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Abstract

We use an effective Lagrangian approach to address the question of the dynamics of
electroweak symmetry breaking in the Standard Model (SM) and its relation to the
hierarchy problem. Composite Higgs models provide a solution by describing the recently
discovered Higgs-like scalar particle as a composite pseudo Nambu-Goldstone boson that
dissolves into its constituents above a certain high energy scale. We discuss many features
of the low energy description of composite Higgs models and present an explicit realisation
in a flat extra dimension showing explicitly that top partners with masses below 1 TeV
are expected in a natural theory. Naturalness requires New Physics not much above the
weak scale and hence motivates the search for direct and indirect evidence of physics
beyond the SM at the LHC and future colliders. As an indirect probe at the LHC, we
propose a dedicated analysis of single top production in association with a Higgs boson to
lift the degeneracy in the sign of the top Yukawa coupling. We move on to an extensive
study of WW scattering, double and triple Higgs production at future linear colliders to
estimate their impact on the parameter space of a strongly interacting Higgs boson. Direct
probes of New Physics at the LHC include the search for heavy vectors and fermions. We
introduce a model-independent strategy to study narrow resonances which we apply to
a heavy vector triplet of the SM for illustration. We conclude by summarising current
constraints and the expected reach of future colliders on the parameter space of a minimal
composite Higgs model. This thesis is based on the papers in Refs. [1-4].

Key words: effective Lagrangian, electroweak symmetry breaking, beyond the Standard
Model physics, composite Higgs, LHC phenomenology, future colliders






Zusammenfassung

In dieser Arbeit benutzen wir die Methode der effektiven Lagrangefunktionen, um die
Dynamik der elektroschwachen Symmetriebrechung im Standardmodell unter dem Ge-
sichtspunkt des Hierarchieproblems zu untersuchen. Die Composite-Higgs-Modelle liefern
eine Losung des Hierarchieproblems, indem das kiirzlich entdeckte Higgs-artige skalare
Teilchen als zusammengesetztes Pseudo-Nambu-Goldstone-Boson beschrieben wird, das
oberhalb einer héheren Energieskala in seine Komponenten zerfallt. Wir diskutieren die
Eigenschaften zur Beschreibung des Composite-Higgs-Modells bei niedrigen Energien
und liefern eine explizite Realisierung in einer flachen Extradimension und zeigen un-
mittelbar, dass Top-Partner mit Massen unterhalb 1 TeV auf natiirliche Weise auftreten.
Das Naturalness Principle verlangt eine neue Physik nicht weit oberhalb der schwachen
Energieskala und motiviert deshalb die Suche am LHC und an zukiinftigen Beschleunigern
nach direkten oder indirekten Hinweisen auf eine Physik jenseits des Standardmodells. Als
einen indirekten Test am LHC stellen wir eine zweckbestimmte Analyse der Top-Quark
Produktion zusammen mit einem Higgs-Boson vor, um die Mehrdeutigkeit des Vorzei-
chens der Top-Yukawa-Kopplung zu kldren. Weiterhin unternehmen wir eine umfassende
Analyse der WW-Streuung, der Doppel- und Tripel-Higgs-Produktion an zukiinftigen
Linearbeschleunigern, um deren Einfluss auf den Parameterraum eines stark gekoppelten
Higgs-Bosons abzuschéitzen zu kénnen. Direkte Hinweise auf eine neue Physik am LHC
schliefen die Suche nach schweren Vektor-Teilchen oder schweren Fermionen ein. Wir
stellen aufserdem eine modellunabhéngige Methode zur Untersuchung schmaler Resonan-
zen vor, die wir zur Veranschaulichung auf schwere Vektor-Tripletts des Standardmodells
anwenden. Wir schliefsen mit einer Zusammenfassung der aktuellen Randbedingungen
unter Beriicksichtigung der zu erwartenden Reichweite kiinftiger Beschleuniger im Para-
meterraum eines minimalen Composite-Higgs-Modells. Diese Dissertation basiert auf den
folgenden Verdffentlichungen [1-4].

Stichworter: effektive Lagrangefunktionen, elektroschwache Symmetriebrechung, Phy-

sik jenseits des Standardmodells, composite Higgs, LHC Phenomenologie, zukiinftige
Beschleuniger
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Il Introduction

A matter of hierarchies. Some of the most fundamental questions currently driving
particle physics are related to the Higgs boson.! Its peculiarity stems from the fact that
it is the only fundamental scalar particle in the Standard Model (SM) and an intrinsic
problem, the hierarchy problem, is connected to scalars. It refers to the observed hierarchy
between the Higgs mass my,, most recently measured to be 125.36 + 0.37 (stat) +0.18
(syst) GeV at ATLAS [8] and 125.0310-35 (stat) T512 (syst) GeV at CMS [9], and the scale
at which New Physics (NP) appears, m,. In the absence of NP up to the Planck scale, m.,
would have to be identified with the Planck mass Mp; = \/h¢/87G N ~ 2.44 x 1018 GeV
at the onset of quantum gravity. The large separation in scales is formally preserved at
tree level. The problem arises because quantum fluctuations at the scale m, tend to spoil
the hierarchy m; < m.. A direct way to appreciate this is to consider the Higgs mass
parameter at 1-loop. Following 't Hooft’s naturalness argument [10], the core question is
about the observed smallness of the Higgs mass. The limit mj — 0 does not seem special
from the viewpoint of short distance physics. No symmetry is enhanced in this limit. This
is in clear contrast to fermions, where the chiral symmetry emerges in the massless limit.
The naturalness of gauge bosons is correlated with the presence of scalar particles in the
theory. Without any scalars, the gauge bosons remain massless in order to match the
number of degrees of freedom. If a longitudinal component can be acquired, the naturalness
of the massive vectors depends on the naturalness of the scalar mass. The same questions
can be viewed from another angle. Often, a looser definition of the hierarchy problem
simply questions the large energy separation between the electroweak scale v = 246 GeV
and the Planck scale Mp;. However, by itself this is not a real problem. In fact, why do
we not analogously question the slightly larger energy separation between Aqcp ~ 1 GeV
and Mp? This is easily answered. In an asymptotically free theory like QCD, the strong

coupling avg(p) decreases as ag(u) = as(Aqep)/ (1 +bas(Aqep)/(27) In (u/Aqep)) as

We refer to the recently discovered scalar particle as the Higgs boson. The scalar field has first been
introduced by P. Higgs [5] and independently by G. Guralnik, C. Hagen and T. Kibble [6]. Already a few
months before F. Englert and R. Brout discussed electroweak symmetry breaking to give mass to the
gauge bosons without explicitly mentioning an additional scalar [7].
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the energy scale p increases. Consequently a large separation of scales can be generated
naturally

27

Aqep = Mpre bes(en) | (1.1)

and the problem of hierarchy does not arise. The crucial ingredient in this argument is
the logarithmic running of ag(u). This follows immediately from the fact that ag(u) is
a dimensionless coupling defined through a marginal operator: the kinetic term of the
gluons. Furthermore notice, that the theory is promoted to a free field theory in the limit
ags — 0 and thus enjoys a large symmetry enhancement. But let us elaborate on the
relevance of operators in the theory which lies at the heart of naturalness. Consider an
operator Oa, with mass dimension A. From a Wilsonian point of view, running from a
high mass scale m, to a lower scale mg implies integrating out high energy degrees of
freedom which in turn generate a perturbation [11]

Lpert = cmi=204, (1.2)

which leads to a relation similar to eq. (1.1) for the low energy scale

Mg = cﬁm* . (1.3)

A priori, the parameter c is expected to be O(1). A hierarchy between the scales arises
naturally when 4 — A is close to zero and ¢ algebraically small [11], i.e. ¢ ~ 0.1. This
is the case for a marginal or weakly relevant operator, as demonstrated in eq. (1.1) for
QCD. For a highly relevant operator, 4 — A ~ O(1), no significant separation of scales is
generated even for a reasonably small value of ¢. Exactly this is the case in the electroweak
theory of the SM where the only relevant operator is the Higgs mass term HH with
dimensionality A = 2. A hierarchy can only be explained for a particularly small, very
fine tuned value of the parameter c. This is typically referred to as the fine tuning problem
and corresponds to an unnatural hierarchy in the SM.

Current status. These ideas have attracted attention for decades already before the
discovery of the Higgs boson. However, electroweak precision tests (EWPT) have strongly
pointed towards a Higgs-like scalar particle. In that sense, the Higgs discovery announced
by the ATLAS and CMS collaborations on 4 July 2012 [12, 13] was not particularly
unexpected. At the same time, the open question about the dynamics of electroweak
symmetry breaking (EWSB) developed a new twist since a new scalar particle was
actually discovered. Let us briefly review the need for a broken electroweak symmetry.
In nature, the electroweak bosons W*, Z gauging the SM group SU(2); x U(1)y are
observed to be massive while the photon remains massless. The simplest way to give
mass to the W, Z bosons is to couple the gauge theory to a linear o-model, in which a
complex SU(2) doublet, the Higgs boson, obtains a vacuum expectation value (vev) which

2



breaks SU(2)r, x U(1)y spontaneously to the electromagnetic U(1)¢ subgroup.? Current
experimental data has not shown any significant deviation from the SM expectations and
thus suggests the Higgs boson to play its destined role. However, explanations for EWSB
without the scalar being involved in the breaking dynamics have not yet been completely
refuted.

Assuming the discovered scalar particle to be involved in EWSB, a solution of the
hierarchy problem requires the existence of NP at the scale m,, not far above the weak
scale. Constraints on generic NP require m, to be at or above the TeV scale. Naturalness,
on the other hand, demands low scale New Physics. A completely natural theory would,
for instance, require the presence of a new set of particles and interactions at a scale

< 27 450 GeV (1.4)

My S ——my, & eV, .
V3y:

in order to cancel the quadratically divergent top quark contribution to the SM Higgs
potential.

The two main frameworks in which the hierarchy problem is usually addressed are
supersymmetry and compositeness. Nature chose the observed value of the Higgs mass
so delicately to push both models into regions of considerable, 1 — 10%, fine tuning and
beyond their minimal realisations without clearly choosing one over the other. While
a natural minimal supersymmetric model predicts the Higgs mass to be close to the Z
mass, a composite Higgs model prefers a Higgs of a few hundred GeV. Nonetheless, both
models can still stretch to explain the observed value. Let us briefly sketch their basic
ideas.

According to the no-go theorem by Haag, Lopuszanski and Sohnius 18], in quantum field
theories with a mass gap and satisfying very general conditions, supersymmetry (extending
Poincaré symmetry) is the largest possible space-time symmetry of the S-matrix.® In its
minimal version, supersymmetry doubles the particle content of the SM by introducing
a superpartner for each SM field.* In fact, it relates fermions and bosons by packaging
them into superfields which share all quantum numbers except for the spin. A complex
scalar is paired on-shell with a Weyl fermion in a chiral multiplet, while a massless vector
field forms a vector multiplet together with a Weyl fermion in the adjoint representation
of the gauge group. Through these supermultiplets, supersymmetry extends the chiral
symmetry protecting the fermion masses to the Higgs boson and consequently solves the
hierarchy problem. Since none of the superpartners has been observed yet, supersymmetry
must be broken. In order to preserve the cancellation of the radiative corrections, the

2Spontaneous symmetry breaking was first discussed in the context of condensed matter by Y. Nambu
[14] and P. Anderson [15] and only after introduced in particle physics [7, 16, 17].

3This extends the known result by Coleman and Mandula [19] that only applies to bosonic algebras.

4This is not completely true as it also introduces a second Higgs doublet together with its fermionic
superpartner.
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breaking must be soft (i.e. through relevant operators). An upper bound on the soft
masses can be inferred from the radiative corrections to the Higgs mass which the soft
terms logarithmically contribute to

A A
2 2 Uuv
Amh = msoft <167’[‘2 ln (msoft> 4+ .. ) s (15)

where A stands for a generic dimensionless coupling, while Ay indicates the scale at

which the soft terms are generated, for instance the messenger mass in gauge mediation.
m, can be identified with the soft mass terms mgo. To have a natural explanation of
the Higgs mass with at most a 10% tuning, light stops and gluinos below 600 GeV and
Higgsinos with masses less than 300 GeV are expected in all incarnations of supersymmetry
(see for example Refs. [20-25]). Supersymmetric bounds are usually model dependent
and should be interpreted with care taking the precise assumptions made in each analysis
into account. Quite generically, simplified model searches for gluinos give the most robust
experimental bounds up to 1 — 1.4 TeV almost independently of the nature and mass
of the lightest neutralino. Since in a large class of models, the gluino pulls up the stop
masses due to its one-loop contribution, the stops are expected to be heavy [25, 26]. For
R-parity conserving supersymmetry, bounds reach up to around 600 GeV [27|, however
gaps for light stops depending on the mass and nature of the lightest supersymmetric
particle in models with compressed spectra remain. For recent attempts to close these
gaps see for instance Ref. [28]. For (baryonic) R-parity violating models, there are still
no limits on the stop masses from LHC searches and the strongest bounds from Tevatron
and LEP extend up to 100 GeV |29, 30]. Higgsino bounds are more model dependent even
for R-parity conserving supersymmetry. The current most stringent Higgsino exclusion of
300 GeV requires a lightest neutralino below 50 GeV [31, 32]. Despite its growing tension
with experiment in the minimal models, the supersymmetric way is still particularly
attractive due to its ability to make definite predictions due to its weakly coupled nature,
to provide a Dark Matter candidate, to explain gauge coupling unification and not at last
due to its tight connection to string theory.

Compositeness remains a much less studied alternative which part of this thesis is devoted
to. Initially proposed in Refs. [33-39] in the 1980s, a realistic framework has emerged
[40—46] in the past decade in which the Higgs boson arises as a pseudo-Nambu-Goldstone
Boson (pNGB) from the spontaneous breaking of a global symmetry G, of a new strongly
interacting sector, to a subgroup H. The Higgs boson is composite meaning that in
the far UV it is described by new degrees of freedom. Analogously to the kaon in QCD
(a doublet under the isospin symmetry), the hierarchy problem does not arise. The
naturalness condition in eq. (1.4) requires light states to be present in the composite
sector and therefore a relatively low compositeness scale. Heavy vector resonances in
composite Higgs models are already severely constrained by electroweak precision tests.
AS = m3,/ m,% implies m, 2 2.6 TeV, setting the scale of NP very high. Fermionic
states are still less constrained. Partial compositeness, as discussed in detail in section



3.2, imposes a linear coupling between elementary and composite states. Since the
top-loop contributes dominantly to the Higgs potential, the fermionic states coupling to
the top, the so-called top partners, cancel the top contribution analogously to the stops
in supersymmetry. In minimal models with the least possible amount of tuning [47], the
Higgs mass is given by

N, v2
m,QL ~ Téﬁmigwyt, (1.6)

where ¥y = yrLyr/gy is the top Yukawa coupling expressed in terms of the linear couplings
yr, , Yr between elementary and composite states, which are assumed to be equal here.
m,, denotes the top partner mass, to be identified with ms, coupling with strength g,.
The ratio v?/f? indicates the ratio between the weak and the composite scale and can be
interpreted as a partial measure of tuning in the model. To reproduce the measured Higgs
mass and avoid large fine-tuning, the coupling gy, is preferred to be not too strong. In
fact, naturalness requires the top partner masses my, to be lighter than ~ 1TeV [1, 47-49]
for a fine tuning of < 10%. Although, motivated by explicit implementations, composite
fermion and vector masses are expected to be the same, to achieve a mild tuning a
separation of the two scales m,, < m, would be favourable. Fermionic resonances in a
natural composite Higgs model, just as the stops in supersymmetry, should be well in
reach of the 14 TeV run of the LHC. This is of course not the only expected experimental
evidence. Indeed, light resonances also significantly affect further SM observables, mainly
related to the Higgs and top quark since both couple strongest to the composite sector.
Deviations in Higgs or top quark couplings could give important evidence for a strongly
coupled sector.

Light new states accessible at the LHC are expected in all natural realisations of super-
symmetric and composite Higgs models. The current absence of any significant hint of NP
is carving a big hole into the natural parameter space and pushes both frameworks into a
more and more fine-tuned region. More sophisticated non-minimal models can partially
evade the most stringent bounds but often introduce many more parameters. Nevertheless,
the current situation just before the 14 TeV run of the LHC is far from hopeless. Not
only are significant improvements in the mass reach of direct searches for new states
expected, also indirect probes of NP such as coupling and precision measurements will
have an increased sensitivity. Nonetheless, the time has come to at least consider an LHC
outcome without any new discovery and to evaluate the potential of future colliders with
a clear physics case. Proposals for linear colliders such as the ILC [50] and CLIC [51]
have been investigated for some time, while a future circular collider (FCC), with a first
stage of electron positron collisions (see for instance Ref. [52]) and a second stage as a
pp collider, has attracted attention only very recently. In particular, it is important to
study the impact of direct versus indirect probes of NP and the wealth of information
contained in them for a specific framework.
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Effective Lagrangian approach. To approach the above questions with the greatest
possible generality, the SM should be best viewed as an effective field theory (EFT) valid
up to a certain cutoff which is parametrically larger than the scale at which the physics
is probed. This is of course only valid as long as no new light states are discovered. The
cutoff can be identified with the scale m, where New Physics becomes important. If a
hierarchy between the two scales exists, mr < ms, the currently known particle content
of the SM can be described as the low energy regime of a more fundamental theory whose
high energy degrees of freedom at m, have been integrated out. An effective Lagrangian is
therefore an expansion in inverse powers of m,. While the SM consists only of dimension-4
operators, higher dimensional operators characterise new effects beyond the SM (BSM).
Their strengths are suppressed by inverse powers of m,. Hence, the larger m,, the smaller
the effect of NP on the low-energy observables. Precision measurements have already set
stringent bounds on the presence of NP by constraining their contribution to physical
quantities. The current experimental agreement with SM predictions seems to favour a
high cutoff scale which contradicts the requirement of low scale New Physics to satisfy
naturalness.

An EFT approach is also of greatest value from a more practical point of view since
it allows us to make model-independent predictions. Especially now, with the LHC
running but no clear target to search for, the data should be interpreted as broadly as
possible. Robust qualitative predictions, like the existence of a given set of particles, are
common to many SM extensions but a quantitative comparison with the data requires
an explicit implementation of the general idea. Technically, each model with a common
prediction would need to be compared with the data. Obviously, this program can
not be completed directly by the experimental collaborations because it would require
tens of different models for each NP analysis and a separate presentation of the results
for each of them. Moreover even if we knew the “true” NP theory, it would typically
depend on so many free parameters that a direct comparison with data, obtained by
scanning the multi-dimensional parameter space with numerical simulations, would be
impossible. A step in the right direction is therefore a “simplified model” [53] built from
an effective Lagrangian with a small number of free parameters that capture the distinct
phenomenology of a class of NP models. The simplified model can easily be translated
into every explicit model with the same phenomenological feature. The interpretation of
the data in terms of a simplified model (where possible) makes the bounds considerably
more flexible. An effective Lagrangian approach is therefore crucial to ensure constructive
communication among theory and experiment and to make the most of the available data.



Outline of the thesis. This thesis is organised as follows. Chapter 2 summarises the
current status of Higgs physics. We explain the necessity of EWSB in the SM in section
2.1 and introduce two commonly used effective Lagrangians, the linear and non-linear
o-model, and their respective breaking dynamics. Experiments already favour a linear
o-model with the physical Higgs boson embedded in a complex SU(2); doublet. New
physics would affect the low energy description through higher dimensional operators,
written in the SILH Lagrangian, and deviations from the SM Higgs couplings, discussed
in section 2.2. In section 2.3, we present the current constraints on NP effects coming
from electroweak precision measurements.

Chapter 3 is devoted to composite Higgs models and is largely based on Ref. [1]. We
introduce the bosonic constituents of the effective Lagrangian with the Higgs as a pNGB
in section 3.1. Section 3.2 discusses the generation of the SM fermion masses and the
Higgs potential through partial compositeness. We concentrate on the case where the
SM quark doublet is embedded in a 14 of SO(5). An explicit realisation of the minimal
composite Higgs model in a flat extra dimension is studied in 3.3. Through a numerical
simulation in section 3.4, we confirm the minimal tuning of this particular model and the
expected small mass of around 1TeV of the lightest top partners required for a natural
theory.

Chapters 4, 5 and 6 investigate possible NP effects from an effective Lagrangian point of
view. At the LHC, a wealth of indirect NP effects are currently being probed. In chapter
4, we focus on single top production in association with a Higgs boson, based on Ref. |2],
to lift the degeneracy in the current best fit to the top Yukawa couplings. We present a
signal and background study in 4.3 and find only the 14 TeV dataset to be able to lift the
degeneracy completely.

Furthermore, we study, based on Ref. [3|, indirect NP effects through Higgs precision
measurements at a linear eTe™ collider, such as the ILC or CLIC, in chapter 5. We
argue in sections 5.3 and 5.4 that even small deviations in the cross sections of single
and double Higgs production, or the mere detection of a triple Higgs final state, can
help establish whether the Higgs is a composite state and whether or not it emerges as a
pNGB from an underlying symmetry. In section 5.5, we obtain an estimate of the ILC
and CLIC sensitivities on the anomalous couplings from a study of WW scattering and
hh production which can be translated into a sensitivity on the compositeness scale, 47 f
or equivalently on the degree of compositeness & = v2/f2.

In chapter 6, we present direct probes of NP at the LHC based on Ref. [4]. We construct
a simplified effective Lagrangian, extending the SILH Lagrangian by the inclusion of a
heavy vector triplet, which reproduces a large class of explicit models. Based on the
available 8 TeV LHC analyses, we derive current limits in 6.2.3 and interpret them in 6.2.4
for vector triplets arising in weakly coupled (gauge) and strongly coupled (composite)
extensions of the SM. We point out that a model-independent limit setting procedure
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must be based on purely on-shell quantities as illustrated in 6.2.3.3. Section 6.3 contains
a brief summary of the effective Lagrangian for top partners and their current bounds.

The conclusions are drawn in chapter 7 by comparing the sensitivities of direct and
indirect probes of NP at the LHC and future colliders on the parameter space of a new

strongly coupled sector.



] Effective Lagrangians for the Higgs
boson

2.1 Dynamics of electroweak symmetry breaking

The electroweak sector of the SM unifies the description of the electromagnetic and weak
interactions in a gauge theory invariant under SU(2)r, x U(1)y [54-56]. Explicitly, the
Lagrangian can be written as

1 a a pv 1 v N

in terms of the field strengths W, and By,

wg, = DWg—DWE,  DWE=0,Wg+ geWiWg,

(2.2)
B, = 0,B,—08,B,,

where W and B, are the SU(2) and U(1)y gauge bosons respectively, while ¥ =
( iL, u’]é, d%j LiL, e’é, 1/%) is a compact notation for all SM fermions and the hypothetical
right-handed neutrino in a single column vector of Weyl spinors. The index ¢ denotes the
generation. So far this Lagrangian describes only massless states. Since we encounter also
massive particles in Nature we need to take their masses into account. In the following we
will review two mechanisms to spontaneously break the electroweak symmetry. In each
case, gauge boson masses are generated through the Higgs mechanism where the gauge
vectors W* and Z eat a Nambu-Goldstone boson (NGB), originating from the symmetry
breaking, to obtain their longitudinal component and hence a mass. The discovery of
a Higgs-like scalar particle at the LHC has added a crucial piece of information to the
exploration of the electroweak sector and, although it still has not completely settled
the mechanism of EWSB, the data shows a strong preference for a Higgs embedded in a
linear SU(2)r, doublet.



Chapter 2. Effective Lagrangians for the Higgs boson

2.1.1 The linear o-model

In the linear realisation, the physical Higgs field, h, is embedded with the three Goldstone
bosons, 71,9, T3, in a complex field

g moimo ) [ (2.3)
_ﬂ U+h+’i7‘(’3 o TO ’ -

transforming linearly, as a doublet with hypercharge Y = 1/2, under SU(2)y x U(1)y.
The potential for this Higgs doublet

V(H) = —p*HH + X (H' H)2 (2.4)

has, for u? > 0, a local maximum at the origin and its minimum at HTH = v? = 2u2/\.
The physical Higgs field h thus acquires a vacuum expectation value (vev) which is
conventionally given by v = (\/iG F)71/2 = 246 GeV. The ground state of the Lagrangian
turns out not to be invariant under the full gauge group but to preserve its subgroup, the
electromagnetic U(1)g whose generator is given by the electric charge @ = T3 4+Y. The
non-zero Higgs vev is responsible for the spontaneous breakdown of the gauge symmetry
and, at the same time, for the generation of the gauge boson and fermion masses. The
Higgs kinetic term

Ly = (D,H) D'H (2.5)

generates mass terms for the gauge bosons and a mass mixing between the W3 and B
through the covariant derivative

O.CL

Dy, =0, —igW,T" — igYB,,, T = 5 - (2.6)

Rotating the neutral sector to the mass eigenstate basis

A, =sin OWWS +cosOw B, , @)
2.7
Z,, = cos 9{/[/1/1//‘;3 —sinfw B, ,

where 0y denotes the weak mixing angle given by tanfy = ¢'/g, and defining I/Vui =
(W;} T Wg) /ﬂ gives the masses

921)2 m2 _ (92 —{—g’2)v2
4 z 4 '

miy = (2.8)

The photon, as the generator of the preserved symmetry, remains massless. Fermion mass
terms are generated through Yukawa couplings of the form

£ ==X (QY) Ha) — 30 Hou) +he., (2.9)

10



2.1. Dynamics of electroweak symmetry breaking

where i, j are generation indices and H¢ = ioo H*. The \’s denote the Yukawa couplings.
The quark mass matrix is thus predicted explicitly in terms of the vev as

1 1
d __ d u u
Lepton masses arise analogously. Note that no neutrino masses are generated in the SM
at the level of dimension-4 operators. The right-handed neutrino is a possible beyond the
SM extension to explain the recently observed, small neutrino masses (see for example
Ref. |57] for an extensive review).

Using the expression of the weak mixing angle leads to the following relation among the
charged and neutral masses

2
_ Mw
m? cos? Oy

p=1. (2.11)

In the limit ¢’ — 0, the masses become equal. This is a consequence of the SO(4)
symmetry of the Higgs potential in eq. (2.4) which depends only on the combination
H'H = 1/2 (n? + 73 4+ 3 + h%). SO(4) is isomorphic to SU(2) x SU(2)g of which
SU(2)r, and the third component of SU(2)r are gauged. To make this symmetry structure
more explicit, we can define

H = (ic’H*,H) , (2.12)

transforming as H — UEHUR under SU(2);, x SU(2)gr, where Uy, and Ug are the
respective independent transformation matrices. The vacuum is only invariant under the
diagonal, custodial, subgroup SU(2)r+r where U, = Ug. Wi transforms as a triplet
under SU(2)z, and therefore preserves the custodial symmetry. It is instead broken by ¢’
since only the subgroup corresponding to 7% of SU(2)g is gauged. The limit ¢’ — 0 hence
decouples the custodial breaking, implies equal masses for W+ and Z and consequently

degenerate gauge bosons. As before, masses are generated from the Higgs kinetic term
Lg=1/2Tr ((D“’H)T DuH) through the covariant derivative

DyH =0, H —igWiT H +igHT* By, . (2.13)

2.1.2 The non-linear o-model

The Higgs boson is not necessarily a crucial ingredient for EWSB as we will discuss in
this section. In fact, we can decouple h from the complex doublet by increasing its mass
and integrating it out. What remains is the field

P =/ (2.14)

11



Chapter 2. Effective Lagrangians for the Higgs boson

where we replaced v by Fy for later convenience, transforming non-linearly as
o — UL dU},, (2.15)

under the partially gauged SU(2)r, x SU(2)g. This Goldstone field has its analogue in
QCD where it originates from the breaking of the chiral SU(2) x SU(2)r symmetry to
its diagonal subgroup by the QCD vacuum (@u +dd) # 0. At the confinement scale Aqcep,
the condensate becomes energetically favourable and breaks the symmetry spontaneously
to SU(2)r+r. Switching on SU(2)r x U(1)y gauging implies that also the electroweak
symmetry is broken. In the case of QCD, the pion decay constant F, would have to be
identified with the experimentally measured f; ~ 92 MeV which would lead to gauge
boson masses of ~ 30 MeV. QCD alone is therefore not a viable option for electroweak
symmetry breaking, in contrast to a scaled-up version of QCD, which would become strong
near the scale of EWSB. Such theories are usually called technicolor,! (for a detailed
review see for example Ref. [60]). Consider the technifermions ¥y, U1, U% transforming
as (N,2)o, (N, 1)1, (N,1)_1 under SU(N)rc x SU(2)r x U(1)y respectively. At a scale
Arc, they condense into a vacuum (&ZLw@ # 0 and break SU(2)r x SU(2)r/SU(2)1+R-
The pion decay constant is now numerically equal to the Higgs vev of the previous section
F; = v and reproduces the correct gauge boson masses.

