tool should be turned on for this run.

We again consider my = 1.0,1.5,2.0 TeV and fix mg = 400 GeV. To set up the scan, we run

scangen -e 13 -n 10000 -i 3 --ma --cm --ct

and again start it with scangen-run. As for the cross sections there is a convenient readout
script:

$ scangen-eval
Point 0000
* Parameters

* mvlg = 1000.0

* ms = 400.0

* Cross section: 0.037845 pb

* Results:

tool analysis/pool sr/analysis sig95exp sig95obs exclusion
MadAnalysis5 atlas_susy_2018_17 SR-12i1j50-2ib 0.00441 0.00444 1.00000
Contur CombinedExclusion  CombinedDATABG inf inf 0.44530
Contur ATLAS_13_JETS ATLAS_2019_11724098  inf inf 0.33130
Contur ATLAS_13_TTHAD ATLAS_2022_I2077575  inf inf 0.31605
Contur CMS_13_JETS CMS_2018_I11682495 inf inf 0.00668
Contur CMS_13_TTHAD CMS_2019_I1753720 inf inf 0.00000
Contur LHCB_13_L1L2B LHCB_2018_I1662483 inf inf 0.00000
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CheckMATE atlas_2106_09609 SR1 0.00970 0.00962 1.00000
Point 0001
* Parameters

* mvlg = 1500.0

* ms = 400.0
* Cross section: 0.0017456 pb
* Results:
tool analysis/pool sr/analysis sig95exp sig95obs exclusion
MadAnalysisb atlas_susy_2018_17 SR-10ij50-1ib-MJ500 0.00334 0.00238 0.87100
Contur CombinedExclusion  CombinedDATABG inf inf 0.06440
Contur ATLAS_13_TTHAD ATLAS_2022_I2077575  inf inf 0.06110
Contur ATLAS_13_JETS ATLAS_2019_11724098  inf inf 0.02031
Contur CMS_13_JETS CMS_2018_11682495 inf inf 0.00123
Contur CMS_13_TTHAD CMS_2019_I1753720 inf inf 0.00000
Contur LHCB_13_L1L2B LHCB_2018_I1662483 inf inf 0.00000
CheckMATE atlas_2106_09609 SR4 0.00092 0.00132 0.98924
Point 0002
* Parameters

* mvlg = 2000.0

* ms = 400.0
* Cross section: 0.00011714 pb
* Results:
tool analysis/pool sr/analysis sig95exp sig95o0bs exclusion
MadAnalysis5 atlas_susy_2018_17 SR-12i1j50-2ib 0.00241 0.00241 0.08580
Contur CombinedExclusion  CombinedDATABG inf inf 0.00640
Contur ATLAS_13_TTHAD ATLAS_2022_I2077575  inf inf 0.00626
Contur ATLAS_13_JETS ATLAS_2019_11724098  inf inf 0.00132
Contur CMS_13_JETS CMS_2016_11459051 inf inf 0.00016
Contur CMS_13_TTHAD CMS_2019_I1753720 inf inf 0.00000
Contur LHCB_13_L1L2B LHCB_2018_I1662483 inf inf 0.00000
CheckMATE atlas_2106_09609 SR10 0.00124 0.00132 0.14250

For brevity only a few searches have been activated for this example.

The expected and

observed upper limits on the cross section, sig95exp and sig95o0bs, are determined as detailed

in Appendix B. As explained there, these values are not automatically calculated by Contur

and a more involved iterative procedure is required to determine them, which is why they are

listed as inf above. Including them amounts to adding the flag —-xs95 to the scangen call

and providing a file with initial guesses for the iteration.

The example above was a simple one dimensional scan. If we instead performed a scan over

both masses we could implement the kinetic constraint of the 7" decay by including

[Restrictions]

require {mtp} > {ms} + MT
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in the parameter definition. The user can now specify a square grid and the points that violate

the requirement are automatically removed.



List of abbreviations

2SSL  two same-sign leptons

ABJ Adler-Bell-Jackiw

BSM  beyond the Standard Model
CCWZ Callan, Coleman, Wess, and Zumino
CHM composite Higgs model

CL confidence level

CNN  convolutional neural network
CP charge-parity

DY Drell-Yan

EFT effective field theory

ETC extended technicolor

ggF gluon-gluon-fusion

EW electroweak

EWSB electroweak symmetry breaking
FCNC flavour-changing neutral currents
HC hypercolour

HL-LHC high-luminosity LHC

IR infrared

irrep  irreducible representation
LHC  Large Hadron Collider

LO leading order

LQ leptoquark

MAC maximally attractive channel
ML machine learning

MLP  multilayer perceptron



List of abbreviations
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NGB
NLO
NN
NNLL
NNLO
NWA
PC
PDF
pNGB
QCD
QED
ReLU
RG
ROC
SM
SSB
SUSY
TC
UFO
VBF
VEV
VLQ
WZW

Nambu-Goldstone boson
next-to-leading order

neural network
next-to-next-to-leading log
next-to-next-to-leading order
narrow width approximation
partial compositeness
parton distribution function
pseudo NGB

quantum chromodynamics
quantum electrodynamics
rectified linear unit

renormalisation group

receiver operator characteristic

Standard Model

spontaneous symmetry breaking

supersymmetry

technicolor

Universal FeynRules Output
vector boson fusion

vacuum expectation value
vector-like quark

Wess-Zumino-Witten
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