Since EWSB does not pose any problems, we can construct an effective Lagrangian
including a light CP-even scalar particle transforming as a singlet under SU(2)1, x SU(2)g,
which, by some abuse of notation, we call h. This choice of CP is both motivated from
the theoretical point of view (it follows for example in minimal composite Higgs theories),
and supported by the results on the Higgs couplings obtained by the LHC collaborations.
Such a construction does not assume that h is part of an SU(2), doublet, nor does it
make hypotheses on the strength of its interactions, as long as it is weakly coupled at
energies of the order of its mass. It is thus completely general and applies as well to the
case where h is a Higgs-like impostor not directly involved in EWSB. The Lagrangian is
constructed by expanding in the number of derivatives and classifying the various terms
according to the number of h fields. The expression obtained in this way extends the
EW chiral Lagrangian [61-63] to include the light state h. At O(p?) in the derivative
expansion, the bosonic part of the effective Lagrangian thus reads [64-67|

1 2 h K2 h3
L= 5 (&)#h)2 —V(h)+ %Tr (D#qﬂDmp) < -+ 2a— + b 5 +b3— 3 ) , (2.16)

with the potential for A
1 2 3 4
V(h) = thh +ds <2 >h +dy <8 2>h , (2.17)

and a, b, b3, d3, dy are arbitrary dimensionless parameters. The dots stand for terms of

!Technicolor was initially introduced in Refs. [58, 59].

12



2.1. Dynamics of electroweak symmetry breaking

higher order in h. Now we see that the kinetic term for ® generates the gauge boson
masses in eq. (2.8). This is most easily understood in the unitary gauge where ® = 1
and the covariant derivative is given by eq. (2.13). The fermion masses of eq. (2.10) are
reproduced from the fermionic part of the Lagrangian

o N (a0 g0 h Nu )
_—EZ(ZLL L)<I><1+cv+...> 10 +he., (2.18)
2V} 1)

with the notation used in eq. (2.9).

The SM Higgs of section 2.1.1 can be reproduced for the parameter choice a = b =
ds = dy = ¢ = 1 while all higher-order terms vanish. This corresponds exactly to the
Lagrangian obtained by substituting the linear doublet

H:é@(vih>, (2.19)

into Higgs kinetic term and potential and thus mimics the linear representation of
SU(2)r, x SU(2)r. The dilaton couplings are instead characterised by the relations
a="b% by =0 [68-73].

2.1.3 Implications of experimental evidence

The currently available measurements indicate that the properties of the newly discovered
scalar particle are SM-like. In fact, so far no significant deviation from the SM predictions
have been found. This has profound implications for NP scenarios. Firstly, potential
deviations from the SM in form of higher dimensional operators involving a linear doublet
have to be small to be compatible with experiments. Secondly, in the parameterization of
a non-linear o-model, data fixes all free coefficients a, b, ds, ¢, ... to be close to their SM
value 1. Concrete relations and constraints among the parameters will be discussed in
the following section.

One piece of experimental evidence is particularly interesting in order to compare the
linear and non-linear realisations. Figure 2.1 shows the fitted Higgs couplings to the
7,b, W, Z, t versus their respective masses. The dashed black line depicts the SM prediction
of these couplings. For leptons and quarks the linear relation between Yukawa coupling
and mass can be easily understood from eq. (2.9). Since in the unitary gauge H is simply
given by h + v, the slope is predicted to be v~!. Analogously, we find the same relation
for gauge bosons when plotting the square root of the hV'V coupling, gpyy = 2m%/ /v,
divided by 2v, versus the mass. As anticipated the combination on the ordinate axis
simplifies to the weak coupling, g/2. In conclusion, the linear o-model permits a precise
prediction of the Higgs couplings to fermions and gauge bosons which furthermore agrees
with the data within 1o uncertainty. The non-linear realisation, on the contrary, does

13



Chapter 2. Effective Lagrangians for the Higgs boson

19.7 o (8 TeV) + 5.1 fb' (7 TeV)
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Figure 2.1 — Fitted Higgs couplings presented as the Yukawa couplings hff of 7,b,t and the
square root of the hV'V coupling, grvv = 2m3, /v, divided by 2v for W, Z versus the corresponding
particle mass are shown. The dashed black line depicts the SM prediction of the couplings in a
linear o-model. The green and yellow bands show the 69% and 95% C.L. bands. The figure is
taken from Ref. [9] (for a similar fit see also [74]).

not allow for any prediction. In fact, the ratio of Higgs coupling to the mass depends on
the, a priori arbitrary, parameters a and c. Instead of predicting a relation, the best fit
to the experimental measurements allows one to fix a and ¢ close to their SM value 1 in
which case the two descriptions coincide. Although the non-linear o-model can not be
ruled out, since in some limit it coincides with the linear o-model, the data clearly points
towards the doublet structure of the Higgs and its linear implementation.

2.2 Effective Lagrangian for New Physics effects

While the SM is a renormalizable theory, it is necessary to go to non-renormalizable theories
in order to describe physics beyond the SM. This is commonly done by considering the
SM as an effective theory. The effect of heavy New Physics can be included in the effective
Lagrangian description and parameterized in terms of higher dimensional operators and
deviations in the SM couplings. In the following section, we want to discuss the different

parameterisations and the relations among them.

2.2.1 Higher dimensional operators

The possible effects of New Physics living at a high mass scale m,, well above the weak
scale myy, can be parameterized in a general and model independent way. If the New
Physics mass scale is parametrically larger than the energy scale at which we want to
probe it, like the collider’s centre of mass energy, the heavy new states can be integrated

14



2.2. Effective Lagrangian for New Physics effects

out. This results in an effective Lagrangian expansion in powers of E/m, which can be
organised according to the dimensionality of the operators

Lg=Ls+Ls+Ls..., (2.20)

consisting of SM fields and their derivatives only. £4 defines the dimension-4 operators
of the SM, while Lg, Lg and higher orders describe BSM effects suppressed by powers
of m2, m%, etc. respectively. Hence, the higher the dimensionality of the operator, the
larger the suppression by inverse powers of m, and thus, the smaller the NP effect. The
dominant NP effects are encoded in Lg. The only 5-dimensional operator that can be
constructed is of the form (I_LEH ) (L H), where L denotes the left-handed lepton doublet,
and violates lepton number [75]. This operator was introduced by Weinberg [76] to
explain a Majorana mass for neutrinos. To comply with current bounds the suppression
scale must be ~ 101 GeV giving negligible effects for current collider searches. Similarly,
baryon or lepton number violating dimension-6 operators must be suppressed by scales
~ 1016 GeV to guarantee bounds from proton decay, making also those operators irrelevant
for the LHC.

In general, the low energy effective Lagrangian coming from a heavy NP sector is of the
following form

4 D H v
[:eff = mig*ﬁ #, g ) 9\13/2 ) (221>
9% My My ms

where g, is the typical coupling strength among the states of the new sector which is
assumed to lie in the range g < g« < 47 to ensure the perturbative expansion to hold.
The various powers of couplings and the mass cutoff follow from simple dimensional
analysis according to the mass and A dimensions given in Table 2.1. H and ¥ are
characterised by the couplings gg and gy respectively. If g, is a strong coupling, and
g, gu ~ O(gx«), the particles are strongly coupled and can be interpreted as composite
states in a composite Higgs model, while a weak coupling of order g identifies them as
elementary states. For all elementary states, the kinetic term violates the power counting
since it would assign a smaller coefficient (g/g«)? than required. A canonically normalised
kinetic term must therefore be added explicitly to eq. (2.21). This is reasonable since the
elementary kinetic term does not originate from a strong sector and exists independently.
The transverse gauge bosons are always taken as elementary particles coupling weakly
to any other state [77]. Experimental measurements have shown that gauge fields and
light fermion generations are largely elementary, thus their mixing with the composite
sector is extremely small |78, 79]. The Higgs as well as the top quark are often assumed
to originate from a strong sector and to couple strongly to its states.

Equation (2.21) generalises the power counting introduced in the SILH Lagrangian in
Ref. [80] where H is taken to be composite (i.e. coupling with strength gy = g.) and all
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Chapter 2. Effective Lagrangians for the Higgs boson

dimension
scalar field ¢ | [n=[L]!
fermion field ¢ | [hE[L)E
vector field A, | [A] 5[0
mass m (A 0 [L] -
gauge coupling g | [A72[L]°
quartic coupling | A | [B]7[L]°
Yukawa coupling | vy [h]_% [L]°

Table 2.1 — Mass (as [length]™!) and & dimensionalities of the classical SM fields and
couplings for ¢ = 1 but A # 1. This follows trivially from the dimensionality of the
quantum mechanical action [S] = h when & is restored.

fermions elementary (gg = ¢) from the beginning. If the Higgs is strongly coupled, a
simple yet crucial observation is that any additional power of H costs a factor g./m, = 1/ f
while any additional derivative instead is suppressed by a factor 1/m..? If the light Higgs
interacts strongly with the new dynamics, g, > 1, then the leading corrections to low-
energy observables arise from operators with extra powers of H rather than derivatives.
This remark greatly simplifies the list of important operators.

The list of dimension-6 operators has been discussed at length in the literature [81-90],
for recent reviews see Refs. [91, 92|. There exist various bases for the dimension-6
operators related by field redefinitions, or equivalently, the classical equations of motion.
In the following we will adopt the basis discussed in Refs. [80, 92| which has several
advantages. Firstly, it captures the effects of a well motivated set of New Physics models
in only a minimal number of operators. Universal theories, for instance, describing those
models whose low energy effects can be encoded solely in higher dimensional operators
consisting of SM bosons, can be captured by only 14 operators corresponding to the
14 coefficients parametrising all possible NP effects. Composite Higgs models without
partial compositeness (as explained in section 3.2) are an example of such models. If the
elementary fermions couple to the strong sector, also fermionic operators are induced.
Potentially complicated, linear combinations (as would be needed for example in the basis
of Ref. [90]) can be avoided. The operators in this basis are furthermore directly related
to experimentally measured quantities which simplifies the procedure to set bounds on
the coefficients [79]. Secondly, under reasonable assumptions, this basis allows one to
distinguish operators arising from tree and loop level diagrams when integrating out the
heavy, minimally coupled particles. The dimension-6 operators fall into the following
three categories [80, 92].

2Extra powers of the gauge fields are also suppressed by 1 /m. as they can only appear through
covariant derivatives in minimally coupled theories.
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2.2. Effective Lagrangian for New Physics effects

Tree level operators with extra powers of Higgs fields or SM fermions. Op-
erators in this first category are built from products of SM bilinears. They appear by
integrating out heavy scalars, fermions or vectors at tree level and contain extra powers of
Higgs fields or SM fermions thus contributing additional powers of gi and gg. According
to the power counting in eq. (2.21) and Table 2.1, these operators can be parameterized
by

.
Li=) g:50i, (2.22)
i1 *

where the coefficients ¢;, contain only ratios of couplings (e.g. i /g« and gy /gs). This
implies firstly, that the 1/m? suppression is attenuated for composite particles through
the strong coupling gr, gy < 47 in the numerator. These operators can thus give the
largest effects in the strong coupling regime. Secondly, elementary particles coupled by g
exhibit an additional suppression (gs/m+)* (9/g+)%. It can therefore be concluded that
operators of this category are not important for weakly coupled states. In fact, only those
operators are included in the first category that are enhanced in the strong coupling limit.

The bosonic operators with additional powers of the Higgs field can be written explicitly
as

o 2
Op == 0,HP)®, Op= % (HTDMH> . Op=\H, (2.23)

N =

where A is the quartic coupling which appears in front of the marginal operator (H'H)2.
We defined HTB#H = H'D,H — (DMH)TH and the covariant derivative is given by
eq. (2.6) with Y = 1/2. Using the equations of motions for the gauge fields, the
seemingly independent operator O, = |H|?|D,H|? can be eliminated. In addition to the
bosonic operators, there are 30 independent fermionic operators — for each family — listed
consistently in Table 2 of Ref. [92]. For future reference, we will report here only those
CP-even operators that can be constrained by electroweak precision measurements as
discussed in section 2.3. In particular, this implies that we omit to write four-fermion
operators that do not affect the precision observables.® Moreover, we omit CP-odd and
dipole (or one-loop) operators which are suppressed by small SM Yukawa couplings under
the assumption that the NP sector respects minimal flavour violation (MFV) [94]. The

3Using agar, mz and mw as SM input parameters and not (as typically done) G allows one to study
four-fermion operators in complete separation [93].
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remaining operators are*

Oy, = vulHPQrHug, Oy, = valHPQLHdR,

Oy = ye|HP’LLHeg,

o = (HD.H) (ryun) o4 = (iH'D.H) (dry"dr) .

0y = (zHTD H) (erter) ,

of = (H'DuH) (Q11"Qu) . oy = (iH'D,H) (Lir*Ly) |

O = (iH'oDuH ) (QuroQr) , OF" = (iHlo*DyH) (Liyo®Ly) |
(2.24)

where H = ioo H*. The hermitean conjugates of the above operators are understood to
be included in the analysis. Since light fermions are typically considered as elementary,
these operators are not relevant due to the additional (g/ g*)2 suppression.

Tree level operators with extra derivatives. Analogously to the first category,
these operators are generated from tree-level exchanges of heavy particles and consist of
products of SM bilinears. However, they also contain additional powers of derivatives or
gauge fields. Their suppression is thus 1/m?2. If a canonically normalised gauge field is
involved, the suppression is further enhanced by the weak gauge coupling. The general
contribution of these operators to the effective Lagrangian is

EQ _ Cig

i2

(912 . (2.25)
The bosonic operators can be written explicitly as

Ow = %(HT ) H) D'We,, Op = %(H%“H)@”BW,

1 1

O2W = *5 (D;LW;LIV)2’ O2B = *5(6;13“1/)2’ (226)
1 2

O = D) (DuGﬁV) J

where A is the adjoint index of SU(3). There are furthermore six fermionic operators
which are all suppressed by two SM Yukawa couplings [92]. The basis is redundant since
operators of the first category are related to operators in the second by the equations of

“For the complete list see Table 2 of Ref. [92].
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motion

' To.a - _ g0
Dywﬁu =1igH 7DuH + QZJ; fL7’7qu )
R 7 . (2.27)
0" By, = ig/ Y H' Dl + ' (Y] frvafu + Y Frofn) -
f

In particular, Op and Oy can be traded for a combination of operators from the first
category. Keeping the redundancy is nonetheless useful at this stage. An appropriate
choice can be made for each specific scenario. Consider, for instance, the case of composite
Higgs and fermions, where operators from the first category will have a coefficient g2/m?2.
By the equations of motion, this can be translated into an enhancement of cpw = g%/ q?
in Opw compared to the native expectation of category two. Since composite fermions
affect Op w, it would be convenient to work in a basis with fermionic operators instead of
Op,w. For elementary Higgs and fermions, on the contrary, no enhancement is expected
and the coefficients c¢p - are of order one. Including Op y can therefore be convenient.

One-loop operators. Operators in this category arise from one-loop diagrams in
renormalizable theories involving heavy fields. Their coeflicients are consequently expected
to be loop suppressed

Ly=>" —50i; (2.28)
is *
2
where the prefactor includes the one-loop suppression k;, = #c%. Explicitly, the

CP-even bosonic operators are

Opp = g2|Hf*BuB", Oc = g2HPGH,G,
Opw = ig(D“H)Ta“(DVH)W/fV, Oyp = z'g/(D“H)T(D”H)BZV,
1 1
Osw = SrgeareWi" Wy, W', Osc = 59ufancW W, W fapc.

(2.29)

There is an analogous set of six CP-odd operators where one field strength in each
operator is replaced by its dual F/w = €upoFP? /2. In addition, there are eight fermionic
operators in this category which are not only one-loop suppressed but also include a factor
of the Yukawa coupling. Since these operators can not be constrained by electroweak
measurements, we do not report them here (see Ref. [92] for the full list).

We are thus left with 14 independent bosonic operators shown in egs. (2.23), (2.26) and
(2.29). To complete the basis there are additional 44 operators for each family of SM
fermions, some of which are listed in eq. (2.24). The redundancy of the basis lies in
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five operators which can be eliminated by the equations of motion of the gauge fields.
Therefore five operators, chosen by convenience, can be discarded. Adding, on the other
hand, the six CP-odd operators one remains with 59 independent dimension-6 operators
encoding NP effects. 20 of them can be severely constrained by electroweak precision test
and results from Higgs physics.

There will be an even greater number of dimension-8 operators giving more suppressed
contributions to the Higgs couplings. As described in more detail in Appendix C.1, there
are only two dimension-8 operators which modify a, b, b3, ds and are of relevance in the
following

/A4 4)\ 4
O = L2 |HPO,[HPMHI?, 05 = -0 (at), (2.30)

where the coefficients ¢; and cg are expected to be of order 1.

2.2.2 Higgs couplings

Some of the O(1) coefficients of the dimension-6 operators, in particular ¢y and c¢g, control
the Higgs couplings a, b, b3, d3 at order (v/f)?. Under the assumption of h being part of
a doublet, the Higgs couplings of eq. (2.16) are thus correlated and functions of a smaller
set of parameters. To relate the coefficients we need a field redefinition of the form

. Uz ’()2 h2 U2 U2
hoh 4 <_4CH + (et - 26}1)1”) TP (_CH e CIH)"Q) (2.31)
h3 v? v |
+Mﬂp<4%+ﬂ%%_&mﬁ>'

After canonically normalising the Higgs field, corrections of order (v/f)* to the Higgs
couplings are induced. The expressions for the couplings at O(v*/f4) thus read

P A
2 f2 8 4 )T
2 3c 4
b= 1o (3= B 7
; , \ (2.32)
b — deg v” 14cH_2, vt
3 3 f2 3 H Iz
e\ v? 15¢2, 5y cecm 3¢k v
dy = 1 S e _ 2% 2% o) L
’ +(Cﬁ 2>f2+<8 12 2 ) g

Any deviation of the couplings a, b, d3 from their SM values implies the energy growth
of some 2 — 2 scattering amplitude whose strength can be parameterized in terms of a
“running” coupling g(+/s) at a given center-of-mass (c.0.m.) energy /s. For example, the
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couplings a and b control the strength of the interactions in 2 — 2 processes among 7’s
and h. Under the assumption of SO(3) custodial invariance, the scattering amplitudes
read

A(ﬂ'“wb — 7Tc7rd) = A(s, t,u) 675 + A(t, s,u) 696 + A(u, t,s) 59%6%,  (2.33)
A(T['aﬂ'b — hh) = Apn(s,t,u) 6%, (2.34)

A(ﬂ'aﬂ'b — TI'Ch) = Apr(s,t,u) e, (2.35)

where s,t,u are the usual Mandelstam variables. As implied by the equivalence theo-
rem [95, 96|, at high energy each of the above amplitudes equals one in which each external
7 is replaced by the corresponding longitudinal vector boson (7t — Wf, 70 — Z1) up to
m3, /s corrections. From the Lagrangian in eq. (2.16), at leading order in the derivative
expansion, it follows A(s,t,u) = (1 — a?)s/v? and App(s,t,u) = (a®> — b)s/v%. In both
these cases the scattering amplitude defines a coupling strength

S 2

A2 —2) = by = (9V5), (2.36)

where we indicate by dy, both a? — 1 (for 7m — 7m) and a®? — b (for 7w — hh). A
measurement of the VyVy — ViV and ViV, — hh (V = W, Z) scattering rates at a
given centre of mass energy /s thus corresponds to the measurement of an effective
coupling g(y/s), characterising the strength of the EWSB dynamics. The effective
coupling g(+/s) grows with energy so that perturbativity, and with it the validity of the
effective Lagrangian, would be lost at the scale /s, where g(,/ss) ~ 4m. A reasonable
expectation is then that new states will UV complete the effective Lagrangian at a scale
my < /S« The new states would expectedly saturate the growth of the effective coupling
to g« = g(my) < 4m.

2 — 2 scattering processes with an odd number of NGB. In the case of the
scattering mm — mwh, Bose and crossing symmetries imply that the function Ap(s,t,u) is
antisymmetric under the exchange of any two Mandelstam variables. As a consequence, the
lowest-order contribution to Ay, (s,t,u) arises at O(p%), that is Apy o< (s —u)(u—1t)(t—s),
in accordance with the fact that there exists no local operator at the level of two and
four derivatives giving a vertex with three 7’s. The corresponding scattering amplitude,
ViVr — Vph, is expected to be suppressed by a factor (s/m?2)? compared to that of
ViV — Vi Vi, hh, and is thus not a sensitive probe of the Higgs interaction strength
at energies below the scale m, of New Physics. In fact, the absence of an energy
growth in the 7w — mh amplitude could have been anticipated on the basis of a simple
symmetry argument. The request of custodial invariance fixes the global coset to be
S0O(4)/S0O(3), which is a symmetric space. The grading of its algebra, under which all
broken generators and thus all NG bosons change sign, is an accidental symmetry of the
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Chapter 2. Effective Lagrangians for the Higgs boson

O(p?) Lagrangian (2.16) °
Prr: (x) —» —7%(x), h(z) = h(z). (2.37)

Any process with an odd number of 7’s, including 77w — wh, must thus vanish at leading
derivative order. Furthermore, although Ppp is generically broken at O(p*), it turns
out that none of the Prr-odd operators with four derivatives contributes to 2 — 2
processes [97]. In absence of custodial symmetry, on the other hand, the global coset
is SU(2) x U(1)/U(1) rather than SO(4)/SO(3). This is not a symmetric space, and
there is no grading symmetry which forbids vertices with three NG bosons at O(p?). In
particular, the operator [Tr(®'D,,®03)]?h contains the term h 73 (7 i, 7~), which
gives A(mTn~ — m3h) oc (t — u). In practice, the experimental results on the Higgs
couplings obtained by the LHC collaborations already set tight limits on possible custodial
breaking effects [98-100] and thus on the energy growth of V7V, — Vrh. These new
constraints are not surprising given the very strong constraint on custodial symmetry
breaking provided by electroweak precision tests at LEP /SLC/Tevatron.

One might ask whether the amplitude of the process VrVy — Vi h, with one transversely
polarised vector boson, grows with the energy and thus probes the Higgs interaction
strength. By virtue of the equivalence theorem, at high energy this coincides with the
amplitude of Vpm — 7h, for which a naive power counting would suggest A ~ gy/s/v. A
direct calculation, on the other hand, reveals that the energy-growing term cancels after
summing all relevant diagrams, thus implying A(Vym — wh) ~ ¢3(v/+/s). © Eventually,
the leading contribution to VV — Vh comes from the scattering amplitude with two
transversely polarised vector bosons, A(VrVr — Vih) ~ g%, which makes it clear that
this process cannot be used to probe the Higgs interaction strength. Incidentally, notice
that there is no analog cancellation in the scatterings with zero or two Higgses and one
transverse vector boson, that is: A(Vpm — hh) ~ (a® — b)gy/s/v and A(Vpm — 7o) ~

(a* = 1)gv/s5/v.

2.3 Electroweak precision tests

2.3.1 Current constraints on higher dimensional operators

Electroweak precision data refers to a set of high precision measurements from LEP I and
II, SLC, Tevatron and further low energy experiments that probe SM observables to a
very high precision and thus allow one to infer constraints on NP parameters through their
indirect effects. Following Ref. [79], we discuss the current constraints on the dimension-6
operators introduced in the previous section. The five redundancies due to the equations

5 It coincides with parity up to a spatial inversion: P = PyPrg, with Py : {Z— —Z,t = t}.

5The cancellation follows from the fact that all the diagrams have the same dependence on the Higgs
couplings, namely they are all proportional to a. Since in the SM limit ¢ = 1 the amplitude cannot grow
with the energy, by continuity this implies that the same holds true for any a.
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2.3. Electroweak precision tests

of motion are used to eliminate the operators Oawop2¢ and OlL, (’)(L3)l. The constraints
can be classified according to their strength.

Z-pole measurements at the per-mille level. Deviations in the weak gauge boson
propagators and their couplings to fermions can be constrained at the per-mille level by
Z-pole observables from LEP I and SLC [101]. In the leptonic sector, the constraints can
be set on T’ (Z — ZLlL), r (Z — ZRZR) and I" (Z — vr). These quantities are modified
by the three dimension-6 operators proportional to cr, c‘t, c%, where c‘i/ = (ew £ c¢B) /2.
Performing a x? fit (for details see Ref. [79]) sets the following bounds at 95% C.L. on
the three coefficients.

2 2

%CT € [-5,1] x 1073, ";Vgc¢ € [-6,0] x 1073,
) * (2.38)
% € [-5,00x 1073,

f

LEP I can constrain only the combination cyy 4+ cg. The orthogonal combination cy — cg
thus represents a so-called blind direction of LEP I. It can however be constrained by
trilinear gauge coupling measurements, as show in the following.

Bounds on hadronic operators originate from Z-pole measurements and the extraction
of GF from quark-lepton weak interactions at the low energy experiment KLOE and
B-decays [102]. In addition, the high energy cross section gg — Iv accessible at the LHC
[103] can be used. Combining this data yields the following bounds

v’ V2 (3)g

Fc% € [-1,4]x1073, B € [~7,4] x 1073,

v? “ _3 v2 d 5

IR [-8,0] x 1077, ph € [~53,1] x 1073, (2.39)

2
Fcz% e [-7,13] x 1073,

where ¢ = (¢ + C(Lg)qg)/Q.

Trilinear gauge coupling measurements at the per-cent level. Trilinear gauge
couplings (TGCs) were accessible at LEP II and the Tevatron through di-boson production
processes such as ete™ — WTW ™ and are currently probed at the per-cent level [104].
Although the LHC is not yet competitive, the next run of the LHC should be sensitive
and improve the current measurements. In the SM, TGCs arise from the non-abelian
structure of the field strength in the gauge kinetic term

Lin = = W, W' Wi, = 0,W, = 0,W, + ge I WIWS (2.40)
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Chapter 2. Effective Lagrangians for the Higgs boson

Consequently, the TGCs are of the form geijkalLWlfW“j WvE where the Levi-Civita
symbol implies couplings between the W, W~ and a neutral boson Z or v after EWSB.
Interactions between three neutral fields are not present in the SM. The couplings are given
by the electric charge e for the YW W ™ coupling, and eg/g’ for ZW W ~. Dimension-6
operators can give corrections to these SM values and are already constrained by current
precision measurements of the couplings. The extracted limits are [79, 105]

m2 _ _ _ m2 B
—mV;’ (cy + Kpy) € [—4.4,6.6] x 1072, m—vgngv €[-5.5,3.9] x 1072, (2.41)

where /ﬁsv = (kgw £ kEB)/2. The coefficient xp;, affects the Higgs branching ratio
into Z~.

Higgs measurements. Recent LHC measurements of Higgs production and partial
decay widths into bb, 77,7y and Z~v can constrain further indirect NP effects

mQ mQ

—kae € [-0.8,0.8] x 1073, W kpp € [-1.3,1.8] x 1072,

my my

) (2.42)

W?”ZV € [-6,12] x 1073,

while operators such as cy and c¢g remain unconstrained for the time being. Despite the
stringent constraint, the bound on sz, corresponds to the latest experimental bound on
the h — Z~ branching ratio at 10 times its SM value [106, 107]. This is thus the only
process which still allows for large deviations. Considerable improvements are expected
with the next run and more precise measurements of the LHC.

2.3.2 Current constraints on the Higgs couplings

The coupling a is indirectly constrained by the precision tests of the EW observables
performed at LEP, SLD and Tevatron, and directly measured in single Higgs processes
studied at the LHC. However, there is currently no significant constraint on the couplings
b and ds as these can be measured only through double Higgs processes.

The sensitivity of the EW observables on a arises at the 1-loop level only through the
Higgs contribution to vector boson self energies. © This is the leading effect, two-loop
corrections are small and thus negligible. Compared to a few years ago, the information
that comes from the EW fit has sharpened [108-111]. This is mainly due to the value
of the Higgs mass being now precisely known experimentally, so that a global fit can be
used to extract the Higgs coupling to vector bosons directly, but also due to the new

and more precise measurement of the W mass from Tevatron. For example, compared

"The 1-loop Higgs contribution to the bbZ vertex is suppressed by y? and thus negligible.
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to the average of Tevatron and LEP measurements myy = (80.425 £ 0.034) GeV used
in the 2006 final report on EW tests at the Z pole [112], the current world average
mw = (80.385 + 0.015) GeV [101] has an error smaller by more than a factor 2. As a
matter of fact, among the various observables sensitive to the Higgs coupling a, my is
the one which leads to the most precise determination [111]. Focusing on the 1-loop Higgs
contribution to the vector boson self energies, the dependence on a can be straightforwardly
derived from that on my at a = 1 [45]: the b-quark forward-backward asymmetry A% B
prefers values a < 1, while the leptonic asymmetries A; and myy favour values slightly
larger than 1. Overall, the global fit of a is dominated by my due to its small uncertainty,
with the other observables individually playing a minor role. By using the results from
the GFitter collaboration [108], we find that in absence of additional NP contributions to
the EW fit, the Higgs coupling is expected to lie in the interval 0.98 < a? < 1.12 with
95% of probability. A similar result has been recently obtained by Ref. [111]. This is
an extremely strong bound which seems to disfavour Higgs compositeness as a natural
solution of the little hierarchy problem, in particular its realisations through compact
cosets where a is always reduced compared to its SM value (see for example eq. (3.7)).

To better understand this result it is useful to perform a two-dimensional fit in terms of
the Peskin-Takeuchi S and 7' parameters [113, 114]. Tt is well known that modifying the
Higgs coupling to vector bosons compared to its SM prediction leads to a logarithmically
divergent shift in these two parameters, with AS > 0 and AT < 0 [45]. For mg = 125 GeV
and a = 1 the theoretical point lies slightly outside the 68% contour, and by decreasing a
it moves further outside the experimentally preferred region, following a trajectory almost
orthogonal to the probability isocontours. Thus, small reductions of the coupling a have
dramatic impact on the fit. Values a > 1 are less constrained but also theoretically less
motivated, as they require either non-compact cosets (like for example SO(4,1)/S0O(4)),
or a sizeable tree-level contribution from a scalar resonance with isospin I = 2 [115, 116]. ®
If one excludes these more exotic theoretical scenarios, one concludes that sizeable NP
contributions to the EW observables, in particular to the vector boson self energies, are
required to accommodate ~ O(10%) shifts in the Higgs coupling a.

A negative and large AS can follow from loops of fermion resonances [117-120]. A sizeable
and positive AT could also be generated by the 1-loop exchange of composite fermions,
in particular the top partners. For example, if both SM top chiralities couple with the
same strength to the strong dynamics, one naively expects AT ~ €y?/(1672) (see for
example Ref. [80]), which shows that it is possible to obtain AT ~ a few x 1073 for
& ~ O(10%). Corrections of this size would dramatically modify the range of a preferred
by the EW fit, especially if accompanied by an additional AS < 0. For example, by
assuming AT = +1.5 x 1073 (with no extra AS), we find that the 95% interval on
the Higgs coupling becomes 0.70 < a? < 0.92. It is thus interesting to see under what
conditions models can accommodate such corrections while satisfying all other constraints,

8The latter possibility can be directly tested experimentally, since the I = 2 multiplet includes
doubly-charged scalars which can be produced and observed at the LHC.
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in particular on the Zbb vertex, and investigate what their predictions for the production
of the top partners are at the LHC. The first analyses that appeared in the literature
seemed to indicate a generic difficulty to obtain positive AT [45, 121-123]. However, a
more detailed exploration of the full parameter space in a broader class of models has
shown that there is more freedom in accommodating a positive and sizeable AT while
keeping corrections to Zbb under control [119] (see also Ref. [124]).

One might wonder if a modified value of a can be helpful in relaxing the tension of the
b-quark observables A% p and Ry. 9 In fact, as we already pointed out, all the observables,
including those related to the b quark, depend on a mainly through the 1-loop contribution
of the Higgs to the vector boson self-energies. As a consequence, any NP correction
to a cannot lead to an effect restricted to the b-quark sector, but will propagate to all
observables. Notice also that excluding Al}; p from the fit pushes a towards larger values,
which are even more problematic from the theoretical viewpoint, although the effect is
small. It is thus clear that the existence of a tension in the b observables does not lead to
any room for relaxing the strong bound on the Higgs coupling a. Yet, the fact that in a
fit to the couplings of by, and by to the Z the SM point lies outside the 95% probability
contour (see Refs. [110, 111, 126]) might indicate that the contribution from NP states is
already at work.

Apart from possible NP effects, the fit of a is strongly sensitive to the value of the W
and top quark masses. We have already stressed that my dominates over the other
observables. Its current experimental measurement is ~ 1.20 larger than the one preferred
by the EW fit, if it goes down in the future also the central value of a will diminish.
The strong dependence on the top mass originates from the 1-loop correction to the
p parameter, Ap = AT m?Gr, which we have seen has an important impact on a.
In this regard one must notice that the error reported in the current Tevatron average
my = (173.18 + 0.94) GeV [127]| does not include the theoretical uncertainty on the
definition of the parameter extracted from the event kinematics in terms of the M S mass.
If one instead adopts the larger error o; = 2.8 GeV that follows from measuring the M.S
mass directly from the ¢t cross section [128], one finds that the uncertainty on a increases
by a non-negligible amount [111]. While these issues have to be considered to make a
precise determination of the Higgs coupling, the overall picture which emerges from the
EW fit seems quite robust: O(10%) decrease in a require sizeable NP contributions to
the vector-boson self energies.

2.3.3 Oblique parameters

A particular subset of the electroweak precision data constrains deviations in the vacuum
polarisations of the SM gauge bosons, the so called oblique corrections, which were

By including the two-loop calculation of Ry performed by Ref. [125], the pulls of A%y and R, are
respectively +2.7c and —2.10 [111] (see also [108] for similar results).
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especially well experimentally accessible at LEP through 2 — 2 fermion scattering. The
oblique parameters have been initially introduced in Refs. [113, 117, 129] and were
discussed in detail in the literature, see for example Refs. [114, 130, 131]. They can be
conveniently quantified in terms of the effective Lagrangian [132]

1 | _
L = =W, Tls(p") W — 2 Bullog (p*) B — W Tls0 (p*) B — W TLe (p)WH™ . (2.43)
The various form factors are then expanded in powers of p?
4
TI(p2) = T1(0) + p*IT(0) + %H”(O) . (2.44)

From the 12 parameters at O(p?), three of them can be absorbed in the definition of the
SM parameters

1 1
02| exp = —4114(0) —|  =114(0), — | =1I),(0). (2.45)

Two further relations among the zeroth-order coefficients follow from the massless photon:
I1,,(0) = IIyz = 0. We are hence left with seven free oblique parameters

2 g 2 H33(0) — 110 mg mi
§ = fmyo), 7 - OBy o Mg, w - "3mo)
w
m2 ~ m2
X = SHR0), U = M0) —14(0), V. = =& (I5(0) — IIL(0)).
(2.46)

The second line consists of the same linear combinations of form factors as the first line
with additional derivatives. These oblique parameters are thus associated to dimension-
8 and 10 operators whose effects are negligible compared to dimension-6. Since each
derivative contributes a suppression factor of 1/m., the second line is suppressed by
powers of myy/m, with respect to the first and can therefore be neglected. Consequently,
we remain with the four oblique parameters given in the first line of eq. (2.46) which
constrain NP effects in the gauge boson propagators. Their relation to the S and T
parameters introduced in Ref. [113] is simply

43124/ - N 1 . .
S=—"5~1195, T=—"T=129T. (2.47)

OEM OEM
Note that 7" breaks the custodial symmetry SU(2)g x SU(2)z. Generally, S and T
describe NP related to electroweak symmetry breaking involving the Higgs field while Y/
and W are Higgs independent and related to new structures in the heavy sector, such as
additional heavy vectors as we will show explicitly in section 6.2, but also fermions or
scalars (see for example Ref. [133]).
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In the SM, the leading contributions to S and T’ can be computed from the various
1-loop corrections to the gauge boson correlators. Three different loop diagrams, with
NGBs, the Higgs and the top running in the loop, contribute to the vacuum polarisations
as depicted in Fig. 2.2 [134]. Since T is expected to be proportional to the custodial
breaking parameter ¢’, the computation can be performed in the gaugeless limit, g = 0,
and it suffices to consider diagrams with external NGBs only. It is important to note
that this is not an application of the equivalence theorem since we are interested in the
form factors at zero momentum. Furthermore, this small number of diagrams is sufficient

3 mixing vanishes [135]. Otherwise, more

only in an R¢-gauge where the kinetic B, —
diagrams with explicit mixings would have to be taken into account. In particular, it is
most convenient to work in the Landau gauge (£ = 0) where the NGBs are massless. The

explicit computation of the NGB and Higgs loops in Fig. 2.2 gives

2 2
Sop = g log M« ) _ 9 a® log UL ,
967['2 mw 967‘(’2 mp
(2.48)
T 39/2 lo M + 39/2 210 1T
= _— a —_—
SM 3272 08 my 3272 & mp )’

where m, is the cutoff of the loop integrals and can again be associated to the scale of
NP. As anticipated T is proportional to the custodial breaking parameter ¢’. Note that
we take a possibly modified coupling of the Higgs to vector bosons and NGBs through
the parameter a into account. Subleading corrections of order O (m%,[, / m,%) have been
neglected in the above expressions. However, they explain the slight bend in the curve
describing the effect of the Higgs mass in the (S* T ) plane [134]. The apparent logarithmic
divergences in the above equations can be recast into

2 2
Ssypy = g log Mth + g (1 — a2) log M R
967T2 mw 967T2 mp, (2 49)
T 39/2 | mp, 39/2 (1 2) | M .
= ——— 10 R — — —Q (o) _
SM 3972 08 mw 3272 & mp )’

where now the first term, usually referred to as the IR contributions to the oblique
parameters, is finite and the Higgs mass can be interpreted as the cutoff value of the
divergent loop integral while the second term involves the factor 1 — a? which vanishes
for a SM Higgs boson with a = 1. Hence in the SM, the logarithmic divergence cancels
between the two diagrams. For modified Higgs couplings this is, however, no longer true
and a logarithmic dependence on the cutoff scale arises. Finally, the top gives the leading
contribution in the fermion loops as shown in Fig. 2.3

2 2
& _ g my
Sor = g 1% <m2Z> °
3gm? (2.50)
T t
Hiop 64m2m?2,
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Figure 2.3 — The leading top loop contribution contribution to S (left) and 7" (right).

Note that current fits are usually centred around the SM value, i.e. the top and NGB
contributions have been subtracted such that only NP effects have to be taken into account.
The following contributions to the oblique parameters arise from the dimension-6 operators
of the effective Lagrangian

2 2,2
~ m ~ g.v
W
S = (CW+CB)72, T = CT*Q,
e e
, : (2.51)
m m
W = CQW7V2V, Y = 0237‘/;/.
m
* *

The S and T parameters have been very precisely constrained in recent fits [108, 111]
while W and Y have not been updated [114]. The current constraints are

€ [-0.59,1.09] x 1073, T € [-0.54,1.32] x 1073,
(2.52)
S

S
w [-0.7,9.1] x 1073, Y € [-4.7,—-0.7] x 1073.
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81 The Minimal Composite Higgs
Model

In the past decade a realistic framework has emerged [40-46| in which the Higgs boson
arises as a pseudo-Nambu-Goldstone Boson (pNGB) from the spontaneous breaking of a
global symmetry G, of a new strongly interacting sector, to a subgroup H. These models
have two crucial advantages over plain technicolor models. Firstly, the presence of a light
Higgs boson allows the parametric separation between the G — H breaking scale f and
the electroweak symmetry breaking scale v. This alleviates the tension of technicolor
models with electroweak precision tests [136]. Secondly, the flavour problem of technicolor
can be greatly improved by the implementation of partial compositeness [137] discussed

in more detail in section 3.2.

3.1 The Goldstone and gauge sector: a Higgs as a pNGB

Nambu-Goldstone bosons. The simplest realistic realisation of the composite Higgs
idea is represented by G = SO(5) x U(1)x and H = SO(4) x U(1)x. The U(1)x factor
is needed to obtain the correct hypercharge, ¥ = T}% + X, for the SM fermions. This
breaking pattern satisfies the two conditions of a viable model. Firstly, the SM gauge
bosons gauge a subgroup SU(2)r, x U(l)y C SU(2)r x SU(2)g ~ SO(4) C G. Secondly,
G/H contains one SU(2)r, doublet which can be identified with the Higgs doublet. The
coset space of SO(5) x U(1)x/SO(4) x U(1)x contains a quadruplet of NGBs h? = (7%, h)
transforming as a 4 of SO(4), three of which are eaten by the SM gauge bosons while the
fourth is the physical Higgs boson.!

Let us outline the symmetry breaking pattern in more detail. The global symmetry G
is broken spontaneously to the subgroup H at a scale f. Simultaneously, the couplings
of the elementary fields to the strong sector (discussed in section 3.2) break the global
symmetry G explicitly and generate a potential for the Higgs which is calculable in specific

!There are just two custodially symmetric cosets yielding only one complex doublet of Goldstones:

SO(5)/SO(4) and SO(4,1)/SO(4).
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models and whose general structure is sketched in section 3.2.2. The potential aligns the
non-zero vacuum along a particular direction inside the coset. Four NGBs arise in the
breaking and can be encoded in the Goldstone boson matrix
,ﬂth@>

VY 9y

; (3.1)

U(h) = exp (
where T are the broken SO(5)/SO(4) generators (see Appendix A.2 for their explicit
expressions). Notice that U(h) is an orthogonal matrix transforming as [138|

U(h) — gU(R)h(g,h)™ Y,  geG, heH. (3.2)

U(h) can be used to turn irreducible representations of G into irreducible representations
of H. Moreover, we can use U(h) to construct the 5-vector parameterising the NGB fields

1 T

i(h) = U(h)%o = Uss(h) = sin; <h1,h2, h%, h*, hcot ’}) , (3.3)

transforming linearly under SO(5), i.e. ¥(h) — g X(h). The vacuum configuration is given

by ¥ = (0,0,0,0,1) and we defined h = /(h?)%2. X is the SO(5) vacuum that preserves

SO(4)', i.e. the subgroup that embeds the complete SM gauge group SU(2)r, x U(1)y.
Notice, however, that the true vacuum, given by

T
Y= (0, 0,0, sin ﬁ,cos h) , (3.4)
o

preserves a different SO(4) # SO(4)" which overlaps with SO(4)" only in one generator
for the electromagnetic subgroup U(1)g. The true vacuum corresponds to eq. (3.3) in the
unitary gauge. The misalignment between the two vacua is parameterized by the angle
6 = (h)/f which is determined dynamically in the breaking. We can distinguish two cases.
For # = 0, no vacuum expectation value is generated and the two vacua coincide. This is
the case because the partially gauged SO(4)" coincides with the preserved SO(4) and the
EW symmetry remains unbroken. The vacua of SO(4)" and SO(4) are only misaligned
for # # 0, when the EW symmetry is broken by the dynamically generated non-zero vev
v = fsinf. Also the gauge group is spontaneously broken at the same time as G/H. To
consider the different limits let us also define the parameter?

v? .9
fzﬁzsm 0>0. (3.5)
The limit € — 0 corresponds to the SM since NP only comes in at such high energies,
f — oo, that its effects are negligible. Instead, & — 1 describes the maximally broken,

technicolor case where v = f. The physical Higgs field decouples at linear order from the

ZNote that for SO(4,1)/S0(4) it would be ¢ = —v?/f* < 0.
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electroweak sector as can be seen explicitly from the Higgs couplings in eq. (3.7). In this
case, the technicolor vacuum of the remaining NGBs, introduced in section 2.1.2, breaks
the electroweak symmetry. A composite Higgs model thus interpolates between the two
breaking mechanisms.

The chiral Lagrangian at O(p?) can be simply written as

f2

Lo = 3(DHE>T(D“E),
= 1(a h)2+f—2Tr(D ®)! (D ®) sin? <9+h> .
oo 4 s )

such that my = gf/2sinf. To construct the O(p?) chiral Lagrangian, it is most
convenient to use the covariant CCWZ variables discussed in appendix A.1. Equation 3.6
reduces to a particular case of eq. (2.16) where

a=+\1-€, b=1-2¢, bgz—ggm—g. (3.7)

once the sine is expanded. Further expanding the above relations to O(£2), eq. (2.32)
with ¢y = 1, ¢j; = 2 is reproduced. The expression for d3 depends instead on the form of
the Higgs potential, which is model dependent since it requires some explicit breaking
of the Goldstone symmetry G. For example, in the minimal composite Higgs models
with the elementary fermions embedded in 4 or 5 of SO(5), MCHM4 and MCHMS5 of
Refs. |41, 43], one has

1-2¢
1-¢&’
from which ¢g = 1, cg = 5/4 in the MCHM4 and ¢g = cg = 0 in the MCHMS5 follows.

MCHM4 : ds =+/1—¢, MCHMS5 :  d3 = (3.8)

The fact that at O(v?/f?) the couplings a, b, b3 are affected by only one operator [80],
whose coefficient ¢y can always be redefined away by a proper redefinition of f (for
example it can be set to 1), has an important consequence.® Since the predictions of any
coset G/H must match those of the SILH Lagrangian at low energy, this implies that
the expressions of eq. (2.32) are universal at first order in v?/f?, i.e. they are the same
for a pNGB and for a generic scalar. At order v*/f*, instead, the couplings a, b, b3 are
modified by two operators, whose coeflicients are thus related by a specific relation for
any given coset G/H; for example, the coset SO(5)/SO(4) implies ¢ = 2c. One can
thus distinguish the case of a generic SILH, where ¢}; can have any value, from that of a
pNGB Higgs.

3Note that custodial symmetry is crucial for this argument since otherwise two dimension-6 operators
would contribute at O(v?/f?).
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Gauge bosons. The bosonic sector of the theory comprises not only the Goldstone
bosons of the SO(5)/SO(4) coset but also the gauge bosons of the SU(2);, x U(1)y
SM gauge symmetry. We expect the elementary gauge bosons to couple linearly to
dimension-3 conserved currents of the strong sector, as discussed below eq. (3.13). Upon
integrating out the heavy degrees of freedom of the composite sector these G-breaking
interactions will generate an effective Lagrangian for the gauge bosons which can be
used to derive the gauge contribution to the Higgs potential. The most general effective
action for the SM gauge fields can be derived under the assumption that the full global
symmetry of the strong sector G is gauged. Working in Landau gauge, at the quadratic
level in momentum space, this SO(5) x U(1) x invariant Lagrangian is given by

£ = S P [T (p) AX 1AV 4 T (p) Tr[ A A”] 4 Ty ()57 A# 45 (3.9)

where P,Sty) = Ny — Dubv/ p? is the transverse projector.” We identify the SM gauge bosons
among the SO(5) x U(1)x ones according to

Asr =W, AR =AY =B,  ARPR=A=0. (3.10)
Using these relations, the effective Lagrangian for the SM gauge fields becomes
1 1
Ll =P iwaﬂnabwbu + W3F4BY + §B“HOOB” , (3.11)
where the form factors are related to those in eq. (3.9) by

2
S
Moy = H0+H§+Z"H1,

2

S
Hog = —Zhﬂl, (3.12)
Sh
Iy = dup <H0+4H1).

where we used the shorthand notation s, =sinh/f.

3.2 The fermionic sector: partial compositeness

The degrees of freedom, whose elementary nature is well probed (the light quarks and
leptons and the transverse polarisations of the gauge bosons), are external to the strongly
interacting sector and they communicate with it only through linear couplings of the

form

Lmix =gAT" +AqO0+ ..., (3.13)

4Notice that 3T AY = 0.
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3.2. The fermionic sector: partial compositeness

where J is a global current of the strong sector which is gauged by the SM vector bosons
A, and O is a fermionic operator (assumed to have a scaling mass dimension 5/2) [139].
The couplings of the elementary fields to the strong sector break the global symmetry
G explicitly and generate a potential for the Higgs. The largest contribution to the
pNGB potential comes typically from the interactions generating the top quark mass.
The Yukawa for the top quark arises from the coupling of the elementary qr, and tg to
the strong sector according to the pattern sketched above in eq. (3.13)

Loix = Anf qLO% + Arf tRO% + h.c., (3.14)

where f is the sigma model decay constant and O stands for fermionic resonances of mass
my, in the low energy theory (their naive dimension is now 3/2). Dimensional analysis
ensures the leading contribution to the top Yukawa to be

ALAR

Yt ~ y 3.15
Iy ( )

where 1 < gy ~ my/f < 47 is the typical coupling among these fermionic resonances. We
wish to distinguish this coupling from the one among the vector resonances, g,. Notice that
gy can be naturally smaller than g, due to an approximate chiral symmetry. So far, both
couplings were jointly referred to as g,. The dimensionless parameters e, g = A r/ gy
determine the degree of compositeness of the various SM fields ranging from 0 (elementary
state) to 1 (composite state). Furthermore, flavour changing neutral currents arising
through four fermion interactions (falling in the first category of dimension-6 operators
introduced in section 2.2.1) which have been problematic in traditional technicolor are
now of the form

AN ARA;

; 3.16
ind o

and thus strongly suppressed by four powers of the elementary-composite mixing.

Deep insight into the structure of the Higgs potential is obtained by exploiting the
symmetry properties of eq. (3.14). As the strong sector obeys a global symmetry G the
operators O and O! can be classified according to their transformation properties under
G.° Furthermore when both interactions in eq. (3.14) and the SM gauge interactions
are switched off, the action for the elementary fields is invariant under an independent
SU(2) x U(1) group, with charges corresponding to their SM quantum numbers. The
couplings Az, and Ag break this large G = SU(2) xU(1) X G to the gauged SU(2), xU(1)y
vector subgroup. It is however possible to assign spurious transformation properties to

5The fact that G is spontaneously broken to a subgroup H does not affect this statement as the
Goldstone bosons from G — H can be used in the definition of @7 and O in order to make them
transform linearly under G.
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the As, promoting them to s, in order to make eq. (3.14) formally invariant under G
Luix = L a3 (A)FOL + F1RARTOR +hic.; (3.17)
a and [ are irreducible SU(2) x U(1) and G indices respectively.

When both the strong sector and the high energy fluctuations of the elementary modes
are integrated out the resulting effective action will respect the spurious G symmetry.
SU(2) x U(1) invariance implies that, for instance, at leading order in Ay only the
combination Xy ;g; = (S\LS\L)[@)J will enter the Higgs potential. The same argument
constrains the form of the A\p contribution.

X1, r transform spuriously as reducible representations of G: Xrgy =5, X 7.~ Combining
X with the Goldstone matrix U in eq. (3.2) according to their transformation properties
we can construct non-linear G invariants, I;(h/f), which depend non-trivially on the
pNGB h. The structure of the potential will thus be [80]

V() = VRN (p)f) 4 VEPN () f) 4

= i (52)" (0w + w5 ) .19
+f2md, (%)4 (e2f1(2>(h/f) ¥ ) T

where

i.e. each of the functions F is a sum of the non-trivial G invariants which can be
constructed at a given order in € and h. eq. (3.18) allows us to determine how EWSB
occurs. Generically we expect the one-loop, leading order ]_-1(1) contribution to be dominant.
As the various F are expected to be O(1) functions of their argument, some degree of
cancellation among the ¢; is necessary to obtain a small enough ratio & = (v/f)? which is
crucial for a realistic phenomenology. In the absence of other cancellations, this irreducible
tuning of a composite Higgs model can be quantified by ¢ itself.

For certain choices of the operators O%¢, the leading contribution to the Higgs potential,
.7-"1(1), contains a single invariant at O(e?). This happens for instance in the simplest case
in which both O7 and O! transform as a 5 of SO(5) where

62]:1(1) = c1€%s5 (3.20)

with s, = sinh/f, and only a discrete set of values is available for £. In order to be
able to tune £ < 1, it is necessary to suppress the coefficient of the leading order term
in eq. (3.20) to be of the same order as the O(e*) subleading contribution which will
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3.2. The fermionic sector: partial compositeness

contribute with the new independent functions of h/f
AFY = (e26?) 53 (1—s7) . (3.21)

In other words we need ¢; &~ co€? and the tuning is worsened to & x €2. The simplest situ-
ation that avoids this peculiar behaviour corresponds to the O% being the 14 dimensional
(symmetric and traceless) representation of SO(5) and O! being a singlet. This choice
defines the MCHM4 [48]. In the MCHM4, already .7-"1(1) contains two invariants and a
viable EWSB can be achieved with the minimal amount of tuning.

To study the consequences of this model beyond simple dimensional analysis the calcula-
bility of the Higgs potential is a crucial property. A 4D realisation of the MCHM14 has
been obtained in Ref. [48] using Weinberg’s sum rules to ensure calculability.® Collective
breaking, used in Ref. [47], led to the same result. In this section, we follow the original
approach of Ref. [41] studying a holographic realisation of the MCHM;j4 where calculabil-
ity is related to locality in an extra dimension. The only difference between our approach
and the original holographic approach to composite Higgs models is the 5D metric, that
we choose to be flat and not AdSs.

The remainder of this section is organised as follows. In section 3.2.1 and 3.2.2, we clarify
the role of symmetries and dimensional analysis in the structure of the Higgs potential of
the MCHM4. We recall the general features of holographic composite Higgs models in
section 3.3 and describe the setup leading to the MCHM 4 in detail. In section 3.4, we
compute the Higgs potential and study the dependence of & and my, on the parameters of
the 5D model. Here we study the spectrum of the fermionic resonances, their relations
with the Higgs mass and the tuning of the holographic implementation. In section 3.5 we
summarise and conclude, sketching some possible phenomenological implications of the
model.

3.2.1 A composite Higgs with ¢, € 14 and tp € 1

We assume the existence of fermionic operators O € 14, /3 and 0L €1, /3- The subscript
refers to the U(1)x charge.” According to partial compositeness these operators couple
to the elementary fermions through linear mixings

Lomix = Anfq7Tr [Pg@%] + Arf t%PﬁO% + h.c.. (3.22)

SFor an extensive discussion of the use of generalised Weinberg’s sum rules in general composite Higgs
models see Ref. [49].

"Notice that our choice of the representations of the composite operators mixing with the top sector
do not generate dangerous corrections to the Zbrbr, coupling thanks to a Prr symmetry [140, 141]. In
this section we do not discuss the implementation of SM fermion masses apart from the top quark since
their effect on the Higgs potential is subleading. However, the model can be extended in order to generate
a mass for the b-quark without introducing large corrections to the Zbrbr, and Zbrbr couplings. These
will be generically proportional to the mixing angles in the bottom sector which can be small consistently
with the generation of the small b mass.
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Chapter 3. The Minimal Composite Higgs Model

To make contact with eq. (3.17), we define A = A Pp and analogously A = ArPg
where A, and Ag are numerical coefficients describing the mixing strength between the
elementary states and the composite sector. Both P; and O, are taken to be 5 x 5
matrices transforming as

0,9 0,9 P—g'Pg, gecSO®5). (3.23)

ais an elementary SU(2) index. eq. (3.22) is formally invariant under a spurious symmetry
group G = SU(2) x U(1) x SO(5) x U(1)x if one assumes

gL = (2,2/3,1,0), 0,=(1,0,14,2/3), P, =(2,—-2/3,14,-2/3),

(3.24)
th=(1,2/3,1,0, O,=(1,0,1,2/3),  Pp=(1,-2/3,1,-2/3).
The spurion P} is given by
1 0%
Pp =3 v, (3.25)
et
with
T =(0,0,i,—1), #?T = (i,-1,0,0), (3.26)
while Pr = 1. The explicit expression for the matrix 14 = ¢7 Pf* is thus
ibr,
by
1 ,
wq = 5 ZtL . (327)
—tr,
by, —bp ity —tg

Once the strong sector is integrated out the resulting effective Lagrangian for the light
degrees of freedom has to respect the full spurionic symmetry which implies that q7 and
tr will only enter through the combinations 14 and vy = tg. The relevant terms in the
most general effective Lagrangian are thus

Lot = TGTr [ pabg] + 5, B
HANSTD, g% + 115 (S75,%) § (ST,%) (3.28)
+ M 2T, Y + hee.

where TIJ, I}, TI7, 112, MY are p?-dependent form factors that we will determine in the
complete 5D theory in section 3.3 (the explicit form in 5D can be found in Appendix
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A.3.2). In terms of ¢1, by, and tp the Lagrangian in eq. (3.28) becomes
,C(J:H = HbLELﬁbL + HthLﬁtL + HtRfR]thR - (HtLtRELtR + h.C.) s (329)

where the form factors are related by

I = II§ + 2102,
e = Hg + 1 (1+c) + Misicr, (3.30)
me = II, '
IIiLtr = M{Shch,
with sp, =sinh/f and ¢, = cosh/f.
eq. (3.29) is sufficient to extract the top quark mass:
Mt 2 Mt 2
mi =g ‘q {sier 7.2 2 %§|t1‘Q' (3.31)
(Y + 10§ (1+ ) + Mdsici) " IHTIg

Here the form factors are evaluated at p = 0 which neglects effects of order m?/m?2. where
mr is the mass of the fermionic resonances in the strong sector. In the last equality
we assumed the existence of a hierarchy II{,II < II. As we will explain below this
assumption is guaranteed by partial compositeness.

3.2.2 The Higgs potential

As the couplings of the elementary fermions and gauge bosons break the global symmetry
of the strong sector, integrating out their high energy modes at 1-loop or higher order will
generate a non-vanishing potential for the Higgs boson. At 1-loop the calculation is the
one of Coleman and Weinberg in Ref. [142|. The gauge contribution to the Higgs potential
is obtained starting from eq. (3.9). After rotation of the form factors to Euclidean space

we obtain
Vy(h) 3/d4pE 2log (1 + > A0 | jog (14 22 2o + 115 (3.32)
= . og — .
9 2 ) (2m)? 4 I 4 10 o+ 11¢ /]
where p% = —p? is the Euclidean momentum. The explicit expression of the form factors

in a 5D model is obtained in section 3.3. Similarly, the fermionic contribution to the
Higgs potential follows from eq. (3.29)

d 4

Viep (h) = —2N, / (zp? [mg (HbL) +log (pQEHtLHtR n \HtLtR\Q)} , (3.33)
m

where again all form factors are functions of the Euclidean momentum pg. The convergence

of the integrals in eq. (3.32) and eq. (3.33) depends on the details of the model. In the

holographic case the form factors turn out to be exponentially decreasing functions of pg,

while the convergence is only power-like in discretised models.
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To extract the structure of the Higgs potential we use again the relations II; < Iy and
7, 113 < II¥ that allow us to expand the logarithms and write the non-constant part of
the potential as

V(h) = aci + Bsici = (B — a)ss — Bsh . (3.34)

The coefficients v and § are given by

3 [ dpp I 200 + IO / d*pp 1§
a=—= — 1+ ——L_ | -6N, —L 3.35a
4 / (2m)* 1l 2 (IIo + IIg) ‘) (@2n)*I (3.352)
d4pE Hq ’M{/‘Q
B = —2N, / =2 _ 1. (3.35b)
°J (em)* \II§ pETIGTIG

The potential in eq. (3.34) has a minimum for

Ve <<h>> _fB-a (3.36)

2 f 2
corresponding to a physical Higgs mass
2 2
2 a” — B 83
my =2 =——£(1-¢). 3.37
h ,BfQ f2 5( 5) ( )

Assuming the gauge contribution to be subleading we can estimate the expected size of
a and ( using spurionic symmetries and dimensional analysis [141]. The Lagrangian in
eq. (3.22) is formally invariant under the spurious symmetry group G described in the
Introduction. As the composite sector and the high energy fluctuations of the SM fields
are integrated out, the Higgs potential has to satisfy the spurionic symmetry G with its
SO(5) subgroup being non-linearly realised. Since no non-trivial invariants can be build
out of AgpPr which does not break SO(5), this structure will not enter the potential. For
AL Pf there are two possibilities

3
(UTPEP] U)ss =TPePl v =1-

I

57,
4 (3.38)
Iy = (UPM)ss5(UTP] U)ss = (ST PEX)(XTP] %) = sich.

Both invariants can be generated at 1-loop order and are proportional to )\%. The leading
contribution to the potential will thus be of the form

4 42

V(h) = Ne———5—5 (a1li + azl) , (3.39)
167 9y

where a1, az are coefficients of order 1, and my, = gy f is the typical mass of the fermionic
resonances cutting off the UV divergences in V' (h). As a; is naturally of the same order
as ao, a given value of ¢ requires a cancellation of order £ among the parameters. The
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Higgs mass, on the other hand, is given by

2 2
m3 ~ No o I8 20 ool (1 - €) ~ (380 GV (%) fasl. (3.40)

T A\g €p N 4
This implies that, to obtain the measured value of the Higgs mass in a natural way,
we need eg ~ 1 (in which case tg would be a fully composite state), a small g, and
|ag| ~ O(1) or a suppressed quartic coupling |az| < 1. This second possibility will increase
the tuning from & to & x |ag| if it is obtained through cancellations between the two pieces
in the expression of 5 in eq. (3.35). These considerations must be taken with a grain of
salt. While the parametric behaviour of mj, as a function of the various parameters is a
solid prediction, the overall normalisation of eq. (3.40) is only an educated guess. In a
specific model, numerical factors of order 1 can conspire to make |ag| somewhat larger
or smaller than 1 in a completely natural way. In the former case the tuning needed to
obtain a light Higgs boson would be enhanced while in the latter it would be reduced.
We will show an effect of this kind in our specific example in section 3.4.

3.3 The 5D construction

In order to make quantitative predictions from our setup we need a framework where
the Higgs potential is calculable. In this section we follow the holographic approach
where finiteness is ensured by locality in an extra dimension. This follows from the
AdS/CFT correspondence [143], where a strongly coupled 4D theory can be related to a
weakly coupled theory in a slice of 5D anti de-Sitter (AdS) space (for detailed reviews see
[144, 145]). For simplicity, and as justified in the next paragraph, we define our theory in
a compact extra dimension R* x [0, L] with a flat metric

ds? = nydatdz” — dz?, (3.41)

and with L=! = O(TeV). To compute the effective action for the light degrees of freedom
we follow the holographic prescription as described in Ref. [146] where the fields at one
boundary are separated from the bulk degrees of freedom. The bulk obeys an enlarged
gauge symmetry SO(5) x U(1)x and is broken to the SM gauge group at the UV brane
and SO(4) x U(1)x at the IR brane. Elementary fields are mostly localised in the UV
while composite particles, including the Higgs boson and right-handed top quark, live
on the IR brane. By integrating out the bulk, an effective holographic Lagrangian for
the boundary fields can be obtained. Form factors are computed in terms of boundary
to boundary 5D propagators. The scalar degrees of freedom arise as the fifth gauge
field component in so called gauge-Higgs unification models [40, 147]. In this case, the
scalars correspond to pNGBs of the 4D theory. For a detailed analysis of the holographic
techniques and gauge-Higgs unification in a flat extra dimension see Ref. [148].

One may question the use of the flat metric in our construction: extra dimensional models
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require warping in order to properly address the hierarchy problem. It is known however
that it is possible to mimic the low energy behaviour of a theory in warped space (AdSs
in particular) by a theory formulated in a flat extra dimension with suitable terms added
to its action [149-151]. This is enough to implement features like partial compositeness
in flat space. In a warped theory these properties would follow automatically from the
dual 4D interpretation.

In Appendix A.3 we give all the formulas which are necessary to implement our model
also on an AdSs background.

3.3.1 Gauge degrees of freedom

The bulk theory obeys a gauged SO(5) x U(1)x symmetry® corresponding to the action
SY = —/d%:/Ldz [1Tr[F2 ]+i (Fpy )2 (3.42)
5D o L |4g2 MN 1% MN) | - :

The gauge symmetry is broken to SU(2)r, xU(1)y in the UV (z = 0) and to SO(4)xU (1) x
in the IR (z = L) by the boundary conditions [150]

ar, _ par _ X __ a __ _

F“L _FM?_FM_O’ AZ—O, z=1L, (3.43)
_ 3r — AX _ 1r2R _ pa _ _ '

AjL =Wg, AR = Ay = By, AR = Ay =0, z=0

The z = 0 values of the 5D fields are used as interpolating fields (holographic fields) in
the low energy theory.

The bulk gauge symmetry has to be gauge fixed. A useful gauge to adopt is the one in
which As vanishes along the extra dimension. This is reached by a rotation of the gauge

fields by the Wilson line

z
g(z,z) =P [exp (z/ dz'A%(:v,z')T“)] , (3.44)
0

where ‘P’ stands for path ordered exponential and T are the SO(5) generators. The
issue with g is that it does not reduce to an element of SO(4) on the IR boundary. This
problem can be bypassed by enlarging the gauge group at z = L through the explicit
introduction of Goldstone bosons. The IR boundary conditions in eq. (3.43) are therefore
redefined in terms of the rotated field

A = U (A +ion)UT, (3.45)

8The gauged symmetry includes colour S U(3) which we do not write explicitly.
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where U is the matrix in eq. (3.1) and

(A @y =0,  (FO) (1) =0, (3.46)
M 2}
This corresponds to an SO(5) gauge transformation by the matrix U. Thanks to the
transformation properties of U the IR boundary conditions are now invariant under the
full SO(5) group and eq. (3.44) can be used to reach the A5 = 0 gauge. It is important
to keep in mind that no new degree of freedom has been introduced in the theory. This
is clear since the new scalars in U can be gauge fixed to zero by an appropriate gauge
transformation on the IR boundary. The dependence of the IR action on U can be
removed through a constant bulk gauge transformation A — AWY As the bulk action is
SO(5) invariant, the effect is merely to move the dependence on U to the UV boundary
conditions which become

Ayu(2,0) = al¥). (3.47)
This rotation will affect all the fields in the theory according to their SO(5) representations
and determine how the Higgs boson enters the theory.

Localised terms consistent with the reduced gauge symmetry can be added on both
boundaries. For the gauge fields we add kinetic terms for the holographic sources

1 9 1
T i R CIE T 4
Sty / m[4g§ (W) 49%( “)} (3.48)

Following Ref. [146] we obtain the effective action for the holographic degrees of freedom.
We solve the classical equations of motion for the bulk fields with the boundary conditions
specified in eq. (3.43) and we get

1 1
S = Stv - /d4$ [29§LTY[AAL35A”] + 2g§(LA,)f<95AX“} : (3.49)

The gauge fields can be split into their longitudinal and transverse parts A, = Aﬁ) + Al(f).
It is easy to show that the solution of the equation of motion for the longitudinal part is

AGD () = 430 (0) (1 . %) . Az =o. (3.50)
The As = 0 gauge is reached by rotating the UV boundary values of the gauge fields as
in eq. (3.47). The residual gauge freedom can be fixed by going to the Landau gauge
Bg) =Wy D — 0. Now the terms in eq. (3.49) corresponding to the longitudinal part of
the broken SO(5)/SO(4) gauge fields deliver the kinetic term for the Goldstone bosons

Lin = — (U9, U)Y. (3.51)

2¢2L?
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Matching its normalisation to eq. (3.6) implies the relation

o2

= ——. (3.52)
L2 gg

From the remaining part of eq. (3.49) one obtains the form factors appearing in eq. (3.12)

O g @ gkL’
2
p°  Il(p)v
M, = = , 3.53
9% gL (3.53)
II —I
m - 9 v(p)2 v(p),
95L

where Iy (p) = ptanpL and Iy (p) = —pcot pL. Using eqs. (3.12) and (3.53) we obtain
for the gauge couplings

11 1 5) 1 11 1 1( 5) 1
9* g g%( 3 29 9% 93 3 i

which also imply g1 ~ ¢', g2 ~ g and therefore g; = goty with ty the tangent of the

weak mixing angle. The first zero of I, in eq. (3.9) corresponds to the W mass. In the
limit go < g5 this is given by

1 g3¢

925 3.55
L2 2g§ ( )

mly

The masses of the Kaluza-Klein resonances can be obtained from the zeros of the form
factors. The first KK partner of the W has a mass, before EWSB, given by

M= = +0 (2. (3.56)
2L Lg?

Also the S parameter is readily computed from eq. (3.9)

§ - 93¢
3(1+g2/93) —¢ 343

S = g%l (0) = (3.57)

One can interpret S as originating from the tree level exchange of the massive KK vectors

2
~ myy,

S~ .
Mie

(3.58)

Notice the factor of 72 mismatch between eqs. (3.57) and (3.58) when eq. (3.56) is used.
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This is due to the sum over the whole KK tower (MI(?I)( ~nm/L) since Y 1/n? = 7%/6.

Substituting the form factors in eqgs. (3.12) and (3.53) into the potential of eq. (3.32) and
assuming go < g5, g1 < gx and gs = gx we can perform the integral explicitly to get

1 63¢(3) 2.\ g3
Volsn) = —Ti5t3 <1+§V éci. (3.59)

Notice that the gauge contribution to the potential gives a positive mass term for the
Higgs and therefore does not break electroweak symmetry [152, 153].

Let us now discuss the role of the UV localised kinetic terms for the gauge fields in a flat
extra dimension [151]. As shown in eq. (3.54), in the absence of these contributions the
kinetic terms of the gauge bosons would come only from the strong sector 1/g? ~ 1/g2.
In this case we would expect no difference between the electroweak bosons and the other
vector resonances of the theory: this is exemplified by the value of S which is of order one
without UV localised kinetic terms. Such a scenario is clearly not viable. The inclusion of
large kinetic terms on the UV boundary is required to ensure that the SM W and Z are
sufficiently weakly coupled to the strong sector. The parameter g/gs can be understood
as the degree of mixing between the elementary gauge fields and the composite resonances
of the strong dynamics.

When the theory is formulated in AdSs space the suppression of the mixing between
the elementary and the composite sector is guaranteed by the curvature of the metric
without the necessity to add localised kinetic terms (see Appendix A.3). The reason
for this is the presence of a warping which makes a clear distinction between the UV
localised (elementary) and IR localised (composite) states: the small overlap of their wave

functions automatically ensures a suppression of their mixing.

3.3.2 Fermionic degrees of freedom

We introduce two bulk Dirac fermions in SO(5) x U(l)x representations:
Uy =145/3 = 13/3 B 493 D 9y/3 and ¥y = 15/3. We work in the massless b quark limit.
To properly account for the b quark mass two further multiplets embedding a ¢, and a
br with X = —1/3 have to be introduced with appropriate boundary conditions. There
is some degree of arbitrariness in the definition of the boundary conditions for the various
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fermionic components. Our choice is the following”

Uy = (P (—+) Yir(+—)) , (3.60)
e (=) O (++)
@ _ [ a.(=+) @ _ [ dr(+-)
Yooy Yo T g Yor =\ ga(--) > (361)
G (—+) P (+-)

where we take the UV boundary values of the T3 = —1/2 components of 1/)((;;4) and of Yy g
as holographic fields. Notice that the boundary conditions on the IR brane commute
with the unbroken SO(4) symmetry. The two multiplets are assigned the bulk masses
My, and My, respectively so that the bulk action is given by

5D = /d4 / (i) + My,) Oql + U, (i) + My,) ¥y, (3.62)

where the factor 1/L has been introduced to ensure the dimensionality of the 5D fermions
to be equivalent to the canonically normalised 4D fields. At this level the only zero modes
are a left-handed SU(2)r doublet, ¢r, and a right-handed SU(2), singlet, wqR), both

coming from V,.

The IR boundary terms allowed by the unbroken SO(4) x U(1)x symmetry at x = L are
given by the sum of four different kinetic terms for the four SO(4) representations plus a
mass mixing between the two SO(4) singlets:

L
SIfR = /d4x/0 dz[ 1¢tLUD¢tL+k'q¢ lm/)qRﬂL k’q%qu lD¢ +kq¢ JZ)%L)

+ (mnﬁ(];@)lﬁ& + h.C.) ] d(z—1L).
(3.63)

The parameter m1; has the dimension of a mass and controls the mixing between the
right-handed component of the singlet inside ¥, and the left-handed component of W;.
This mixing ensures that the holographic source for ¥;r has a non vanishing overlap with
the right-handed zero mode living in W,. This is crucial because the top Yukawa coupling
arises from the kinetic term of W, after EWSB.!"" The parameters k; are dimensionless

9For the decomposition of the 14, /3 representation in terms of SM quantum numbers see Appendix
A.3.2.

Notice that we could have exchanged the boundary conditions of ¥; with those of wil) with little
change in the physics. Another possibility could have been to dispose of the 5D singlet and to use
the UV boundary value of wég as the holographic field. In a model implemented in AdSs space this
possibility requires both the t;, and the tr to couple to the same operator in the strong sector thus
implying A, ~ Ar ~ /yzgy. This is problematic for two reasons: firstly it does not allow us to reach
the limit in which the tg is fully composite thus disfavouring a light Higgs boson; secondly it creates
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3.3. The 5D construction

and control the magnitude of the IR localised kinetic terms for the four different SO(4)
representations. Notice that k! and the combination k{ = kI = k{ are SO(5) invariants.
To simplify the discussion and without losing any qualitative effect we set k{ = kf = 0.
Non vanishing values for k] and k¢ are thus needed to break SO(5) on the IR boundary.
Moreover a non vanishing difference kj — kd is required to break an SU(9 + 4) = SU(13)
accidental global symmetry of the bulk theory under which the fields in the 9 and those
in the 4 rotate as a single multiplet. In the absence of such a breaking the II{ form factor
would vanish: the only contribution to « in eq. (3.34) would then come from the gauge

sector.

As discussed in the previous section for the gauge sector, realising partial compositeness
in a flat extra dimension requires the introduction of UV localised kinetic terms. We
introduce the UV boundary action

L
Sty = /d4x/ dz [Z,qiPqr + Z: qrilPqr) 6(2), (3.64)
0
which contributes to the form factors in eq. (3.30) as

Allf = Z,, Al = Z. (3.65)
Assuming Z, >> 1 implies a hierarchy TI¢ > 119, TT§ which is the one invoked in eq. (3.31)
and above eq. (3.34).!! All interactions of the elementary fields with the strong sector
get suppressed by a factor Z | tl/ ? which can be interpreted as the mixing ez, r = A1, r/gy
between elementary and composite fields (see Introduction). In view of eq. (3.40), to
obtain a composite top right (e ~ 1) we take Z; = 0.

3.3.3 The spectrum of fermionic resonances

In this paragraph we review how the spectrum of fermionic resonances is encoded in the
holographic action for the boundary degrees of freedom. Using the holographic procedure
one can obtain the effective Lagrangian in Fourier space for a fermionic bulk field ¥

U(p) pli(p) ¥(—p). (3.66)

2
a tension with EWPT, in particular with the T parameter, which scales like T~ (4?)2 %f, Although
there is more freedom in flat space, we discard this possibility to make the comparison With AdSs more
transparent.

n flat space we will use the notation Mg = Z, 4 ITd, II§ = Z; 4 IT§ as we do in Appendix A.3.2 to
distinguish the form factors with and without the localised kinetic terms. Notice that [T and IT¢ enter in
the Coleman-Weinberg potential of eq. (3.33).

120ther UV and IR boundary terms are needed to ensure that the total variation of the 5D action
vanishes [147]. These terms play a crucial role in the calculation of the 4D effective action and are listed
in Appendix A.3.2.
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The function II(p) contains all the information about the masses of the physical states in
the theory. If the source W is not dynamical (Dirichlet BC in the UV), holography relates
pIL(p) with the two-point function (Oy(p)Oy(—p)) of the operator Oy associated to ¥
in the dual 4D picture. This implies that the masses of the physical states are associated
with the poles of pII(p) (the poles in the two point functions of Oy). If on the other
hand the source ¥ is dynamical, it mixes with the bound states interpolated by Oy and
the masses of the physical states are given by the zeros of pIl(p). In the following we
will have to deal with cases where ¥ is a vector and II a matrix. Here three possibilities
occur. If all the sources in W are non dynamical it is sufficient to consider the poles of any
of the entries in pII(p) as all the states with the same quantum numbers in the strong
sector are mixed. If all the sources are instead dynamical one has to find the zeros of
the various eigenvalues of pIl(p), that is the zeros of their determinant. Finally, in the
intermediate situation in which only a subset of sources is dynamical, it is enough to find
the zero eigenvalues of the sub-matrix corresponding to these fields.

For the model presented in this section, the resonance spectrum before EWSB consists of
various towers labeled by their SU(2)r x U(1)y quantum numbers:

e a 1,3 tower with masses given by the zeros of @ﬁt;
® a 25 tower with masses given by the zeros of p(flg + 2I19);
e a 27,5 tower with masses given by the poles of p(Hg + 211);

e a 9,3 tower under SO(4), decomposing as 35/3®35/3B3_1/3 under SU(2), xU(1)y
with masses given by the poles of pHg.

After EWSB the physical states are organised according to their electric charge:
e a charge 2/3 tower with masses given by the zeroes of
PP (T + T (1+ 6}) + Tied st ) — [M1[2sed,
where the first zero corresponds to the top quark mass;

e a charge -1/3 tower with masses given by the zeros of p(ﬁg + 211%¢3), where the
massless pole corresponds to the bottom quark;

e a charge 5/3 tower with masses given by the poles of p(ﬂg + 2[c?);

e charge 8/3 and -4/3 towers with masses given by the poles of pIIf.

All the form factors appearing in these expressions are given in Appendix A.3.2.
Before closing this section it is important to discuss a crucial feature of holographic
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composite Higgs models, which pertains the relation between the two couplings g, and
gy described in the Introduction. They can be defined schematically by their relation to
the masses of bosonic and fermionic resonances of the theory: m, = g,f and my, = gy f.
While these two couplings can be split in generic 4D constructions [154-156], in a 5D
theory the Kaluza-Klein masses are all set by a single mass scale, L™!. For the coupling
among vectors, using eq. (3.56) for the mass of the first KK state and eq. (3.52), one gets

s

= ——¢-. 3.67
9 =5 /5% (3.67)

The fermionic spectrum and thus the coupling g, are more model dependent. Considering
a 5D bulk fermion with My = 0 whose right-handed component has (4, —) BC we find
again

m

= ——g5. 3.68

9y = 5 7595 (3.68)
Thus in general

9p =9y = G5 - (3.69)

This has an important consequence in view of eq. (3.40) since gy, is now identified with g,,.
Barring accidental cancellations in the quartic coupling of the Higgs and assuming the
most favourable situation of a composite tr (er ~ 1), g, has to be small to accommodate
the observed value of my. This generates a tension with the value of the S parameter
(see eq. (3.57))

. 2 4\?
S ~ gsggg ~ 1073 <051> (gp) . (3.70)

We will come back to this issue in the next section.

3.4 Numerical analysis

In this section we present a numerical analysis of the model focusing on the Higgs potential
and on the fermionic spectrum. We begin by discussing the parametric behaviour of the
various observables we are interested in and later present our numerical procedure.

As we are mainly interested in the composite ti case we first describe the ideal situation
in which Z;, > 1 and ﬁg ~ Z4. The parameters of the 5D model can be related using the
expressions for the weak coupling g, the W, top and Higgs masses. The Higgs potential
has the following parametric behaviour

1  N¢

V(h) = ﬁth({pi}; &)+ Vy(h), (3.71)
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where V;(h) is the gauge contribution given in eq. (3.59). p; is the set of dimensionless
parameters MyL, M;L, mi1L, K}, k%, ki, ki. If we can neglect V, (that is if g5 is suffi-
ciently large) the value of £ can be determined as soon as the p; are fixed. In the limit
g5 > g'3 the W mass is given by eq. (3.55). The top mass can be read off eq. (3.31) and,
in the large Z, limit, can be written as

1
?zpémmm (3.72)

m

where F} is a dimensionless function of the various p;. Our final input, the Higgs mass,
follows from eq. (3.71)

iNcg?, £
L? (4m)% Z,

mpy = Fr({pi})- (3.73)
For a given set of p; it is then possible to fix g5, Z; and L to reproduce the three input
values myy, my and my,.

In order to include the effect of a non vanishing gauge potential and to allow for smaller
values of Z; we scan randomly and uniformly over the parameters p; and over both gs
and Z,. For each point we evaluate £ and compute the ratios m;/my and my/my,. We
discard points which do not fall into the interval defined by

mw = 81 GeV,
148GeV < my < 154GeV'H, (3.74)
120GeV < my, < 130GeV.

We choose the following range for the parameters p;

M,L, M,L : (~2=+2),
mi L (0.3 +2),
KB (022), (3.75)
V7 i 0=,
g5 (1+9).

To simplify the scan we fix k%, k7 = 0 since these parameters are not expected to modify
the qualitative picture as we explained in section 3.3.2. We furthermore restrict mq; to
positive values as it only enters through the combination |m1;]|?.

In order to conform to the general discussion at the end of section 3.2.2 it is necessary to
understand the typical size of the coefficient ag defined in eq. (3.39). To do so we scan
over the range defined by eq. (3.75) and calculate ay without imposing any additional

13These various relations hold with good accuracy as long as gs > 1.5.
MThe central value corresponds to the top quark mass renormalized at the scale p = 1TeV,
m: = 150.7 £ 3.4 GeV.
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Figure 3.1 — Distribution of the values of 1/|az| as defined in eq. (3.40). The parameter range is
the one defined in eq. (3.75). We only keep points with negative as.

requirement. This will give the correct normalisation of eq. (3.39) within our model. The
results are shown in Fig. (3.1). We selected only points in which ag is negative (the
distribution is basically symmetric around 0). The distribution is quite broad but clearly
peaks around \/@ ~ 0.4." Thus, it is more appropriate to rewrite the NDA estimate
of the Higgs mass in eq. (3.40) by factoring out the normalisation of as

m} ~ (150 GV (%) [a, (3.76)
€p \ 4

where now \/@ ~ 1. If the constraints that we impose on the parameter space to obtain

the correct values for € and the top mass do not push as to the right tail of its distribution,

it is clear that the tension of the model with the S parameter will be substantially relieved

compared to the naive expectation.

3.4.1 Results

In the left panel of Fig. (3.2) we show the distribution of points passing the vari-
ous cuts in eq. (3.74) as a function of g,. The grey histogram includes all points for
which my < 400 GeV, while the red distribution requires my, to fall inside the interval
120 + 130 GeV. As expected from the scaling of my, (see egs. (3.40) and(3.76)), g, cannot
be too large and its distribution is peaked between 3 and 4. In the right panel of Fig. (3.2)
we show the distribution of the parameter \/@ as defined in eq. (3.76) and compare it
with the one already shown in Fig. (3.1), taking into account the new normalisation of
|az|. The scan thus selects values with ag ~ 1, that is in its natural range.

15 |a1| has a similar distribution. We have also checked the suppression in the potential does not correlate
with the presence of anomalously light fermionic resonances in the spectrum [157]. This could happen if
this suppression was due to the presence of light top partners cutting of the quadratic divergences of the
Higgs potential at a lower scale.
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Figure 3.2 — Left panel: distribution of points coming from the scan with parameter ranges
given by eq. (3.75) as a function of g,. Grey: points with 115 GeV < mj;, < 400 GeV; red: points
with 120 GeV < my, < 130 GeV; blue: points with 120 GeV < my, < 130 GeV which are consistent
with the electroweak fit at 99% C.L. assuming a 10~3 positive contribution to T. Right panel:
distribution of the values of \/as as defined in eq. (3.39) and eq. (3.76).

We estimate the tuning of the model as follows. Among all points in which the experimental
inputs are reproduced, we pick those satisfying the experimental constraint from the
EWPT. These points represent a fraction of the total, and this fraction is what we denote
as the tuning of the model. This definition measures the size of the region in parameter
space (according to the measure defined by eq. (3.75)) which is left after the various
experimental constraints are imposed. In this way we automatically take into account that
unnatural conspiracies among parameters, which are needed to satisfy the experimental
constraints, occur rarely [158].

Our measure of the tuning differs from the one in Ref. [47] where the more common
definition in terms of the logarithmic derivative of m% with respect to the various
parameters was used [159].10

Requiring the points satisfying eq. (3.74) to be consistent with the LEP electroweak fit at
99% C.L., we remain with the fractions shown in Table 3.1. In this subset, the value of &
is always below 0.04, corresponding to f > 1.2 TeV. Notice that the fraction of points
remaining (~ 5%) is consistent with a measure of the tuning given just by . This is the

16The relation between the two criteria is particularly transparent in Supersymmetry [160]. Here one
can write a simple relation between the soft parameters at the scale at which they are generated and mz:

m% = aM? + bm? — c|u|2.

M and m are the common gaugino and scalar masses at the high scale and a, b, ¢ > 0. The log-derivative
tuning associated to M is given by A = aM?/m%. Notice that in the (z = %, Y= %) plane this can
be interpreted by saying that for a fixed lower bound on Aexp, (implied for instance by an experimental
lower bound Mexp on the gluino mass), the only allowed region of the (x,y) plane is the one bounded by
the two lines ax + by — ¢ = 0 (on which mz vanishes) and ax + by — ¢ = ax/Aexp. For a 2 b this slice
covers a fraction of order b/(aAcxp) of the whole plane. If we randomly scan the (z,y) plane fixing u to
reproduce the Z mass, a fraction b/(aAexp) of points will satisfy the experimental bound M > Mexp.
This relates the criterion we adopt to the one using the local logarithmic derivative estimate.
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Figure 3.3 — Scatter plot in the (§, g,) plane for those points that can be made consistent with
the EWPT at 99% C.L. assuming a AT = 1073. The black lines are the 20 and 30 contours
from the LEP EW fit. Blue lines indicate the suppression in /a3 which is necessary to achieve
my, = 125 GeV according to the NDA estimate of the Higgs boson mass of eq. (3.76). The colour
of the points indicates the mass of the lightest charge 5/3 top partner in the spectrum (see figure).

| EWPT EWPT (+AT =10
% | 4.5+0.4 18+ 1

Table 3.1 — Fraction of points where the experimental inputs in eq. (3.74) are reproduced which
are allowed at 99% C.L. by the EW fit as described in the text.

case because as discussed above we do not need any additional suppression in the Higgs
quartic coupling in order to get a light Higgs mass and to cope with the constraints on

the S parameter.

Before moving on we notice that by artificially adding an additional positive contribution
to T'= 1073 the fraction of allowed points grows from 5% to roughly 18% (see the blue
histogram in the left panel of Fig. (3.2)). This contribution to T, corresponding to one
tenth of the top contribution in the SM, is an optimistic estimate of the corrections
coming from loops of heavy top partners.'”

Figure 3.3 shows the distribution of points in the (¢, g,) plane. We included all points
that can be made consistent with EWPT at the 99% C.L. with the assumption of an
additional contribution A7 = 1073. Red and orange points have a spectrum which
contains a charge 5/3 top partner which is lighter than 800 GeV. Any detailed study of
the experimental status of these points is beyond the scope of this work, nevertheless we
believe that they should be severely constrained by the available experimental searches

"These contributions are finite and computable in our model. See Ref. [42] for a discussion.
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Figure 3.4 — Left panel: Distribution of fermionic resonance masses before EWSB according
to their quantum numbers: 9 in green, 2; /6 in blue and 15,3 in red. Thicker points are those
passing the EWPT constraint. Right panel: mass distributions for the 2; /5 (blue) and 15,5 (red)
SO(4) representations without considering EWPT. The red dashed histograms is the expected
mass distribution from the NDA scaling my = g, f.

[161, 162|. The blue contours show the necessary suppression in /az according to the
NDA estimate of the Higgs boson mass. Fig. (3.3) is puzzling. If we believe the NDA
formula m,, ~ g,f we should expect a much heavier spectrum than what we find in
Fig. 3.3, as g, = 4 and £ = 0.1 give my, = 3 TeV!

The solution of this puzzle is shown in Fig. (3.4). In the left panel we show the fermionic
spectrum before EWSB of all points that reproduce the experimental inputs (thicker dots
are for points also satisfying EWPT). A definite hierarchy mg < ma, , < M2, K M1, ,
emerges from the figure. In the right panel of the same figure we compare the mass
distribution of the SO(4) representations 15,3 (shaded red) and 2, s (shaded blue) before
requiring EWPT. The red-dashed histogram shows the distribution of masses obtained
from the NDA estimate m,, ~ gy f. It is clear that, while the singlet matches reasonably
well with the expectations, the other three SO(4) representations are much lighter.

To understand this behaviour it is necessary to inspect how the top mass is obtained
in terms of the model parameters. Using the approximation in eq. (3.31) and the form
factors in eqs. (A.36), one finds that for large positive My, the top mass is exponentially
suppressed, while for My, <0

m; g  5My,L|

) :
my, 93 Zg+ ele‘I’qukg

(3.77)

Reproducing the correct m;/my ratio thus fixes My, < —1. Next, in the limit of large
Zq and vanishing Z;, k{, k3, the KK masses of the 9, 27,6 and 2y 5 towers are all given
by the zeros of My, + w, cotwyL while those of the 15,3 tower are given by the zeros
of My, + wtcotw:L. The approximate expression for the first KK mode mass can be
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written as

p ~ 2| My,|e”Mwll Mg,L 50,

— : T . (3.78)

We see that since My, should be large and negative to reproduce the correct top mass
(see eq. (3.77)) we expect the masses of the first resonances in the 9, 275, 216 towers to
be parametrically (exponentially) suppressed with respect to the mass of the first KK
mode in the 15,3 tower, whose corresponding bulk mass My, is unconstrained.

We now explain the smaller splittings giving mg < ma, 56 < may . First of all, the
splitting between the 9 and the 276 is proportional to the difference (k —kg). Expanding
the relevant form factors around the point k] — k¢ = 0 explicitly shows that mg — ma. /6
is positive when k] — k¢ is positive. Next we rewrite the Higgs potential in eq. (3.34)
separating the fermionic and gauge contributions to o and f:

V(h) = (—ay — ag + By)sh — Bysi,- (3.79)

The coefficient a4 is negative, 8y is always negative in the region we consider, while o
can have both signs depending on k4 — k9. A viable electroweak symmetry breaking
requires the coefficient of the s% term to be negative. The Higgs mass input needs a small
g5 which enhances the electroweak symmetry preserving gauge contribution. As the size
of B is basically fixed by the top and Higgs mass measurements, EWSB typically requires
an extra positive contribution to a (see the minus sign in eq. (3.79)), favouring k4 < ko
and thus mg < ma; q-

The mass difference between the 27,5 and the 2,5 towers is due to the different UV
boundary conditions for these fields. The zeros of II§ give the masses of the 2, /6 While the
poles of II{ give the masses of the 2; /6- 1t is clear that in the large Z; limit the masses
will coincide. In particular, from the explicit form of II{ for k¢ = 0 (see Appendix A.3.2),

1
My, L + wyLcotw,L’

¢ =27, + (3.80)
it follows that the states in the 27/ are always heavier than those in the 2y /5. A summary
of the mass distributions of the fermionic resonances before (red) and after (blue) requiring
the electroweak fit at 99% C.L. (with an additional positive contribution AT = 1073) is
given in Figure 3.5. We show the distributions for the different SO(4) representations
1,3 (top left), 9 (top right), 2; 5 (bottom left) and 275 (bottom right).
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Figure 3.5 — Mass distributions of the 15,5 (top left), 9 (top right), 2,6 (bottom left) and 276
(bottom right) obtained from the scan with parameter ranges given by eq. (3.75). Red: points
with 120 GeV < my, < 130 GeV; blue: points with 120 GeV < my, < 130 GeV which are consistent
with the electroweak fit at 99% C.L. assuming a 10~2 positive contribution to T.

3.5 Conclusions

The main challenge of composite Higgs models to naturally describe electroweak symmetry
breaking are the constraints coming from precision electroweak physics. The tension of
these theories with electroweak precision tests is the one of old fashioned Technicolor
models and is due to the unavoidable existence of heavy spin-1 states mixing with the
SM gauge bosons. This mixing corrects the S parameter by an amount

2
AS~ T (3.81)
my

requiring m, 2 2.6 TeV.

The masses of the spin-1 resonances m, ~ g, f are controlled by two parameters, their
coupling g, and the decay constant f determining the non-linear interactions of the
composite Higgs. As we described in the text, pushing f to large values implies an upper
bound on the tuning of the model of order & = v?/f2. Before Higgs discovery, electroweak
physics was pointing towards a strongly coupled theory, g, ~ 4w, and £ < 0.1 was needed
to regulate the infrared contributions of the composite Higgs to electroweak observables.
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The measurement of the Higgs boson mass, mj ~ 125 GeV, adds extra information to
this picture. The generic expectation of the Higgs boson mass in composite Higgs models
can be given in terms of the mass of the fermionic resonances which regulate the UV
divergence of the Higgs potential:

my §
mp ~ 125 GeV (1.0TeV) Vog Ve (3.82)

The parameter ay is naturally expected to be of order 1. In order not to worsen the

tuning of the model it is thus important to have light enough fermionic top partners.

In this section we presented the 5D implementation of a specific class of composite Higgs
models with a (pseudo-)Goldstone boson Higgs from the SO(5)/SO(4) coset. Our starting
point is the observation, already present in Refs. [47, 48], that in order for £ to be a good
measure of fine tuning and not to underestimate it, the Higgs potential must be the sum
of at least two independent periodic functions of the Higgs field A which are generated
at the same order in the elementary-composite mixing expansion. This fact constrains
the fermionic content of the model. The simplest way to satisfy this requirement is to
couple the left-handed top quark to a symmetric representation of SO(5), a 14, and the
right-handed top quark to an SO(5) singlet.

Models in 5D are expected to be more constrained and to face a more severe fine tuning
problem with respect to more general composite Higgs models. The reason for this are
egs. (3.81) and (3.82) and the fact that the masses of the fermionic and bosonic resonances
are predicted to be parametrically the same, fixed by the size L of the extra dimension.
This implies that, once m,, ~ m, is fixed to comply with the bound on S, an additional
suppression of either £ or as is needed to obtain the right Higgs mass.

We discussed these issues in our model finding that the NDA estimate in eq. (3.82) may
be too pessimistic. In our model this occurs because of an additional, fortuitous, overall
suppression of the estimate in eq. (3.82) by a factor ~ 0.4 + 0.5. The existence of such a
suppression implies a somewhat heavier spectrum of the top partners can be obtained
without worsening the fine tuning. Our model is somewhat peculiar in this respect because
the requirement of a heavy enough top implies that some of the SU(2)[, representations,
into which the 14 decomposes, have to be anomalously light. The existence of light,
exotic charged, top-partners is probably the most important prediction of the class of
composite Higgs models we have been discussing. Their experimental search is to be
considered one of the most important avenues to either verify or falsify the composite
Higgs idea.

A thorough discussion of the phenomenology of the fermionic sector of our model is
presented in more detail in sections 6.3. Here we would just like to point out that
in our model, and in all constructions where the Higgs is a PGB from SO(5)/SO(4),
the fermionic resonances fill degenerate SO(4) multiplets before EWSB and in the
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absence of elementary-composite mixing. In our model the lightest among these SO(4)
representations is a 9 which decomposes under SU(2), x U(1)y as 35,3 ® 39/3 ® 3_;/3.
This SO(4) multiplet contains, in particular, two charge 5/3 and a charge 8/3 quarks.

Finally, as in every composite Higgs model, the Higgs couplings to SM gauge bosons
and fermions are modified. From this point of view our model is indistinguishable from
other known composite Higgs models as the one described in [42]. Deviations from the
SM are controlled by a single parameter, £&. Bounds on ¢ coming from Higgs coupling
measurements are currently mild, requiring £ < 0.3 < 0.4 [163].

o8
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4.1 Introduction

After the discovery of a Higgs-like scalar particle, an important program has been launched
to measure the Higgs couplings to known elementary particles of the Standard Model
(SM). The goal is not so much to determine a few further unknown parameters of the SM
but to understand the underlying structures of the laws of physics at high energy: if the
SM were to be valid up to the scale of quantum gravity, the couplings of the Higgs boson
would be uniquely fixed in terms of other already known and well-measured quantities.
On the contrary, any deviation in these couplings, for instance of the order of 20%, would
unambiguously signal new physics at a scale below 5 TeV.

The study of the LHC sensitivity on the Higgs couplings has been initiated in Refs. [164—
167]. Upon the first and still incomplete measurements reported by both ATLAS and
CMS as well as by the Tevatron experiments, a simple methodology inspired by a chiral
effective Lagrangian approach has been developed in Refs. [168-170] in order to quantify
to which extent the Higgs boson is really fulfilling the role it has been devoted to in the
SM, namely the screening of scattering amplitudes involving massive bosons and fermions
at high energy.

At the LHC, the main production channel of the Higgs boson as well as its cleanest decay
mode proceed through purely quantum mechanical processes and rely on couplings to
massless gluons and photons that are vanishing in the Born approximation. This results
in an ambiguity in the value of the tree-level Higgs couplings since the coupling likelihood
function exhibits several and almost degenerate minima (see e.g. Refs. [167, 169, 170]).
Indeed, the degeneracy can be found in the current combined data of the 7 and 8 TeV run
in Refs. [9, 171]. As was emphasised [170, 172| the degeneracies remained even after the
whole 8 TeV dataset was analysed. Measuring processes involving real top quarks in the
final state will bring invaluable information. With the largest rate, the Higgs production
in association with a top pair is a golden channel and has received great attention by the
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experimental [173, 174] as well as theoretical [175-179] communities.

In this chapter we argue that, even though subleading, Higgs boson production in
association with a single top quark can also bring valuable information, in particular
regarding the sign of the top Yukawa coupling.! This is because an almost totally
destructive interference between two large contributions, one where the Higgs couples to
a space-like W boson and the other where it couples to the top quark, takes place in the
SM. This fact can be exploited to probe deviations in the Higgs coupling structure, which
will inevitably jeopardise perturbative unitarity at high energy and lead to a striking
enhancement of the cross section compared to the SM. We discuss how this enhancement
can be used to extract information on the sign of the top Yukawa coupling and we show
that th production can be used to lift the degeneracy plaguing the Higgs coupling fit of
the LHC data. While a moderate integrated luminosity at 14 TeV should allow us to
make a conclusive statement, we point out that already with the full 2012 luminosity,
corresponding to ~ 25 fb~! per experiment, an interesting sensitivity on the sign of the
top Yukawa could be reached.

In our study we focus on the decay of the Higgs into bb, updating the early analysis of
Ref. [180] (see also Refs. [181, 182]). This choice leads to an experimental signature (lepton
+ missing energy + multijets, among which > 3 are b-jets) which is very similar to the one
ATLAS and CMS have already analysed in their searches for tth production [173, 174].
In this respect we believe that the experimental collaborations could easily perform the
analysis we propose here in the very near future, thus adding new important information
to the challenge of identifying the true nature of the recently discovered particle. Single
top production in association with a Higgs boson has also been studied in Refs. [183, 184]
focussing on the h — v, h - WW?* and h — 77 decay channels.

The large enhancement of the th cross section for nonstandard Higgs couplings is associated
to the growth of the scattering amplitude at high energy, which in turn implies that
perturbative unitarity is lost at some UV scale A. We estimate A, which acts as the
cutoff of our effective theory, to be at least of O(10) TeV and thus above the energy scales
that the LHC will be able to probe. In fact, the th invariant mass distribution in LHC
collisions essentially vanishes above 1 TeV, therefore we can safely conclude that our

analysis remains insensitive to UV physics above the cutoff scale.

This chapter is structured as follows: we start by introducing the general features of
the th process and discussing its implications, including an estimate of the scale where
perturbative unitarity is lost, in section 4.2. We proceed in section 4.3 to the analysis of
the signal and of the main backgrounds at the LHC, performing a parton-level simulation.
In section 4.4, we discuss the implications on the determination of the Higgs parameters.
Finally, we conclude in section 5.6. Unless otherwise specified, the Higgs mass is assumed

'The sign of the top Yukawa coupling is not physical by itself, but the relative sign compared to the
Higgs coupling to gauge bosons (we take the latter to be positive) is physical.
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Figure 4.1 — Feynman diagrams contributing to the partonic process Wb — th.

to be mj; = 125 GeV throughout this work. For the top mass we take m; = 173 GeV.
Finally, the shorthand th is always understood to include also the charge-conjugated case
where t is replaced by t. Therefore all our cross sections include both ¢ and ¢ production.

4.2 Single top and Higgs associated production

The Feynman diagrams contributing to the core process Wb — th are shown in Fig. 4.1.
The diagram where the Higgs is emitted from a b leg is suppressed by the bottom Yukawa,
and will be consistently neglected in our study. In the th production process at the LHC
the initial W is radiated from a quark in the proton, and is thus spacelike. However, at
high energy the effective W approximation [185, 186] holds, which allows us to factorize
the process into the emission of an approximately on-shell W from the quark times its
hard scattering with a bottom. Thus it makes sense to discuss the amplitude for Wb — th
at high energies assuming the initial W to be on-shell, in order to gain an approximate
understanding of the full picture.

In the high-energy, hard-scattering regime, where s, —t, —u > m?, m%v, m,zl, the amplitude

for Wb — th (the longitudinal polarisation dominates at large s) reads?

A = g[(CF—CV)Z;/EA(Z#P;ft,fb)

V2

2mw S m2 t
+<Cv W2 4 (2cr —cy) — ) B(W;ft’ﬁb)] :
vt m S

wv

where we have omitted terms that vanish in the high-energy limit and, for simplicity, also
neglected the Higgs mass in addition to setting mj = 0. The generalised couplings of
the Higgs are defined as ¢y = ghWW/g;%\V/[W and cp = ghtg/ggg. The functions A, B are

2We take final momenta outgoing, and define s = (pw + pp)?, t = (pw — pr)?. @ is the azimuthal
angle around the z axis, which is taken parallel to the direction of motion of the incoming W'.
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Figure 4.2 — Partonic cross sections for the process Wb — th as a function of the center
of mass energy 4/s. The parameter cy is set to 1. The hard scattering cross section is
defined by a cut |n| < 2: the large enhancement obtained for ¢y = —cy with respect to
the SM case is evident. The forward cross section, defined by a cut |n| > 3, is also shown
(dashed curves).

given by
—t/s 0 0 0
A(t/s,;&,8) = f;[ (_eup _é (1 N %) 0) & — (_eicp\/j/s ) ;
(4.2)
1+t/s 0 w/1+t/s 0
B (t/S,SOa §t7§b) = 52- (62'50 _é (1 + g) O) é.b — (6 . /5 O) ’
(4.3)

where in the rightmost term of each line we have chosen a specific basis for the spinors,
namely

&f—(l) fﬁ—(0>~ §L—(6_wvl/”/s> §R—<‘€_wv‘/t/s> (1.4)
0/’ 1)’ ¢ N/ —t/s Tt /1+1t/s T

which correspond to the chiral states {Fy, Fr} (F = b,t) in the mp — 0 limit®. The
amplitudes involving the helicity state 55, which is identified with a right-handed bottom
since we are assuming my = 0, exactly vanish due to the V' — A structure of the couplings
of the W to fermions. From eq. (4.1) we see that when ¢y # cp the amplitude grows
with energy like /s and is enhanced compared to the case ¢y = cp (which includes the
SM), where the amplitude is constant in the large s limit. The non-cancellation of the
terms in the amplitude growing with energy is at the origin of the striking enhancement
of the cross section when cy # cp.

3However7 note that the limit m; — 0 does not interest us here.
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4.2. Single top and Higgs associated production

The cross section for Wb — th is shown as a function of the center of mass energy
in Fig. 4.2. The large enhancement of the hard scattering cross section (defined by a
centrality cut |n| < 2) for ¢p = —cy is evident.® At large energies, the amplitude is
constant for ¢y = cp and thus the cross section vanishes as ~ 1/s. On the other hand,
when cp # cy the amplitude grows with energy like /s and as a consequence the cross
section tends to a constant for large s. It is easy to compute this asymptotic value of
the cross section: squaring the leading term of the amplitude in eq. (4.1), summing and
averaging over polarisations and integrating over ¢ we find

2

20 N2
gler —ev)my (4.5)

384w m%/vv2

o(|n| < 1,5 — 00) =~

This simple formula gives accurate results: for example for \/s =5TeV, ¢y = —cp =1
and a centrality cut® |n| < 2 we find that the cross section computed without any
approximations is o (|n| < 2) = 41.3 pb, whereas o(|n| < 2,s — o00) = 40.7pb.

Since for ¢y # cp the hard scattering amplitude grows with energy, perturbative unitarity
will be lost at some cutoff scale A, which we now estimate. In the spinor basis of eq. (4.4),
only one s-wave amplitude is non-vanishing

1 gmi  [* R (L 1 gmiy/s ;
=——(cp—c A(t/s, p; &7, =— cp—cy)———e'? (4.6
0 167“/5\/5(1? v)mwv g (/5,076 &) 24\/%(1m v) o (4.6)
from which, imposing the condition |ag| < 1, we find that perturbative unitarity is violated
at a scale /s ~ A with

A= 12\/§7TL : (4.7)
my |cp — eyl
For example, for ¢,y = —cp = 1 the cutoff is A ~ 9.3 TeV. One may worry about other
processes involving top quarks, in which perturbative unitarity could be lost at a scale
lower than the one in eq. (4.7) for cp < 0. A relevant and often mentioned process
is W/ W, — tt, for which we find A = 16mv?/(my |1 — cycp|). For ¢y = —cp = 1
this formula yields 8.8 TeV, essentially the same cutoff scale we found for Wb — th.
For previous discussions of perturbative unitarity breakdown in processes with external
fermions, see Refs. [187, 188].

Having analysed the behaviour of the partonic cross section, we can now turn our attention

“Incidentally, we note that the cross section shows another feature, a Coulomb enhancement at small
|t| due to the diagram with a W exchange in the ¢-channel. As can be read off Fig. 4.2 the forward cross
section tends to a constant limit for large s, which can be computed in a simple way in terms of the
parameter cy alone and is insensitive to the value of cr. A short discussion of the forward cross section
is contained in Appendix B.1.

®Note that for the expression in eq. (4.5) to be reliable, 7 cannot be too large. In fact, as already
mentioned, in the forward region the cross section has a Coulomb enhancement which is not captured by
the approximations we made here. See also Appendix B.1.
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Figure 4.3 — Feynman diagrams for the processes pp — thj and pp — thjb.

a9 (pp — thyj) [fb] | oC(pp — thyb) [fb]

CF:1 CF:—l CF:1 CF:—l
8 TeV 174 252.7 5.4 79.2
14 TeV 80.4 1042 26.9 363.5

Table 4.1 — Leading-order cross sections for the processes pp — thj and pp — thjb (with
p% > 25GeV and |n°| < 2.5) at the LHC. The parameter ¢y has been set to 1.

to single top and Higgs associated production in hadron collisions. At the LHC, t-channel
single top production goes through an initial-state gluon splitting into a bb pair. Such a
process can be efficiently described by a 5-flavor scheme where b’s are in the initial state
and described by a perturbative b PDF, Fig. 4.3(a). In this scheme, the non-collinearly
enhanced contribution, where the spectator b (i.e. the one not struck by the W boson) is
central and at high pr (see Fig. 4.3(b)), is moved to the next-to-leading order term. This
contribution, which we indicate with pp — thjb, is finite and can be easily calculated
at tree-level, contributing to a final state signature with an extra b-jet, a useful handle
to suppress the background. In Table 4.1 we present the rates for th production in the
5-flavor scheme, fully inclusive as well as with the requirement of the extra b to be in the
tagging region, for 8 and 14 TeV, in the ¢y = 1, cp+£1 cases. Our analysis in section 4.3 will
consider both processes, which lead to final states containing 3 and 4 b-jets respectively,
once the decay of the Higgs to bb is taken into account. The cross sections in Table 4.1 were
computed using MADGRAPH 5[189] with CTEQ6L1 PDFs [190], setting the factorisation
and renormalization scales to the default event-by-event MADGRAPH 5 value. As an
estimate of the theoretical uncertainty on the signal, we have computed the fully inclusive
cross sections at NLO in QCD, in the 5-flavor scheme, using AMC@QNLO [191-193] and
CTEQ6M PDFs [190]. The results are reported in Table 4.2, where the uncertainties
correspond to variations of the factorisation and renormalization scales with ur = ug
around p = (m¢+myp)/2 from p/2 to 2. The NLO cross sections appear to be extremely
stable under radiative corrections and therefore we deem the theory uncertainty of the
signal rates in our analysis negligible.

The striking enhancement of the hadronic cross section for ¢ # ¢y is shown in Fig. 4.4,
where o(pp — thj) for an LHC energy of 14 TeV, normalised to its SM value, is displayed
as a function of cp for three different choices of ¢y (very similar plots are obtained
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4.2. Single top and Higgs associated production

oNVO(pp — thy) [fb]
Cp = 1 Cp = -1

8TeV | 18.28%042  233.8%46

14TeV | 88.2F57 982728

Table 4.2 — Cross sections at NLO in QCD for the process pp — thj at the LHC. The
parameter cy has been set to 1.

Cr

Figure 4.4 — Cross section for pp — thj at 14 TeV normalised to the SM one, as a function
of ¢ for three choices of c¢y. Solid, dashed and dotted lines correspond to ¢y = 1, 0.5
and 1.5 respectively.

considering 8 TeV and /or the pp — thjb process). For example, for a standard hWW
coupling, i.e. ¢y = 1, a top Yukawa with equal magnitude and opposite sign with respect
to the standard one (¢p = —1) yields an enhancement of the cross section of more than a
factor 10.

As noted above, perturbative unitarity in Wb — th scattering is lost at a scale A 2 10 TeV
for cy,cp ~ O(1). Figure 4.5 clearly shows that after convolution with the PDFs the
contribution of the region v/ > 1TeV, where v/§ is the center of mass energy of the th
system, to the hadronic cross section is negligible. This implies that our perturbative
computations can be fully trusted. Indeed Fig. 4.5 demonstrates that the relative
contribution to the cross section from large values of v/ is more sizeable in the SM than
for cp # cy. This is compatible with the different behaviours of the partonic cross section
in the two cases, shown in Fig. 4.2.
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Figure 4.5 — Histograms of normalised pp — thj cross section as a function of the center
of mass energy of the hard scattering process Wb — th. The left panel is for 8 TeV, the
right one for 14 TeV.

4.3 Signal and background study

4.3.1 Parton-level simulation

Signal and background events have been generated at the parton level using MADGRAPH 5
with CTEQG6L1 PDFs, setting the factorisation and renormalization scales to the default
event-by-event MADGRAPH 5 value. Jets are defined at the parton level. In order to take
showering, hadronization, detector and reconstruction effects minimally into account, we
smear the pr of the jets uniformly in 7 using a jet energy resolution defined by

olpr) _ o o b (4.8)

pr pr VPT

where the parameters are taken to be a = 2, b = 0.7 and ¢ = 0.06. With these choices,

eq. (4.8) is compatible with the results of the ATLAS jet energy resolution study of
Ref. [194] (see Fig. 9 there). The jet 4-momentum is then rescaled by a factor p5meared /pp .
The acceptance cuts reported in Table 4.3, chosen following the ATLAS tth analysis [173],
are applied on the physical objects. We do not require any acceptance cut on the missing

transverse energy.

Cut | ph> ph> pp> "< Iw[< ARy>
Value | 25GeV 25GeV  30GeV 2.5 5 0.4

Table 4.3 — Acceptance cuts applied to the signal and backgrounds at the reconstructed
level. The AR requirement applies to all objects.

An object is considered to be missed if it does not pass one of the acceptance cuts. If,
in particular, two jets are collinear with AR < 0.4 we merge them by summing their
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4.3. Signal and background study

4-momenta and we consider them as a single jet when applying further cuts.® Additionally
we require the lepton to be isolated from any jet in the event, including those that do not
pass acceptance cuts and therefore are missed.

In all the signal and background processes we consider in this section, a semileptonically
decaying top is present. We assume a 100% efficiency for the reconstruction of this top,
which implies an unambiguous identification of the b originating from its decay. This
assumption is of course idealised, however the use of a more realistic semileptonic top
reconstruction efficiency will only affect the overall normalisation of both signal and
background, and not their relative values.

Concerning b-tagging, we assume the following performance: efficiency €, = 0.7, charm
mistag probability e, = 0.2 and light jet mistag probability €; ~ 0.008 [173]. Finally we
assume a lepton reconstruction efficiency ¢, = 0.9.

4.3.2 Final state with 3 b-tags

We start by discussing the 3 b-jet final state, which arises from pp — thj after selecting
the Higgs decay into bb. Requiring the top to decay semileptonically (t — blTv) gives
the signature

3D + 1forward jet 4 ¢£ + s, (4.9)
We can now turn our attention to the most relevant backgrounds:”

e tZj, Z — bb: an irreducible background where a Z boson mimics the Higgs in
decaying to bb.

e tbbj: an irreducible QCD background.
e tt, T — bes: a reducible background where either the ¢ or s are mis-tagged.

e ttj, t — bes: also in this case, either the ¢ or s are mis-tagged while the other is
missed.

As can be seen in Table 4.4 for 8 TeV and in Table 4.5 for 14 TeV, after acceptance cuts
and efficiencies the last two backgrounds are extremely large. In particular, their values
are larger than those quoted in Ref. [180], mainly due to a larger charm mistag rate
considered here (we use €, = 0.2, whereas Ref. [180] adopted €. = 0.1) and to the fact that
we increased the pp threshold for jets, which results in a larger probability of missing a

5The exception to this procedure is the case where the b coming from a semileptonic top decay is
collinear to another jet. Since we are assuming ideal semileptonic top reconstruction (see below), we
simply reject the event in this case.

"For the sake of readability we do not write the top decay ¢t — bl T v explicitly, as it is the same for all
processes.
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Signal Backgrounds
Cuts cr=1 c¢p=—1| Total | tZj tbbj tt ttj
Acceptance Cuts + € 0.18 2.88 600.81 | 0.61 1.01 456.40 142.80
|mpy — mp| < 15GeV | 0.15 2.55 24595 | 0.02 0.11 184.2  61.65
Mpp; > 270 GeV 0.10 2.02 31.78 | 0.01 0.08 0. 30.68
In?| > 1.7 0.08 1.70 17.98 | 0.01 0.06 0. 17.24
Events at 25fb ™! 1.9 42.5 449.4

Table 4.4 — Cross sections in fb for the 3 b-tag case at 8 TeV. In the event line backgrounds
are summed.

jet from ttj. The dominance of backgrounds where a c is mistagged suggests that it may
be sensible to prefer a b-tagging performance with smaller efficiency but higher rejection
against charm. However, for definiteness we stick to the numbers reported in section 4.3.1,
taken from Ref. [173].

After acceptance cuts and efficiencies, the signal is overwhelmed by the ¢ background not
only for the standard case ¢p = 1, but even considering the enhanced case cp = —1 (we
set ¢y = 1). Thus, we require a set of additional cuts in order to isolate the signal. These
cuts are listed in Tables 4.4-4.5, together with the cross sections obtained after their
application. The value of each cut is chosen by optimising the Poisson exclusion limit in
the cp = —1 case. We remark that since we are assuming ideal top reconstruction, the
b coming from the semileptonic top is always assumed to be unambiguously identified,
therefore no cut on it is applied beyond the detector ones, neither for the signal nor for
the backgrounds.

The first cut we apply requires the bb pair to have an invariant mass around my,, which
of course helps to eliminate the tZj background. The second cut selects large values for
the bbj invariant mass and is effective against the reducible backgrounds, in particular it
suppresses enormously tt, where the jet and 2 b’s are decay products of a top and therefore
we expect their invariant mass to be close to m;. The last cut singles out a forward jet,
which is a distinctive feature of the signal. However, after all cuts the background cross
section, completely dominated by ttj, is still one order of magnitude larger than the
signal for cp = —1.

In the last line of Tables 4.4 and 4.5, we present the number of signal and total background
events expected after 25 fb~1 of integrated luminosity. At 8 TeV, the Poisson exclusion is
at 97.4% CL or 2.20 (by abuse of notation, we are expressing the probability in terms of
number of ¢’s, e.g. 20 approximately corresponds to the 95% CL), while at 14 TeV it
reaches ~ 4g.
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Signal Backgrounds
Cuts cpP=1 c¢p=—1| Total | tZj tbbj tt ttg

Acceptance Cuts + € 0.71 11.55 2448.18 | 2.29 3.72 1773.35 668.83
|mep — mp| < 15GeV | 0.63 10.23 10204 | 0.07 0.38 737.23  282.76

mpp; > 280 GeV 0.46 8.59 153.10 | 0.05 0.31 0. 152.74
7] > 2 0.34 7.12 79.26 | 0.03 0.24 0. 79.00
Events at 25fb ™! 8.4 178.0 1981.5

Table 4.5 — Cross sections in fb for the 3 b-tag case at 14 TeV. In the event line backgrounds
are summed.

4.3.3 Final state with 4 b-tags

As suggested in Ref. [180], a way to enhance the sensitivity on the th signal is to require
an extra b, coming from the splitting of an initial gluon: the process of interest is thus
pp — thjb. Requiring a semileptonic top and the decay h — bb leads to the signature

4b+ 1forward jet + £+ 4+ Emss, (4.10)

Here the main backgrounds are:
e tZbj, Z — bb: an irreducible background where the Z mimics the Higgs.
e tbbbj: similarly to the 3 b case, an irreducible QCD background.

e tthb, t — bjj: a reducible background where one of the two jets, originating from a
hadronically decaying W, is missed.

e {tbb, t — bes (one mistag): here the c or the s is mis-tagged, while either the other
one is missed (and one b is not tagged) or one of the b’s is missed.

e ttj, t — bcs (two mistags): in this case both ¢ and s are mistagged.

Looking at Tables 4.6 and 4.7, we see that requiring 4 b-jets allows us to obtain a much
larger signal to background ratio after acceptance cuts compared to the 3 b case. On the
other hand, the overall rates are obviously smaller. Analogously to what was done in the
3 b case, a set of additional cuts are imposed to enhance the signal. The cuts are listed in
Tables 4.6-4.7, together with the cross sections obtained after their application. The value
of each cut is again chosen by optimising the Poisson exclusion limit in the cp = —1 case.

The first cut requires the invariant mass of one of the 3 bb pairs (we recall that ideal
reconstruction of the semileptonic top is assumed) to be inside a window around my,.
This helps again to eliminate the tZbj background. The second cut demands all bb
invariant masses to be higher than about 100 GeV, and is most effective on t£j, where the
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Signal Backgrounds
Cuts cp=1 c¢p=—11|Total | tZbj tbbbj ttbb ttbb (mis)  ttj
Acceptance Cuts + € | 0.043 0.63 7.81 0.11 0.26 2.66 (0.48) 2.25 2.54
|y — mp| < 15GeV | 0.039 0.58 4.06 0.03 0.08 0.94 (0.40) 1.29 1.71
min myp, > 110 GeV 0.023 0.30 0.67 | 0.002 0.015 0.20(0.18) 0.44 0.
min my; > 180 GeV 0.008 0.15 0.014 0. 0.007 0.002(0.001) 0.004 0.
Events at 25fb ™" 0.2 3.8 0.4
Table 4.6 — Cross sections in fb for the 4 b-tag case at 8 TeV. In the event line backgrounds
are summed. For ¢tbb, the contribution of tth is shown in parentheses.
Signal Backgrounds
Cuts cr=1 c¢p=—11|Total | tZbj tbbbj ttbb ttbb (mis)  ttj
Acceptance Cuts + € 0.19 2.85 39.14 | 0.46 1.07 14.40(1.94) 11.53 11.69
|mpy — mp| < 15 GeV 0.17 2.61 19.78 | 0.12 0.32  4.88(1.63) 6.52 7.93
min myp, > 90 GeV 0.13 1.82 597 | 0.05 0.09 1.68 (1.04) 3.54 0.61
min mp; > 170 GeV 0.07 1.20 0.35 | 0.02 0.06 0.03(0.03) 0.05 0.19
Events at 25fb ™" 1.7 30.1 8.7

Table 4.7 — Cross sections in fb for the 4 b-tag case at 14 TeV. In the event line backgrounds
are summed. For ttbb, the contribution of tth is shown in parentheses.

mis-tagged ¢ and s, coming from a W decay, have an invariant mass around myy. The
last cut requires all 3 bj pairs to have a large invariant mass. This efficiently suppresses
the ttbb backgrounds, for which in most cases at least one bj pair comes from a top decay

and thus has an invariant mass my; < \/m? — mi, ~ 150 GeV.

The exclusion limits obtained for ¢y = —1, assuming 25fb~! of data, are 2.4¢ and ~ 6o
at 8 and 14 TeV respectively. The sensitivity at 8 TeV is comparable to the one obtained

in the 3 b case, while at 14 TeV requiring an extra b-jet improves the result significantly.

Before discussing the implications of our results, we wish to comment here on the
sensitivity of the proposed analysis to the tth process. As can be read from Tables 4.6

and 4.7, this process makes up a sizeable fraction of the tfbb cross section after the cuts.

Moreover, after the first three cuts, the rate for tth is comparable to the th signal for
cr = —1. Being insensitive to the sign of the top Yukawa, tth can be considered as a
background process in our analysis. It is, however, quite useful to observe that the simple
search strategy we propose in the 4b channel would be sensitive to both single and pair
top production in association with a Higgs boson. In this respect, a key role is played by
the cut on my; that was designed to suppress processes with a ¢t pair in the final state, as
discussed above. The relative contribution of tth to the ttbb background with one mistag,
on the other hand, is small, approximately 5%.
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Figure 4.6 — Regions of the (cy, cr) plane excluded at 95% CL by our analysis of th — hbb
(3 and 4 b final states combined), at 8 TeV (left) and 14 TeV (right), assuming an integrated
luminosity of 25fb~! and 50fb~! (dashed and solid respectively). The 68% and 95% CL
contours of a fit to current Higgs data are also shown, in green and yellow respectively.
A universal rescaling by cr of the Higgs coupling to fermions is assumed. The Higgs
coupling fit is based on the data reported by ATLAS, CMS and Tevatron after ICHEP
2012 and collected in Ref. [195].

4.4 Implications on Higgs couplings

We are now able to study the implications of our results on the general parameter space
of Higgs couplings. To do so we combine the two analyses that we discussed in section 4.3,
i.e. 3 and 4 b-tags, to exploit the full LHC sensitivity in th — tbb production. Note that
in the combination we consider the 3b and 4b samples as independent. While this is an
approximation (which can be easily lifted in a more realistic analysis by defining fully
exclusive samples), in practice it has a small effect as the 4b sample is significantly smaller
than the 3b one. In Fig. 4.6 we present the results of our analysis in the (cy, ¢p) plane,
where a universal rescaling of the Higgs couplings to fermions ¢; = ¢, = ¢ = ¢ = ¢
is assumed. The regions that can be excluded (at 95% CL) by th production with an
integrated luminosity of 25 and 50fb~! are presented, along with the regions currently
favoured by a fit to Higgs data. As can be seen, already at 8 TeV parts of the preferred
region with ¢y < 0 can be excluded. The current best fit point with cp < 0 is excluded at
2.1 with 50fb~. On the other hand, a moderate luminosity at 14 TeV can conclusively
remove the degeneracy between the two regions that are at the present time preferred by
Higgs data, for example reaching a 5.8 ¢ exclusion of the best fit point with ¢y < 0 after
50 fb~L. Notice that in addition to the th production cross section (recall Fig. 4.4), also
the branching ratio of the Higgs into bb depends on the parameters (cy, cr).

It is also possible to relax the assumption of universal couplings of the Higgs to fermions
and consider the case where only the htt coupling ¢; has a rescaled value compared to the
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Figure 4.7 — Regions of the (cy, ¢;) plane excluded at 95% CL by our analysis of th — hbb
(3 and 4 b final states combined), at 8 TeV (left) and 14 TeV (right), assuming an integrated
luminosity of 25fb~! and 50 fb~! (dashed and solid respectively). The 68% and 95% CL
contours of a fit to current Higgs data are also shown, in green and yellow respectively.
The top Yukawa is assumed to be rescaled by c;, while we have set ¢, = ¢; = ¢, = 1. The
Higgs coupling fit is based on the data reported by ATLAS, CMS and Tevatron after
ICHEP 2012 and collected in Ref. [195].

SM while ¢, = ¢ = ¢. = 1, so in particular I'(h — bb) is equal to its SM value. In this
case, the th — tbb rate is essentially fixed by the dependence on ¢y, ¢; of the production
cross section (a mild sensitivity to cy, ¢, through the Higgs total width is also present).
The results are shown in the (cy,¢;) plane in Fig. 4.7. Excluded regions at 95% C.L. are
displayed for 25 fb~! and 50 fb~! integrated luminosity. Superimposed are the regions
currently favoured by Higgs data. The most striking feature is, that the best fit region
with ¢; < 0 can already be completely excluded at 8 TeV with 25 fb~! (reaching a 4.0 ¢
exclusion of the best fit point with negative ¢;).

4.5 Conclusions

After the time of discovery comes the need for measurements. The couplings of the
putative Higgs boson are of prime importance since they control the behaviour of the
whole theory at high energy. The dominant processes involving the Higgs boson that
are currently investigated at the LHC do not allow us to determine all its couplings
unambiguously. An important task now is therefore to systematically identify additional
processes that could complement the first LHC information and lift degeneracies appearing

in Higgs coupling fits.

In this chapter, we studied single top production in association with a Higgs boson,
focusing on the Higgs decay into bb. We discussed the form of the amplitude of the hard
scattering process Wb — th, showing that for nonstandard couplings of the Higgs to the

72



4.5. Conclusions

W boson and/or to the top quark a striking enhancement of the cross section can be
obtained. The enhancement is due to the non-cancellation of terms that grow with energy
in the amplitude and lead to violation of perturbative unitarity at some UV scale. We
estimate the new physics scale to be at most 10 TeV, concluding that corrections to our
computation of the cross section from physics above the cutoff are always negligible.

We have performed a parton-level study of the LHC signal processes pp — thj and
pp — thjb, and of the corresponding irreducible and some of the most relevant reducible
backgrounds. The combination of the two final states, containing 3 and 4 b-jets respectively,
shows that if a universal rescaling cg of the fermion couplings is assumed, already at 8 TeV
parts of the preferred region with ¢cp < 0 can be excluded. On the other hand, a moderate
luminosity of 50fb~! at 14 TeV can conclusively remove the degeneracy between the two
regions that are at the present time preferred by Higgs data, reaching a 5.8 o exclusion of
the best fit point with negative cp. In addition, we investigated the case where only the
htt coupling differs from its SM value while the other Yukawa couplings are standard.
Here, the best fit region with negative top Yukawa coupling can be completely excluded
at 8 TeV with 25 fb~!, reaching a 4.0 o exclusion of the best fit point with ¢; < 0.

Our results, along with similar studies [183, 184|, have already motivated the experiments
to investigate single top and Higgs associated production in the H — 7 channel. CMS
quotes to be sensitive to 4.1 times the expected cross section for cp = —1 at 95%
C.L. [196], while ATLAS [197| reports the 95% C.L. intervals of ¢ to be [-1.3,7.9].
As expected from our analysis, the 8 TeV dataset is not yet conclusive. Experimental
analyses in H — bb are currently underway. Besides the experimental analyses, our
results also motivate an improvement in the accuracy of the theoretical predictions. It
would be certainly interesting to evaluate the (possibly significant) impact of NLO QCD
corrections to signal and irreducible backgrounds, i.e., thj and tZj, a task that can now
be accomplished in a fully automatic way [177, 191, 192, 198].

Further information on the Higgs couplings to heavy quarks could also come from other
processes at the LHC. One example is double Higgs production, gg — hh. This process
proceeds through a triangle and a box diagram, which, again, interfere destructively in
the SM and therefore result in a sensitive probe of the Higgs-heavy quarks interactions,
see, e.g., Refs. [199-201]. Finally we remark that complementary information could a
priori also come from the observation of By — u*pu™ recently reported by LHCD [202].
The measured value of BR(Bs — u™ ™) agrees well with the SM prediction [203]. The
SM contribution is actually dominated by the interactions associated to the top Yukawa
coupling and therefore this measurement could be naively expected to provide a good
probe of any deviation of the top Yukawa itself. However, only the Yukawa interactions
between the Goldstone bosons and the quarks contribute to this process. What we have
proposed to probe via th production is rather the interaction of the physical Higgs boson
with the top quark, i.e. the one controlled by the parameter ¢;. Actually, if the deviations
from ¢; = 1 originate from pure Higgs non-linearities as in composite Higgs models, for
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instance via a higher dimensional operator like |H|?Qr H'tg, then it is easy to see that
the prediction for BR(Bs — p*p™) remains unaffected.
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5] Indirect Probes of NP at Future

Colliders

5.1 Introduction

With the discovery of the Higgs boson [12, 13| and with the absence, thus far, of any
clear evidence for New Physics, a basic feature of the dynamics underlying electroweak
symmetry breaking has begun to materialise: the new states associated with that dynamics
do not seem to be as light as naturalness considerations would have recommended. That
this might be the case has been suggested for quite some time by considerations based
on precision electroweak and flavor data, but the LHC results have made this picture
more concrete. Of course, we may just sit at the edge of New Physics and evidence may
plentifully show up in the next run of the LHC. However, once a bit of un-naturalness is
accepted, it is natural to expect, or fear, that history may repeat itself at 13 TeV. For
instance, keeping the composite Higgs scenario in mind [33-39], a plausible situation is one
where, at the end of its program, the LHC will have only measured inconclusive O(10%)
deviations from the Standard Model in the Higgs couplings. In a definitely more optimistic
situation these small deviations would appear along with some new states, but without a
clear indication for their role in the EWSB dynamics. Under the above circumstances,
the next experimental project would be more one of exploration and discovery than one
of refinement and consolidation. With this in mind, a high-energy hadron machine like
the LHC at /s = 33 TeV [204-206] would superficially seem better suited than a cleaner
but less powerful leptonic machine like the ILC [50] or CLIC [51, 207, 208]. However,
given the criticality of the decisions we may face in the coming years, it is important to
carefully assess the potential of each machine in each plausible NP scenario. It is the
goal of this chapter to provide one such assessment: by focussing on a high-energy lepton
machine such as CLIC, we shall explore its potential in the exploration of the composite
Higgs scenario.

Single Higgs production at a linear collider, even at 500 GeV, is known to be a very sensitive
probe of compositeness [209], even though an indirect one. In the case where resonances
are still out of reach, a more direct probe on compositeness is offered by the study of the
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interactions of longitudinally polarised electroweak vector bosons and the Higgs. The
relevant processes are VV — VV and VV — hh (V = W, Z), whose cross sections grow
like E2. There exist several studies of VV — VV at hadron machines [64, 210-219] but
just a few of VV' — hh [64, 80]. The study of these processes in hadron collisions is not
an easy task. V'V — V'V offers final states with leptons that stand out well against the
QCD background. However, the genuine SM contribution to V'V — V'V happens to be
numerically so large that the effects of compositeness dominate only at very high energy,
where LHC parton luminosities are small [64]. The result is a poor reach on the scale
of compositeness. In the case of V'V — hh the genuine SM contribution is numerically
small, so that in principle this would be a good probe of compositeness. However the final
states and branching ratios of Higgs decay are not favourable in a hadronic environment.
The reach on compositeness from this process at the LHC is thus also not very good.
Instead, as we will show in this chapter, a machine like CLIC offers the right combination
of a clean environment and center-of-mass energy to significantly probe the composite
Higgs scenario. The improvement compared to hadron machines is particularly stark for
VV — hh. Our main result is that V'V — hh at CLIC offers about half the reach on
the scale of compositeness as single Higgs production at a 500 GeV ILC. However the
observation of a cross section for hh production that grows with energy would be a more
direct and convincing evidence of the strongly coupled nature of NP. It also turns out
that in the presence of a signal in V'V — hh one may in principle be able to make more
refined statements about the nature of h. First of all, via a comparison with single h
processes, one can nicely and directly confirm that A is part of a doublet. Moreover one
can in principle test whether h is a pseudo Nambu—Goldstone boson (pNGB) living in a
coset space [33-39] or whether it is a generic composite scalar. A way in which this could
also be done is by studying triple Higgs production: V'V — hhh. This process could be
marginally observable in the case of a generic composite h, while in the case of a pNGB

non-trivial selection rules suppress its rate below observability.

This chapter is organised as follows. In section 2.2.2, we review the general parameteriza-
tion of the Higgs couplings and the relative importance of energy-growing 2 — 2 scattering
processes. Current constraints on the couplings, especially from electroweak precision
tests, and their consequences on the scale of NP are discussed in detail in section 5.2.
In sections 5.3 and 5.4, we study the information contained in single, double and triple
Higgs production on the structure of the underlying theory. A quantitative analysis of the
ILC and CLIC sensitivities on the anomalous couplings and their reach in the parameter

space is given in section 5.5. We present our conclusions and outlook in section 5.6.

5.2 Current constraints on the Higgs couplings

Past and current experiments set important constraints on the Higgs couplings and on
the scale of New Physics m,. For a detailed discussion of EW precision observables see
section 5.2.
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5.2.1 Direct coupling measurements

The precision currently reached at the LHC on the direct measurement of the Higgs
couplings to vector bosons and to fermions is limited. The exact value depends on
the assumptions one makes to extract the couplings. For example, one can make a
two-dimensional fit of @ and ¢, where the latter parameterises a common rescaling of all
the Yukawa couplings. Even neglecting the second solution at ¢ < 0, the uncertainty
in the official fits of the ATLAS and CMS collaborations is of the order of ~ 20% on a
and even larger on ¢ [99, 100]. In particular, while ATLAS prefers values a > 1, the best
fit value of CMS is for a < 1. A naive combination of these results leads to a smaller
uncertainty [74, 79, 163, 220-222|, but more data are definitely required to form a clearer
picture. Preliminary studies indicate that eventually a precision of ~ 5% on a should be
reached at the 14 TeV LHC with an integrated luminosity of 300 fb™! [223, 224].

5.2.2 Resonance searches

Searches for direct production of resonances at the LHC also set important constraints
on the mass scale m, of a new strongly-interacting sector. Here we consider the case of
a generic SO(5)/S0(4) composite Higgs theory as a benchmark scenario, although the
actual bounds will depend on the details of the strong dynamics and on how it couples
to the SM fermions. For illustrative purposes we focus on the lightest spin-1 resonance
of the strong sector, which we denote by p, and assume that it transforms as a (3,1)
under SU(2)r, x SU(2)g ~ SO(4) (for recent studies in this direction see for example
[97, 225-227]). The dominant production is via Drell-Yan processes (see for example
Ref. [228]). A class of theories motivated both theoretically and experimentally is one in
which the spin-1 resonance couples to light fermions only through its mixing to the SM
gauge fields [229] (see Ref. [230] for alternative possibilities). In this case the Drell-Yan
production cross section scales as 1/ g/%, since couplings of the resonances to the SM
fermions are suppressed by 1/g,. The strongest exclusion limits are currently set by the
LHC searches performed at 8 TeV with 20 fb~! in final states with one lepton and missing
transverse energy [231, 232| or dileptons 233, 234|, looking for charged and neutral spin-1
resonances respectively. For values of £ of order 1, searches for resonances decaying into
WZ, in particular those with three leptons in the final state [235, 236], give slightly
stronger bounds. ' Assuming the p to be a (3,1) of SU(2)L x SU(2)g, we translated the
bounds on (0 x BR) set by the experimental collaborations into a combined exclusion
region in the (§,m,) plane.

The situation of direct and also indirect constraints is summarised in Fig. 5.1 for the case
of a generic SO(5)/SO(4) composite Higgs theory. We fix a, = m,/(g,f) = 1, where we
define g, as the physical coupling strength between three p resonances. The fundamental

"We find that the more recent searches for spin-1 resonances decaying to pairs of vector bosons with
boosted decay products [237-239] give less strong constraints.
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Figure 5.1 — Summary of current constraints (orange curves and brown region) and expected
sensitivities at CLIC and the LHC (horizontal regions) on £ = (v/f)? and the mass of the lightest
spin-1 resonance m, for SO(5)/SO(4) composite Higgs theories. See text.

free parameters of the new dynamics are then the mass of the spin-1 resonance, m,, and
the strengths of the Higgs interactions parameterized by & = (v?/f?). The dark brown
region on the left shows the current 95% combined limit from direct production of the
charged p* at the LHC decaying to lv and W Z — 3lv final states. A similar exclusion
region follows from the limits on the production of the neutral p°. The dark (medium
light) horizontal purple bands of Fig. 5.1 indicate instead the sensitivity on £ expected at
the LHC from double (single) Higgs production with 300fb™! of integrated luminosity
(see footnote 12 for the definition of sensitivity adopted in this chapter). The value shown
for the case of double Higgs production is based on a naive (and perhaps optimistic)
extrapolation of the study of Ref. [64]; a more precise determination requires an updated
analysis for my = 125 GeV. As we will discuss in section 5.5, the study of double Higgs
processes alone at CLIC is expected to lead to a precision on £ larger than what obtainable
at the LHC through single Higgs studies. In the plot of Fig. 5.1 this is illustrated by
the lowest horizontal band. The possibility of directly testing such small values of £ at
CLIC has to be compared with the indirect bounds set by the EW precision data. By
including only the tree-level contribution AS = m3;,/ m? from the p exchange [97] and
the 1-loop IR effect from the modified Higgs couplings, we find that the region above
the lower orange band is excluded at 95%. For m, — oo the upper limit on § tends to
~ 0.02, as previously reported in the discussion of the EW fit. In the absence of other
contributions to the oblique parameters, masses m, S 57TeV are already excluded even
for very small . Lowering the value of a, makes the bound on m, weaker, but does not
change much that on £&. The allowed region instead opens up in presence of an additional
contribution to T for 0 < AT < +1.5 x 1072 the 95% exclusion boundary varies between
the upper and lower orange lines and masses as low as m, ~ 2 TeV can still be viable.
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The domain of validity of our predictions, g, < 4, is below the upper red line.

5.3 What can be learned from single and double Higgs pro-
duction?

In this section we discuss what could be learned directly, or indirectly, from a program of
precise Higgs measurements at CLIC. For definiteness we can imagine a scenario where
the LHC did not measure deviations from the SM larger than O(20%) in single Higgs
production, and also no clear indications emerged on what the underlying theory may be
(new particles may have been discovered but not with a clear role, i.e. no supersymmetric
particles). There are various broad questions one can in principle address with these
measurements. One question is whether the scalar h is elementary or composite. Other
questions concern the nature of h, whether or not it fits into an SU(2) doublet (an explicit,
if not well motivated, example of a non-doublet Higgs-like scalar is a dilaton [68-73|) or
whether or not it is a pNGB. To some extent the information will be indirect, so it is

worth illustrating the logic in some detail.

Consider the issue of compositeness first. Of course, in order to directly answer this
question, it would be necessary to explore the energy scale associated with the new
states and observe the onset of a novel UV regime, perhaps described by a strongly
coupled CFT. That would be the analogue of observing the hadron to parton transition in
QCD processes. However, the measurement of low-energy quantities can already give an
appraisal of the strength of the underlying interactions, thus favouring or disfavouring a
composite scenario. Indeed for an SU(2) Higgs doublet, a heavy particle with mass m, and
coupling to the Higgs g, modifies the low-energy couplings by a relative amount of order
(gpv/m,)?. ? For instance, massive fermions with a vectorlike mass m, and a Yukawa
interaction to the Higgs of strength g, affect the coupling of h to two gluons and two
photons by a relative amount ~ (g,v/m,)? (for recent work in the context of composite
Higgs models see e.g. Ref. [241-243]). Similarly, a heavy singlet scalar S coupled to
the Higgs doublet via a trilinear term g,m,S|H|? mixes by an angle 6 ~ g,v/m, with
h, implying shifts in its couplings of order 62 ~ (g,v/m,)?. * In the absence of new
states below a certain scale M, the observation of deviations of order 6, in single Higgs
production would then imply a qualitative lower bound on the coupling

gp > /6, %. (5.1)

v

Sizeable deviations 6;, " in the absence of new states would suggest a strong coupling and,
indirectly, h compositeness. A more direct measurement of the strength of the underlying

ZNotice that a light Higgs mass m; = 125 GeV disfavours maximal values gp ~ 4m unless some
(additional) tuning is present in the Higgs potential. See for example Refs. [1, 47, 240].

#0One could also consider a potential V = —m2|S|*> + g2|S|*|H|* + g2|S|*, by which (S) ~ m,/g, = f,
and reach the same conclusion.
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interaction is obtained by a study of the processes WW — WW and WW — hh. As
discussed in section 2.2.2, a deviation from a = b = 1 leads to a cross section that grows
with s. The 2 — 2 amplitude can be taken as a measure of a “running” coupling g(+/s),
see eq. (2.36). The measurement of an enhancement, quantified by d;;”, in these processes
at an energy 4/s, corresponds directly, though qualitatively, to a lower bound on the
strength of the interaction

0 > 8(43) ~ Jo 2 52)
Equations (5.1) and (5.2) look similar, and not by chance. Notice, however, that the
second equation corresponds to a direct measurement of the coupling, and is thus a more
robust estimate. Indeed, at a precise machine such as CLIC a detailed study of 2 — 2
processes would allow even stronger conclusions. The point is that eq. (2.36) is only the
leading term in a derivative expansion, the subleading corrections being of relative size

s/mg:

2
mp

A2 = 2) = 5,1,% (1 +0 <S>> : (5.3)

In principle at CLIC one could measure the leading O(s) contribution and set an upper
bound ¢y, on the relative size of the O(s?) term. That would indirectly suggest that
there are no new states below a mass M ~ \/s/,/ep;, and that the amplitude will keep
rising at least until that scale. That would amount to a stronger indirect bound

5ewp
On_ V'3 . (5.4)

9p>g(M)N enn U

We clearly see here the value of being able to measure 2 — 2 processes with high
precision below the threshold of New Physics. Of course another possibility is that of
directly observing, rather than setting limits on, the O(s?) effects from the tails of heavy
resonances. In this case detailed information on the strong dynamics, such as the quantum
numbers of its resonances, can come from the comparison of different scattering channels,
see for example Refs. [97, 244-246]. *

Consider now the properties of A from the standpoint of symmetries. In the case of the
SILH, in which A fits into a doublet of SU(2) arising from some unspecified dynamics at
the scale m,, the bosonic couplings a, b, b3 are predicted in terms of just one parameter
at O(v?/f?), as illustrated by eq. (2.32). In particular, by defining Aa? = a® — 1 and
Ab=b—1 one has

Ab=2Ad” (1+ 0(Ad?)) , (5.5)

4The effects from the tails of spin-1 resonances can also be studied through the process ete™ — V'V,
see for example Refs. [247-252].
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where the higher-order corrections are determined by the tower of higher-dimensional
operators with two derivatives and 2n H fields using the SILH power counting. Further-
more, in the very special case where H is a pNGB the whole tower of operators and the
resulting WWhA™ couplings are all fixed in terms of a single parameter . Equation (3.7)
reports for example the predictions of the minimal SO(5)/S0(4) and SO(4,1)/SO(4)
theories. In both cases eq. (5.5) becomes exactly

Ab = 2Ad?. (5.6)

From single Higgs production one would be able to measure Aa? with an error ~ 1072,
maybe of a few per mille [50, 209, 253-256]. The measurement of WW — hh, as we
will discuss in the next sections, allows one in principle to measure Ab with an error of
order 1072. Equations (5.5) and (5.6) can then be tested at the percent level. For instance,
in the case of a SILH not embedded in a coset one could imagine finding Aa?, Ab > 0.1
and to be compatible with eq. (5.5) but violating eq. (5.6) by an amount bigger than
the expected percent accuracy. On the other hand, for Aa?, Ab < 0.1, it would not be
possible to distinguish between a SILH and a pNGB. Finally, down to Aa?, Ab ~ 1072
one could find that eq. (5.5) is not respected, indirectly speaking against the embedding of
h in a doublet. It should however be pointed out that such a scenario, normally associated
with a fully composite h, would more probably imply A’s of order 1, which are already
excluded by the current LHC results. It should also be remarked that the only case of
this type with some mild motivation is the one of a light dilaton, corresponding to

Ab = Ad?, (5.7)

implying a vanishing contribution to WW — hh at leading order in the energy expan-
sion [64].

We should finally point out the potential role of the rates for h — gg and h — ~7v in
distinguishing a pseudo Nambu—Goldstone A from a generic composite scalar. The basic
remark [80] is that there are two classes of corrections to these rates. One correction
originates from the modification of the coupling of h to WW and to ¢t and affects the
on-shell h — gg, h — ~v amplitudes via the W and t loop contribution. In a sense
this contribution is long distance. A second correction is the genuine short-distance
contribution to the Wilson coefficient of the operators

Ogg = hGu,G* | O,y = hF,, F* (5.8)

that arises from loops of heavy states. In the case of a pNGB this second class of effects
is suppressed with respect to the first by a factor (gg/ gp)z, where by gg we indicate
a weak spurion coupling which breaks the Goldstone symmetry. This suppression is a
consequence of the Goldstone symmetry selection rules and would be absent in the case of
a generic composite scalar, like for instance the dilaton. In the limit where ggz/g, < 1, the
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rates h — gg, h — 7y are fully controlled by a and ¢; (¢; measures the deviations of the
top Yukawa coupling [80]), a result that can in principle be tested. However, one should
keep in mind that the measured value of m;, prefers a scenario where the top partners
are somewhat lighter than the rest and only moderately strongly coupled [1, 47-49, 157].
In that situation the correlation between h — gg, h — v and the parameters a, c; may
receive important corrections.

5.4 What can be learned from triple Higgs production?

In this section we discuss the relevance of the process VV — hhh in distinguishing
between a generic SILH and a pNGB (for an earlier study of this process at a linear
collider, see Ref. [257], while a study at the LHC has been recently carried out in Ref. [258]
and triple Higgs production by gluon fusion has also been studied in Ref. [259]). We will
show that this process is suppressed in the pNGB case as a consequence of a Zs invariance
of the Lagrangian under which the NG bosons are odd. A priori, any three-body final
state involving the Higgs and gauge bosons could be a further probe of the nature of the
Higgs. In practice, however, V'V — hhh is the only process that adds new information,
thanks to its sensitivity to b3. Studying further final states like hhV, hVV and VVV
merely gives a complementary probe of the relation between a? and b.

5.4.1 Symmetry structure

In a symmetric coset like SO(5)/S0O(4) there exists a Z invariance of the algebra (grading)
under which the broken generators T% change sign while the unbroken generators 7
do not: T® — 4+T% T® — —T% At the field level this corresponds to a parity R under
which all NG bosons are odd

R: i (z) = —1%(x). (5.9)

In general, R is an accidental invariance of the Lagrangian at the two-derivative level
and is violated at higher orders. This is for example the case of SO(4)/SO(3), where R
coincides with the Prr parity of eq. (2.37). It may happen however, as for example in
the case of SO(5)/SO(4), that R is an element of G, in which case it remains unbroken
to all orders in the derivative expansion of the strong dynamics. In fact, this is true
for any coset G/H involving only doublets under some SU(2) C H. ° In particular
this property is shared by the simplest cosets involving just one scalar doublet, whether
custodially symmetric (SO(5)/SO(4) or SO(4,1)/SO(4)) or not (SU(3)/SU(2) x U(1)).
Consequently, when the Higgs doublet is the only pNGB multiplet from some strong
dynamics, processes with an odd number of pseudo-NG bosons are forbidden to all orders

Such a coset is obviously symmetric, as the commutator of any element in G/H cannot be a doublet,
and must therefore belong to 7. Moreover the residual SU(2)" will forbid odd powers of the NG-bosons
at any order in the derivative expansion.
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Amplitude for
pNGB | SILH

ViV, = hhh g2v/f2 ' év/f4
ViV — hhh Vsg/ f?
VTVT — hhh QQU/fZ

Polarisation

Table 5.1 — Naive high-energy and large-angles behaviour of partonic V'V — hhh amplitudes for
a pNGB Higgs (first column) and a generic SILH scalar (second column).

in the strong dynamics and only arise as a weak effect of the SM couplings.

The above argument implies that, although by a naive counting one would expect the
Vi Vi, — hhh cross section to grow with 2, 6 this does not happen for a pPNGB Higgs.
In practice R is weakly broken by the gauging, so that this process is not strictly zero
but only suppressed by g. The expected energy behaviour of the amplitude at the
parton level can be estimated by power counting and is shown in Table 5.1. Longitudinal
modes interact with coupling strength §(v/5) ~ v/3/f, while transverse modes have weak
coupling strength g. Measuring the cross section of triple Higgs production can thus give
important indications on the nature of the Higgs boson and distinguish the case of a
pNGB from that of a generic SILH. Indeed, as it will become more clear in a moment, the
grading symmetry R is reflected in some non-trivial correlations among the coefficients
of operators of different dimensionality in the expansion of the effective Lagrangian in
powers of the Higgs doublet H.

5.4.2 Quantitative analysis of V'V — hhh

We checked that the expected cancellation of the energy-growing term of the ViV, — hhh
scattering amplitude takes place by performing an explicit computation in the gaugeless
limit g = ¢’ = 0. By the equivalence theorem, the leading energy behaviour of V7, Vy, —
hhh is captured by the NG boson scattering xx — hhh. From the Lagrangian of eq. (2.16)
we find three distinct diagrams, depicted in Fig. 5.2, plus their crossings, which contribute
to the amplitude. At leading order in § we find 7

Alxx = hhh) = =5 (4ab — 40 — 3b3) . (5.10)

SFrom here on we will indicate the partonic c.o.m. energy with §, while s will denote the collider
energy.

"Note that, similarly to the process VV — hh, anomalous Higgs self-interactions parameterized by ds
and d4 modify the amplitude of triple Higgs production near threshold but do not affect the asymptotic
behaviour at large partonic energy. Their contribution is thus subleading and will be neglected in the
following.
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Figure 5.2 — Leading diagrams contributing to the xy — hhh amplitude. Dashed lines represent
the NG bosons x, while solid lines denote the Higgs boson h. The sum of these diagrams with
their crossings cancels out exactly in the gaugeless limit for a symmetric coset and at the O(p?)
level for any coset. See text.

o 3
abj | 0 005 01 02 03 05 099

pNGB | 0.32 046 0.71 147 241 413 0.30
SILH | 032 0.71 087 7.56 42.89 4079 7808

Table 5.2 — Cross section for the process eTe™ — vizhhh for my = 125GeV at /s = 3 TeV.
The first line shows the cross sections obtained in the symmetric SO(5)/SO(4) coset for various
values of {. The cross sections in the second line are for a SILH with ¢y = 1 and ¢j; = 0 and
vanishing higher-order operators.

In the case of SO(5)/SO(4) the values of the couplings a,b and b3 are given by eq. (3.7)
and the coefficient of the term growing with § in the amplitude vanishes identically. In
the case of a generic Higgs doublet the cancellation works at the O(v?/f?) level, as due
to the universality of the SILH Lagrangian, but it fails at higher orders. By substituting
the relations of eq. (2.32) into eq. (5.10) we find

3 4
Cei 9\ 8 (v
As expected, the coefficient of the energy-growing term is of order v*/f# and proportional
to the linear combination (c}; — 2¢%). This latter must vanish if the Higgs lives on a
symmetric coset G/H. ©

At CLIC, triple Higgs production proceeds through the process ete™ — vV'V — vishhh,
where V = W¥, Z. Some typical values of the cross section are shown in Table 5.2 for
the case of a pNGB and a SILH with ¢y = 1 and ¢j; = 0 (and vanishing higher-order
operators). While the cross section for a pNGB is in the range of a few ab, in the case of
a generic SILH it can be much bigger and grows like ¢*, with the dominant contribution
coming from the subprocess VpVy, — hhh. A careful analysis of the sensitivity of a linear
collider to the anomalous couplings involved in triple Higgs production is beyond the
scope of this work. A very conservative approach is to decay every Higgs to bb and to
require the identification of at least 5 b-jets. The branching ratio of three Higgses into 3
bb pairs is 20%. Assuming an 80% b-tagging probability, the efficiency to reconstruct at

8This shows that the relation ¢f = 2¢% holds true in any symmetric coset, and not only in

S0(5)/S0(4).
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AL K

Figure 5.3 — Diagrams giving the dominant contribution to the Vpry — hhh cross-section.
Continuous, dashed and wiggly lines denote a Higgs boson h, the NG bosons y, and a transverse
gauge boson Vp respectively.

CTOsSsIngs

least 5 b-jets out of the available 6 in the final state is 66%. Including an additional factor
3 reduction due to identification cuts to be performed on the final state jets one obtains
an overall efficiency on the signal which is roughly 5%. Requiring the identification of
0O(10) triple Higgs events implies the possibility to detect this process with an integrated
luminosity of 1 ab™! as soon as & > 0.3 for a generic SILH.

The dominant contribution to triple Higgs production in the case of a pNGB Higgs
comes from the subprocess WLiW;f — hhh, whose cross section is expected to grow as
$log 5. The leading logarithmic behaviour can be extracted by using the equivalence
theorem and arises from the subset of diagrams shown in Fig. 5.3. In the limit in which
the intermediate pNGB line is nearly on-shell, the total cross section factorizes into the
product of a collinear W — yh splitting times the cross section of a hard y*x¥ — hh
scattering

o(WEXT — hhh) = /d:z: dp% f(z,pr) o(xTxT — hh)(z3). (5.12)

Here x is the fraction of the W energy carried by the emitted x, pr is its transverse
momentum and § is the total center-of-mass energy of the Wpry — hhh process. The
splitting function f(x,pr) can be calculated using eq. (2.16) and is given by

1zl —x)
py  8m?

r(1 —z) a®¢®

, = AWp — xh)|} = 2~ | 5.13
F(,pr) AW = i) = T (513
where we have neglected the masses of the gauge and Higgs bosons. Notice that the
amplitude of the splitting A(Wp — xh) vanishes in the forward direction as required by
angular momentum conservation. At leading order in 3, the cross section of the hard

xXx — hh scattering does not depend on pr, and reads

5(b— a?)?

(5.14)
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Figure 5.4 — Partonic cross-sections of the processes Vi,Vy, — hhh (black), VL,Vr — hhh (red)
and VzVp — hhh (blue) as a function of v/ for a pNGB Higgs with & = 0.1 and mj, = 125 GeV.
The dashed line shows the partonic cross section after applying the cuts pp > 0.05v/5 for each
Higgs and my,;, > 0.1v/5 for all Higgs pairs.

We thus obtain

2 3)2 5
+ g (ab—a”)" s
o(WZxT — hhh) = 199383 ol slog o

(5.15)

The factor log(s/ m%{,) originates from the logarithmic divergence of the integral over pp,
which is cut off in the infrared at p2T ~ m%v once the W mass dependence is properly
taken into account.

Although this calculation captures the exact asymptotic behaviour of the VV%VVEF — hhh
process, it turns out that the subleading contribution proportional to § is numerically
large, so that the logarithmically enhanced term starts to dominate only at very high
center-of-mass energies. The energy dependence of the process VV — hhh (V =W, Z)
in the various polarisation channels is shown in Fig. 5.4. We assume that the Higgs boson
is a pNGB living on the coset SO(5)/SO(4), so that the selection rules discussed at the
beginning of this section apply. The expectation for the various 2 — 3 amplitudes is
reported in Table 5.1. Notice that for a three-body process the product of the flux factor
and phase space is dimensionless. The naive high-energy behaviour of the various cross
sections is then obtained by squaring the entries of Table 5.1. The total cross section is
expected to follow this naive energy behaviour only if the phase space integral does not get
any particular enhancement from singular kinematic configurations. As explained above,
the LT polarisation channel indeed gets a logarithmic enhancement from the kinematical
region where one of the final Higgs bosons is collinear with the incoming transverse vector.
As Fig. 5.4 shows, the T'T" channel cross section is constant at high energy, in agreement
with the naive expectation o(VyVr — hhh) ~ (g*/(47)3)(v?/f*). On the other hand
the inclusive Vi, Vi, — hhh cross section grows like § at high energy, faster than what is
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expected from Table 5.1. This is due to the Coulomb singularity that some of the diagrams
have in the limit in which one of the final Higgs bosons is collinear to the incoming beam.
The amplitude of those diagrams goes as A(VyVy, — hhh) ~ (g%v/f?)(3/t), where t is the
squared difference of one of the initial momenta and the momentum of the collinear Higgs
boson. The integral over ¢ is dominated by the singular region t ~ ¢, ~ —m%[,, so that
the total cross section gets enhanced by a factor (§/m#,). Such an enhancement can be
removed by suitable kinematic cuts to avoid all collinear configurations. For example, the
dashed curves of Fig. 5.4 show the energy dependence of the cross sections after requiring
pr > 0.05V/5 on each of the Higgs final momenta. As expected, the TT and LT channels
are only slightly suppressed by the cuts, while the Coulomb singularity of the LL channel
is removed and its cross section is constant at high energies.

5.5 Quantitative analysis of VV — VV and VV — hh

In this section we study the sensitivity of a linear e*e™ collider to the anomalous Higgs
couplings a, b and ds through vector boson scattering and double Higgs production. In
section 5.5.2 we discuss ViV — ViV, scattering at low-energy (ILC) and high-energy
(CLIC) linear colliders; in sections 5.5.3 and 5.5.4 we focus on double Higgs production. We
show that, while CLIC can provide a precise determination of the anomalous couplings
through the study of the vector boson fusion process ee™ — hhvi, a lower-energy
machine like the ILC has to rely on the double Higgs-strahlung process ete™ — hhZ.
Previous analyses of VV — V'V and VV — hh at high-energy linear colliders appeared
in Refs. [260-262] and [209, 263, 264] respectively. *

5.5.1 Identification cuts

In the following we set my = 125 GeV and focus on final states where W, Z and h decay
hadronically, with the only exception of double Higgs-strahlung where we include leptonic
decays of the Z. Our analysis is at the parton level and does not include corrections due
to QCD radiation. Final-state partons are passed through a simple algorithm to obtain a
crude though sufficiently accurate approximation of jet-reconstruction and detector effects
of a real experiment. We perform a simple Gaussian smearing of the parton energies
assuming a constant resolution AE/E = 5% [51, 207, 208]. Two partons with

AR]']' <04 (5.16)

are merged together by summing their 4-momenta. The algorithm is applied recursively
until it converges to a list of final partons. A parton thus obtained which satisfies the

9See also Ref. [265] for a study of the process vy — VV (V = W, Z) to extract the anomalous Higgs
couplings.
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cuts
E; >20GeV, \nj| <2 (5.17)

is identified with a reconstructed jet. The rapidity cut, in particular, excludes recon-
structed jets which fall within 15° of the collision axis. Leptons (muons and electrons)
are identified if they satisfy the following cuts:

E; >5GeV, Ine| < 2. (5.18)
We furthermore require a separation AR, > 0.4 between reconstructed jets and leptons.

In events with two Higgs bosons (like those coming from WTW fusion or double
Higgs-strahlung) we require at least 3 b-tags with a b-tagging efficiency of 80% assumed
throughout the analysis. According to Ref. [51, 207, 208], this is associated with mistag
rates of ~10% and ~1% for c-jets and light jets respectively. With this assumption the
probability of tagging at least 3 b-jets out of 4 is 82%.

All our event samples are generated with MADGRAPHS [189], except for the background
to VV — V'V scattering which has been generated with WHIZARD [266]. We do not
include parton showering and hadronization.

5.5.2 VV — VV scattering

All the channels ete™ — V'V, where ¢ is either an electron or a neutrino, provide
a framework for studying vector boson scattering at a linear collider. V'V scattering
processes with electrons in the final state are initiated by a neutral current splitting

+ 5 vet or e — Ze*. While the first always contributes as a large background to the

e
signal we are interested in, the second splitting is a factor of 2 smaller than the charged
current splitting e — Wy, We will focus therefore on VVvv final states and neglect
VVete™ for simplicity. We will consider hadronically decaying vector bosons and, to
avoid possible experimental issues related to energy resolution and W/Z separation, we

will be inclusive and sum over final states with W’s or Z’s.

The cross section for the process ete™ — VVvi can be parameterized in terms of the
coupling shift Aa? as

o(Aa?) = osn (1+ AAa® + B (Aa2)2) , (5.19)

where ogps is the SM cross section and A, B are two dimensionless coefficients. Notice
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that Aa? = ¢ in the MCHM. For /s = 3 TeV we find, before any cut,

ete” = VVu Vs =3TeV
before any cut

osym = 1841b, {A,B} ={0.01,0.15} . (5.20)
It is clear that at this level the cross section is largely dominated by the SM term. One
reason is the “accidental” numerical enhancement, discussed in Ref. [64], of the partonic
ViV — VipVp cross section compared to ViV, — Vi, V. Another reason is that the total
cross section displayed here is dominated by threshold production and does not really
probe the highest energies.

The situation is worsened by the presence of backgrounds. The largest contribution
arises from the process ete™ — WHW ~ete™, which goes through a vy — WTW ™~ hard
scattering, where the final electron and positron escape the detector. A similar though
smaller background comes from eTe™ — W*ZeTv. Before cuts, the cross section of these
background processes is of the order of hundreds of pico-barns.

We focus on hadronic decays of the W and Z bosons and select events with at least four
reconstructed jets, where jet reconstruction is done according to the procedure discussed
in section 5.5.1. The two V candidates are defined by considering the four most energetic
jets in each event, ji 4, and by identifying the pairing (j1J2,73j4) which minimises the
x? function

(M, —mv)? + (Mg, —my)?, (5.21)
where my = (mw + myz)/2. We use the average mass my in the x? function since we
do not know a priori if the V' candidate is a W or a Z. The algorithm is however quite
effective to identify real vector bosons, and the percentage of fake pairings is negligible.
After their reconstruction, we impose the following cut on the invariant mass of each of
the two V' candidates:

Imj; —my| < 15GeV . (5.22)

Events where such requirement is not satisfied are discarded. The overall efficiency of the
identification cuts in egs. (5.17) and (5.22) is roughly 30% for both signal and background.
After imposing the identification cuts and including the hadronic branching ratios of the
W and Z bosons, we find that the signal rate r = o(ete™ — VVww) x BR(VV — 4j) is
parameterized by

r(Aa?) = rgn (1+ A, Ad® + B, (AaZ)Q) , (5.23)

with

ete™ — djui Vs =3TeV
after identification cuts

rsv =28.7fb,  {A,, B} ={0.04,0.16} . (5.24)
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In order to enhance the signal and reduce the backgrounds we apply the following
additional set of cuts

my,vy > 500 GeV,

minpr(V;) > 100 GeV ,
(5.25)
max |ny,| < 1.1,

myy, > 150 GeV

where V7o denote the two V' candidates. The cut on the invariant mass of the two
neutrinos, in particular, eliminates those backgrounds, like ete™ — VV Z (with Z — vi),
where the missing energy arises from the invisible decay of an on-shell Z boson. Finally,
we require

pr(ViVa) > 75 GeV. (5.26)

This latter cut on the transverse momentum of the V'V system is applied to further reduce
the ete™ — WHW~ete™ and ete™ — W*ZeTv backgrounds: if the final electrons are
so forward to be lost in the beam-pipe it is reasonable to expect the total pr of the
recoiling vectors to be small. After all these cuts, the signal rate is parameterized by

ete™ — 4jup Vs =3TeV
after analysis cuts

rep =17f,  {A., B} ={0.04,0.7} . (5.27)
The background rate from ete™ — WTW eTe™ and ete” — W*ZeTv processes
amounts to roughly r, = 2.5fb after the cuts. The calculation has been performed

using WHIZARD [266] by requiring the electrons in the final state to be undetected
(n(e*) > 2.5). 10

We thus proceed to estimate the expected sensitivity on Aa?. We follow a Bayesian
approach and construct a posterior probability for the total event rate 7.t

p(rtot|Nobs) X »C(Nobs|7'totL)7T(Ttot) , (528>

where N is the assumed number of observed events and L is the integrated luminosity.
We denote with 7(ry) the prior distribution and with L£(Ngps|rieeL) the likelihood
function, which we take to be a Poisson distribution

e_TtotL (TtotL)Nobs
Nobs!

‘C(Nobs‘rtot[f) = (529)

For a given true value Aa? of the coupling shift, we assume the number of observed

10VWe found significant numerical instabilities in the MC computation of the cross section, with variations
in the final result up to 30 — 50%. As explained below, we took into account such uncertainty in our
analysis by rescaling the final background rate by a factor 1.5.
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Aa? =¢ Aad? £(68) £(95)
0 (—0.21,0.17) (0,0.17) (0,0.29)
0.05 (—0.22,0.17) (0,0.18) (0,0.29)
0.1 (—0.23,0.18) (0,0.19) (0,0.30)

0.2 (—0.34,—0.1) U (0.04,0.28)  (0.06,0.28) | (0.0,0.34)
03 | (=0.45,-0.22) U (0.17,0.39) (0.17,0.39) | (0.0,0.45)
05 | (—0.62,—0.49) U (0.45,0.56) (0.43,0.56) | (0.36,0.61)

Table 5.3 — Expected 68% probability intervals on Aa? (second column) and ¢ (third column)
and 95% probability intervals on ¢ (fourth column) for different true values Aa? = ¢ measured at
CLIC 3TeV through VV — V'V scattering. The limits on ¢ have been derived by taking into
account that only values in the range £ € [0, 1] are theoretically allowed. See the text for details
on the statistical analysis.

events to be Ny = (r(Aa?) + 1)L, while the total rate is 74 = 7(Aa?) + 1. As we
do not explicitly introduce additional uncertainties (theoretical or systematic) on the

11

estimate of the background in our statistical analysis, ** we have conservatively rescaled

the background rate r, by a factor 1.5 compared to the MC prediction.

By assuming a flat prior on Aa? and setting the integrated luminosity to L = 1ab™!, we
obtain the 68% probability intervals shown in Table 5.3 (second column) for different true
values Aa?. We find that for large Aa?, the term proportional to (Aa?)? dominates the
rate and a second peak of the likelihood appears at negative values of the coupling shift.
The 68% interval in these cases consists of two disconnected parts. We also considered the
SO(5)/S0(4) models MCHM where the coupling shift is Aa? = ¢, see eq. (3.7). In this
case we have imposed a prior on § which is flat in the theoretically allowed range [0, 1] and
vanishing outside. The corresponding 68% probability intervals on £ are reported in the
third column of Table 5.3 for different true values €. With our set of cuts, a 3 TeV linear
collider is sensitive to values of Aa? (&) bigger than ~ 0.2 through WW scattering.
We do not find any significant gain in resolution by applying a harder cut on the V'V
invariant mass.

A similar analysis can be carried out for a lower energy machine. We considered for
example the case of a 500 GeV linear collider. Parameterizing the signal cross section as
in eq. (5.19), before cuts we find

ete” - VVup Vs =500 GeV
before any cut )

osa =5.12fb,  {A,B} = {-0.03,0.06}
(5.30)

1This would require introducing one or more corresponding nuisance parameters in the likelihood
function, which is beyond the scope of our simple statistical analysis.

12Here and in the following, by sensitivity /precision on some anomalous Higgs coupling we mean the
68% error on its measured value for injected SM signal.
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At this stage the background processes have very large cross sections, of the order of 100 fb.
However, all backgrounds can be reduced to a negligible level by applying the identification
cuts of egs. (5.17) and (5.22), the additional cuts pp(V1Va) > 40 GeV, m,,, > 100 GeV
and requiring all electrons in the final states to escape detection, n(ei) > 2.4. After
these cuts, and including the hadronic branching ratio of W and Z, the signal rate is
parameterized as in eq. (5.23) with:

ete™ — 4jui V5 = 500 GeV
after analysis cuts

rep =05f,  {A., B} ={-0.03,0.15}
(5.31)

By repeating the previous statistical analysis, we find that with an integrated luminosity
L = 1ab~! the effect of a non-vanishing hVV anomalous coupling can be resolved in
ete”™ — V'V only for large values of Aa? (£), of the order 0.5 — 0.6.

5.5.3 VV — hh scattering

The scattering amplitude for V7,V — hh depends on a, b and d3 and can be conveniently
written as A = a? (Agar + A1 8 + Az 84, ), where Agyy is the value predicted by the SM
and '3

ds3

5 =1 biy=1-—" (5.32)

b

a?’
At large partonic center-of-mass energies, £ > my, A; grows like E?, while A and Agys
are constant. The parameter §; thus controls the high-energy behaviour of the amplitude
and gives a genuine “strong coupling” signature. On the contrary, d4, determines the value
of the cross section at threshold [64]. In an eTe™ collider, V.V, — hh scatterings can
be studied via the processes eTe™ — vizhh and eTe™ — eTe”hh. The latter, initiated
by a partonic ZZ state, has a cross section which is roughly one order of magnitude
smaller than the former. This is due in particular to the fact that the et — Ze™T splitting
function is roughly a factor of 2 smaller than e* — W¥*v. For this reason we neglect
ete™ — eTe hh in the following. The ete™ — vizhh cross section can be written as

o=a'osy (1+ Ad,+ By, +Copday + Dj + E53,) , (5.33)

where ogps denotes its SM value. Notice that a enters only as an overall factor. Without
applying any kinematic cut on the Higgs decay products (nor including the branching
fraction of Higgs decays) we find, for /s = 3 TeV,

osa =0.83fb, {A,B,C,D, E} = {3.83,0.64,3.41,15.6,0.48} [ Vs =3Tev }

before any cut

13Tn the MCHMA4 6, = &/(1—¢), 64y = 0, while in the MCHMS5 &, = dq; = £/(1—£). See eqgs. (3.7),(3.8)
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(5.34)

Notice that although the SM cross section ogps of the processes VV — VV and VV — hh
differs by more than two orders of magnitude, the energy-growing contributions (given
by osp B = 27.6fb for VV — V'V, see egs. (5.19) and (5.20), and ogp D = 12.91b for
V'V — hh, see egs. (5.33) and (5.34)) are of the same size, as required by the SO(4)

invariance.

In contrast to VV — V'V scattering, in the case of double Higgs production simple
acceptance and reconstruction cuts keep the background at a negligible level. For our
analysis we focus on events where both Higgs bosons in the signal decay to bb, and select
events with four or more jets and at least three b-tags. The most important processes
which can fake the signal are then eTe™ — vihZ, ete™ — vZZ and ete™ — eTe " ZZ.
In all cases the Z boson must decay to a bb pair, and in the latter process both electrons
have to be missed in the beam pipe. Before cuts we find

o(ete” — hZvi — bbbbvi) = 0.881h,
olete™ — ZZvv — bbbbvv) = 1.26 b, (5.35)
olete™ — ZZeTe™ — bbbbete™) = 0.581h,

which can be compared to the signal cross section in eq. (5.34) after multiplying this
latter by the Higgs pair branching fraction BR(hh — bbbb) ~ BR(hh — bbbb)sas = 0.34.
Further backgrounds, like for example tf — bbW W~ — bbjjlv, can fake our signal only
if one or more light jets are mistagged as b-jets and if extra charged leptons escape into
the beam pipe. This is enough suppression to safely ignore them. The backgrounds in
eq. (5.35), on the other hand, are largely suppressed, and thus negligible, if the jet energy
resolution of the detector is sufficiently good to accurately distinguish a Z from a Higgs
boson. This seems to be a valid assumption according to Ref. [51, 207, 208|, and in the
following we will consequently assume the backgrounds to be negligible.

A simple-minded approach to the extraction of the two parameters d; and dg4, is the
following. Let us consider a kinematical variable O whose value increases with the
c.o.m. energy of the WTW ™= — hh subprocess. The invariant mass of the two Higgses,
mpyp, and the sum of their transverse momenta, Hp, are two valid examples for O. We can
divide the set of ete™ — vihh events into two categories according to whether O < O
or O > O, where O is some fixed value. The number of observed events in these two
categories can be fitted to o (dp, da,) and o= (dp, da,). Notice that thanks to the cut on
O, 0= (0p, 04,) will have an enhanced sensitivity to d, while o< (dp,d4,) is more sensitive
to d4,.

We thus adopt the above strategy and proceed as follows. We start by selecting events
with four or more reconstructed jets. The Higgs candidates are identified from the list of
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the four most energetic jets, ji .4, by selecting the pairing (j1j2, j3j4) which minimises
the x? function

(mjs = mp)? + (Mg, —mp)?. (5.36)
We impose the following cut on the invariant mass of each of the two Higgs candidates
\mjj — mh\ < 15GeV, (5.37)

and require that at least three of the jets ji .4 are b-tagged. Events where these
requirements are not fulfilled are discarded. We find that the overall efficiency of the
identification cuts of egs. (5.16), (5.17) and (5.37) varies from 20% to roughly 35% when
0p ranges in the interval 0 — 0.5, while it is only marginally sensitive to d4,. In particular,
the energy cut on the jets has an almost constant efficiency (roughly 80%) over the
whole parameter space. The variation in the total efficiency comes mainly from the cuts
on pseudorapidity and on AR. The cut on 7 disfavours small values of §, since these
typically lead to more forward Higgses and consequently more forward b-jets, which in
turn have a smaller probability to pass the n cut. The cut on minimum AR, eq. (5.16),
on the other hand, disfavours large values of d;, since these lead to more boosted Higgses
and thus more collimated decay products. Finally, the cut in eq. (5.37) has an almost
unit efficiency in our parton-level analysis with our assumed energy resolution.

Figure 5.5 shows the distributions of my;, and Hp for some fixed values of the parameters
and d4, after the identification cuts. While a single cut on either of these two kinematic
variables is sufficient to extract the dependence on d; and d4,, we found that using both
mpp and Hp gives a slightly better sensitivity. We thus consider the four independent
kinematical regions

I: myy > 700GeV and Hp > 400 GeV ,

II: myp > 700GeV and Hp < 400 GeV ,
(5.38)
III: my, < 700 GeV and Hp > 400 GeV

IV : mpp < 700 GeV and Hr < 400 GeV.

Our final results do not crucially depend on the specific choice of the cuts on mpp and Hr.
One could in principle optimise them to obtain the best sensitivity on the parameters.
We checked, however, that reasonable variations around the values adopted in eq. (5.38)
result in small variations of the final results. For each of the kinematic regions (5.38), the
signal rate r = o(ete™ — vhh) x BR(hh — bbbb) can be parameterized as follows

BR(bb)

2
————) (14 A6 + B, b4, + Cr 0404, + Dy 03 + E,63,) , (5.39
BR(bb>SM) (L+ Ardy + Brday + Cr G0a, + Dr 0 + Er 3,) , (5-39)

r=rgyat <
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Figure 5.5 — Normalised differential cross sections do/dmyy, and do/dHy for ete™ — vishh at
CLIC with /s = 3 TeV after the identification cuts of egs. (5.17) and (5.37), for several values of
5(, and 5d3~

where gy is the SM rate and BR(bb) is the Higgs branching fraction to bb. The values
of the coefficients A, B;, C;., D,, E,. and of rgj; are reported in Table 5.4. Figure 5.6
shows the curves of constant rate in the plane (s, d4,) for three choices of cuts: only the
identification cuts of egs. (5.17) and (5.37), identification cuts + region I, identification
cuts + region IV.

In order to derive the expected sensitivity on ¢, and dg4,, we construct a Poisson likelihood
function (see eq. (5.29)) for each of the kinematical regions of eq. (5.38), and a global
likelihood as the product of the individual ones. We assumed a flat prior on 9, and d4,.
Since a and the branching ratio BR(bb) appear in eq. (5.39) as overall factors, they can
be conveniently absorbed by rescaling the integrated luminosity L (note that, by the time
the study of V'V — hh will be feasible, both a and BR(bb) will be known precisely enough
through single Higgs processes). The sensitivity on dy (d4,) is obtained by marginalising
the posterior probability over d4, (d) and using the resulting single-parameter function
to find the 68% probability interval on d (d4,)-

)/BR(bb)syr)? are shown
= (0,0) we find that the

The results for a 3 TeV linear collider with L = 1ab™'/(a?BR(b
in Tables 5.5 and 5.6. '*  For injected (true) values (&, d4,)

Notice that for small §, and large and negative d4,, the central value of the measured parameter
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rsym [ab] A, B, C, D, E,
I 8.8 15,6 0.88 14.5 164 0.07
11 4.5 3.87 030 092 444 -0.08
IIT 6.5 9.89 1.25 17.1 554 1.54
I\ 44 3.95 123 509 7.3 1.10

Table 5.4 — Fit of the ete™ — hh(— bbbb)vD rate (see eq. (5.39)) at CLIC with /s = 3 TeV in
the various kinematical regions defined in eq. (5.38).

Identification cuts

Hr> 400 GeV, my,> 700 GeV

Hy< 400 GeV, myh< 700 GeV
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Figure 5.6 — Contours of constant e™e™ — hh(— bbbb)vi rate (see eq. (5.39)) for \/s = 3TeV in
the plane (dp,d4,). We set a =1 and BR(hh — bbbb) = BR(hh — bbbb) .

measured Sdg
S -0.5 0.3 -0.1 0 0.1 0.3 0.5
0 | —0.04575:952  0.015%5:920  0.010%5972  0.0079%%  0.0070%  0.007593  0.007593
0.01 | —0.0555:970  0.0305:93%  0.020%5:952  0.015%5:932  0.01079:920  0.01079:522  0.01013:522
5, 0.02 0.0275:9%2  0.040F5:0%0  0.02575:075  0.02070:032  0.02079:028 0.02079:528  0.02010522
0.03 0.0375:932  0.05075:0%0  0.03575:0%  0.03070:032  0.03070:032  0.03070:038  0.03070:020
0.05 0.0575:032  0.080%50%  0.05510:0%  0.05010:035  0.05010:032  0.05070:032  0.05010:030
0.1 01275920 0.10799%5  0.107993  0.107992  0.107592  0.107592  0.10%5:02
0.3 0307592 0307502 0307502 030700z 030700z 0.307%0:  0.3070:03
0.5 0507095 0.50%502 0501005 0.5010:05  0.50%003  0.50%003  0.5010:03

Table 5.5 — Expected precision on §, for different true values 8, and d4, obtained at CLIC with
V5 =3TeV and L = 1ab™'/(a®>BR(bb)/ BR(bb)sas)? through VV — hh scattering.
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measured 5d3
Sy -0.5 -0.3 -0.1 0 0.1 0.3 0.5
0| —0.501532  —0.25%920  0.00%52%  0.05703  0.1070Z  0.30792%  0.501512
0.01 | —0.45%53%  —0.20%0:32  —0.0510:30  0.005032  0.1070320 0.30%01%  0.50%512
5, 002 | —03570%  —0.2510% 0107035 0.007032 0.1070:55 0301012 0.5010 13
0.03 | —0.40%532  —0.25%020  —0.10%032  0.005035 0.107035 0.30101%  0.50%512
0.05 | —0.5517030  —0.301020 —0.107930 0.001535  0.107515  0.30731  0.507015
0.1 | —0.50%9:2%  —0.3079%>  —0.107320  0.00*51%  0.10751 0.307319  0.501919
0.3 | —0.507%1%  —0.30791%  —0.107313  0.00%51%  0.107515  0.307319  0.5079:19
0.5 | —0.50*91>  —0.3079190  —0.107319  0.00*51%  0.10515  0.307%19  0.501919

Table 5.6 — Expected precision on ¢4, for different true values 8, and 4, obtained at CLIC with
V/s=23TeV and L = 1ab™'/(a®? BR(bb)/ BR(bb)sr)? through V'V — hh scattering.

68% error on d4, is equal to ~ 0.3 (see Table 5.6), which means that a measurement
of the Higgs trilinear coupling in the SM should be possible with a precision of ~ 30%
with L = 1ab~!. This has to be compared with the 16% and 20% precisions reported
respectively in Ref. [253] and in the third paper of Ref. [51, 207, 208] for 2ab™! of
integrated luminosity and unpolarised beams. For injected (0, 45) = (0,0) we also find
that the precision attainable on d§, with L = 1ab™! is ~ 5% (see Table 5.5), which is
compatible with the 3% recently reported for L = 2ab~! by Ref. [253].

The results of Tables 5.5 and 5.6 have been obtained by considering a, b and ds as indepen-
dent parameters. Alternatively, by assuming them to be related as in egs. (3.7) and (3.8)
for the SO(5)/SO(4) model MCHM4 (where BR(bb) = BR(bb)sys), one can optimise the
analysis to extract £. We do so by applying, besides the identification cuts of eqs. (5.17)
and (5.37), a single cut on Hyp to isolate the energy growing behaviour. Since we need to
fit a single parameter, we select events with Hy > 400 GeV. The corresponding efficiencies
are reported in Table 5.7. Larger values of £ give larger efficiencies for the identification
cuts, as mainly due to the stronger boost of the Higgses, as previously discussed. The
signal rate can be parameterized in this case as follows

r(€) =rsm (1 + Ay &+ B 52) . (5.40)

The SM rate rgys and the coefficients A,, B, are reported in Table 5.8. In order to
estimate the sensitivity on & that can be reached at CLIC, for any given true value & we
construct a posterior probability (see egs. (5.28) and (5.29)) by assuming a prior on
which is flat in the theoretically allowed range [0, 1] and vanishing outside. The results

sometimes does not coincide with the true value. This is because in this limit, for our choice of integrated
luminosity, the 2D likelihood can be largely non-gaussian and its marginalization over one parameter can
lead to a shift of the central value of the second one.
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Allx[Hr > 400GeV]| No nx[Hp > 400GeV] No ARx[Hr > 400 GeV]|

£E=0 0.07=0.28x0.24 0.10=0.90x0.11 0.08=0.30x0.26
£E=0.1 0.15=0.35%x0.44 0.20=0.89x%0.23 0.18=0.39%0.46
£E=05 0.42=0.55x0.77 0.50=0.81x0.62 0.54=0.65%0.83

Table 5.7 — Efficiencies of the kinematic cuts imposed on the ete™ — vihh signal events to
extract the parameter £ at CLIC with /s = 3 TeV. The format is A = B x C, where B is the
efficiency for the identification cuts of eqs. (5.17) and (5.37), and C' is the efficiency of the cut
Hp > 400 GeV on the reconstructed Higgses.

rsu [abl A, B,

All cuts 15 11 106
No Hr 63 4.1 28.3
No 7 23 10.5 76.9
No AR 17 11 118

Table 5.8 — Fit of the ete™ — hh(— bbbb)vv in the MCHM4 (see eq. (5.40)) at CLIC with
/s = 3TeV. The numbers in the second row have been obtained by applying the whole set of
kinematic cuts described in the text (eqs. (5.17),(5.37) and the cut on Hr), while each of the last
three rows is obtained by removing one the cuts.

are shown in Table 5.9 for L = 1ab~ L.

The results obtained in this section can be translated into an estimate of the sensitivity of
CLIC on the scale of compositeness. In the presence of a shift in the Higgs couplings, 5, ~
(v/f)2, the low-energy theory becomes strongly coupled at the scale A = 4x f ~ 4mv/\/0},
unless New Physics states set in at a scale m, < A, expectedly freezing the growth of
the coupling at g, ~ m,/f < 47. From Tables 5.5 and 5.9 we conclude that the study of
double-Higgs production at CLIC with 3 TeV can lead to a sensitivity on A of the order
of ~ 15 — 20 TeV with an accumulated luminosity of 1ab~!. This has to be compared
with sensitivities of the order of ~ 10TeV and ~ 30 — 40 TeV expected from the study
of single-Higgs processes respectively at the 14 TeV LHC with 300 fb~! [223, 224] and at
the ILC with 250 fb~! of luminosity accumulated at /s = 250 GeV plus another 500 fb~?
at /s = 500 GeV [50, 254-256]. Table 5.13 summarises the reach on the compositeness
scale at various experiments from the study of single and double Higgs processes.

5.5.4 Double Higgs-strahlung

The cross section for double Higgs production through WW fusion drops as the energy
of the collider is lowered: in the SM it goes from 1fb for \/s = 3 TeV down to 0.01 b
for /s = 500 GeV. At such low energies one has to resort to other processes in order
to measure the anomalous Higgs couplings &, and d4,. One possibility is double Higgs-
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Iy

0 0.02 0.05 0.1 0.2 0.5

All cuts (68%) | 019920 0.0275:91  0.0579912  0.1%9:012  0.2+0915 (. 5+0-010

+0.025 +0.015 +0.020 +0.015 +0.015 +0.010
No Hy | 0%, 0.02Z50020 005200020 0-1Z00015  0-2Z50015  0-51g0015

0+8‘015 0.02+0.015 0.054*0‘015 0'1+O‘015 0.24’0‘010 0.5+0010

Non 0.015 0.015 0.015 0.015 0.010

+0.020 +0.015 +0.015 +0.015 +0.010 +0.010
No AR | 05, 0.02%5012  0.05Tg012 0175012 02705010 050010

All cuts (95%) | 070040 0,02%9:93  0.05%993 017093 0.27903  0.5%0:02

Table 5.9 — Expected 68% (first four lines) and 95% (last line) probability intervals on ¢ for
different true values € obtained at CLIC with \/s = 3TeV and L = 1ab~' through VV — hh

scattering.
et Z
¢ h
+ w + M

Figure 5.7 — Diagrams contributing to double Higgs-strahlung at an eTe™ collider. The two
diagrams in the upper row are proportional to a?, while the first and second diagrams in the
lower row are proportional respectively to b and ads.

strahlung (DHS), eTe™ — hhZ [267-271]. The relevant Feynman diagrams are shown
in Fig. 5.7, and the analytic expression of the differential cross section is known (see
Appendix C.2). Figure 5.8 shows the value of the total cross section as a function of the
ete™ center-of-mass energy for some values of &, and d4,. For &, = 0 the cross section
drops as 1/s at high energy, while it asymptotically approaches a constant value for
0y # 0. This different high-energy behaviour is due to the ete™ — hhZ;, amplitude and
can be easily derived by using the equivalence theorem (see Appendix C.2). Notice that
for my, = 125 GeV the cross section is maximal between 500 GeV and 1TeV.

Before decaying the Higgs bosons, the DHS total cross section can also be parameterized
as in eq. (5.33). By using the analytic expressions given in Appendix C.2, we find
the coefficients reported in Table 5.10. In Fig. 5.9 we compare the invariant mass
distributions of the two Higgses at /s = 500 GeV and /s = 1 TeV for various values of

the parameters. '

15 The enhancement of the cross section at mpp ~ /s is due to the infrared singularity associated with
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6b=0 603=0
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Figure 5.8 — Total cross section of double Higgs-strahlung, ete™ — hhZ, as a function of the
c.o.m energy for several values of the parameters d; and dg4,.

efe- > hhZ |osull] A B C D E

500 GeV 016  -1.02 -0.56 0.31 028 0.10
1TeV 012  -142 -035 048 093 091

1TeV (mpy < 500) | 0.03  -245 -1.02 142 1.85 0.33
1TeV (mp, > 500) | 0.09  -3.15 -0.36 0.48 1.83 0.03

Table 5.10 — Parameterization of the double Higgsstrahlung ete™ — hhZ cross section (see
eq. (5.33)) for various center-of-mass energies and cuts on the invariant mass of the two Higgses.
The coefficients in the Table have been computed by using the analytic expressions given in
Appendix C.2. Decay branching fractions and reconstruction efficiencies are not included.

Our strategy to extract the anomalous couplings in this section differs in part from the
one employed to analyse WW scattering. In the case of DHS, at the energies we are
interested in, the efficiency of the identification and reconstruction cuts is practically
insensitive to the value of the Higgs couplings. The final rate can then be obtained by
starting from the analytical expression of the cross section in terms of the parameters ¢y
and 64, given in eq. (5.33) and Table 5.10, and rescaling the value of ogps by an overall
efficiency factor to include the decay branching fractions and the effect of kinematic cuts.
We extracted such efficiency factor by generating a single sample of events corresponding
to the SM choice of parameters. Such simplified approach fully exploits the analytic
expression of the DHS cross section and greatly reduces the complexity of the Monte
Carlo simulation.

The analysis of DHS turns out to be more difficult than the one of double Higgs production
via WW fusion due to the presence of non-negligible background processes. We focus
on final states where both Higgses decay to bb and the Z decays either hadronically
or to a pair of charged leptons. We thus select events with 6 or more jets (and no

the soft emission of a transversely-polarised Z in the diagrams in the first row of Fig. 5.7. The energy of the
Z boson, Es, is related to the invariant mass of the two Higgses by the formula m?, /s = 1-2E3//s+m%/s.
In the limit B3 — 0 it then follows musn — /s (1 + O(m%/s)). See Appendix C.2 for more details.
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6d;=0 — e*e~—hhZ 6b=0 — e*e"—hhZ
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Figure 5.9 — Differential cross section do/dmy;, of double Higgsstrahlung at a linear collider
with /s = 500 GeV (solid lines) and /s = 1 TeV (dashed lines), for several values of ¢, and d4,.
All distributions have been normalized to unit area.

lepton), or with 4 or more jets plus 2 opposite-charge leptons (electrons or muons). Jets
and leptons are reconstructed according to the criteria defined in eqgs. (5.17) and (5.18).
Our selection ensures a full reconstruction of the momentum of the Z boson in signal
events and consequently a substantial reduction of background contamination. As a final
discrimination we require at least 3 of the jets in the event to be b-tagged.

The reconstruction of the Higgs and Z candidates proceeds as follows. In the case of
events with 4 or more jets and 2 leptons, the Z is reconstructed from the lepton pair,
while the two Higgs candidates are identified as done in the case of WW — hh, see
section 5.5.3. We impose the following cut on the invariant mass of the lepton pair

|my —myz| < 10GeV, (5.41)

while the invariant masses of the Higgs candidates are required to satisfy eq. (5.37).
Events which do not satisfy these cuts are rejected. In the case of fully hadronic events,
the Higgs and Z candidates are reconstructed from the six most energetic jets, j1,..¢, by
identifying the pairing (j1Jo, 31, j5j6) that minimises the x? function

(Myijo — ma)* + (M5, — ma)? + (Mjsjg —mz)? . (5.42)

We focus only on pairings where at least three among the four jets ji. 4 are b-tagged,
discarding the other pairings. This implies the presence of at least 3 b-tags in the decay
products of the two reconstructed Higgs bosons. After the Higgs (j1j2 and jsj4) and Z
(j576) candidates have been reconstructed, we impose a cut

|m]'5j6 — ’I’)’Lz‘ < 10GeV (543)

on the invariant mass of the Z candidate, and the cut of eq. (5.37) on the invariant mass
of each of the two Higgs candidates. Events where these requirements are not fulfilled
are rejected. This algorithm has a fake rate (i.e. the rate at which it reconstructs fake
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Energy  Efficiency rg [ab]
o 500 GeV 0.56 21
hhZ — bbbbjj | 1TeV-I 0.50 3.5
1 TeV-1I 0.50 10.2
o 500 GeV 0.58 2.2
hhZ — bbbbll | 1 TeV-1 0.56 0.34
1 TeV-1I 0.56 1.0

Table 5.11 — Efficiencies for the identification of the Higgs and Z candidates in the DHS signal
at 500 GeV and 1TeV (for both regions I and II of eq. (5.44)) for the two final states discussed in
the analysis. The variation of the efficiency with the parameters ¢, and J4, is negligible. The last
column reports the SM rate after the identification cuts, rgs, as defined in eq. (5.39).

Higgs or Z candidates) always below 5% in the case of fully-hadronic events, and even
smaller in the case of events with two leptons. The identification efficiencies on the
signal at y/s = 500 GeV and 1 TeV are given in Table 5.11 for each of the two final states
under consideration. They are to a large extent constant upon variations of ¢, and dg,.
The signal rate 7(dp, d4,) can be thus parameterized as in eq. (5.39) with coefficients
A, B,,C., D,, E,. equal to the A, B,C, D, E given in Table 5.10, and an overall factor
rgs fully subsuming the reconstruction efficiency and the decay branching fraction.

At a center-of-mass energy of 500 GeV, the signal rate is mostly dominated by events
at the kinematical threshold. Disentangling the effect of ¢, from that of d4, by means
of kinematic cuts does not seem possible (at least for reasonable values of integrated
luminosity). A measurement of the total cross section gives nevertheless the possibility
to constrain a combination of the two relevant parameters d; and d4,. At the higher
center-of-mass energy /s = 1TeV, a better determination of both parameters is possible
by cutting on the invariant mass of the two Higgs bosons. We define the two kinematical
regions

I: mpp > 500GeV,
(5.44)
II: my, <500GeV.

The signal rate in each region and for each of the two final states (leptonic and fully
hadronic) is obtained by multiplying the cross section by the decay branching fraction
and an overall reconstruction efficiency. ' The value of the SM rate rgys for each of the
event categories at 1/s = 500 GeV and 1 TeV is reported in Table 5.11.

As previously mentioned, a crucial difference between DHS and double Higgs production

16Notice that in order for this procedure to be accurate it is crucial that the fake-rate of our algorithm
for the reconstruction of the Higgs and Z candidates is very small. If this was not the case, the measured
invariant mass distribution of the Higgs pair could be affected by the reconstruction and this would
invalidate our procedure.
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Rate
scaling with a 500 GeV 1 TeV-1 1 TeV-II
bbbbjj a® r® =20ab ¥ =14ab r” =3.1ab
hbbjj a? rV =55ab r” =04ab Y =03ab
bbbbLL a® r9 —02ab " =0.05ab #” =0.01ab

Table 5.12 — Rates after identification and reconstruction cuts for the backgrounds included in
our double Higgs-strahlung analysis at /s = 500 GeV and 1TeV (for both regions I and II of
eq. (5.44)). The leptonic background hbbbl¢ is negligible.

via vector boson fusion is the presence of backgrounds processes that cannot be neglected.
They can be classified according to their scaling with the parameter a, which sets the
strength of the hV'V coupling. The powers of a thus control the number of external Higgs
boson legs. Notice that up to effects of order I'/m the interference between amplitudes
with a different number of on-shell Higgs boson legs is negligible. Under this assumption,
each factor a? is accompanied by one power of the Higgs decay branching ratio to bb. The
total rate can thus be parameterized as follows:

BR(bb BR(bb
Ttot(0p, O0dy) = réo) + a2 _BR(®) ) o ( (bb)

2
BR(W)s B;q(bz,)sjw) (0, 9d3) » (5.45)

where 79 and (1) are the rates for background processes respectively with 0 and 1 Higgs
boson. Simple inspection of eq. (5.45) shows that in this case our results will depend in a
non-trivial way on three quantities: a?(BR(bb)/BR(bb)sar), 6, and dg4,. The backgrounds
included in our analysis are listed in Table 5.12, together with their rate after applying
the same reconstruction algorithm adopted for the signal.

We derive the expected sensitivity on d, and 4, by assuming a flat prior on these coupling
shifts and constructing a Poissonian likelihood function for each event category: two
categories for a /s = 500 GeV collider (the leptonic and fully hadronic final states); four
categories for a /s = 1 TeV collider (two kinematic regions for each of the two final states).
In each case, the total likelihood is obtained by taking the product of the individual ones.
In general, we find that the fully hadronic final states lead to a better sensitivity on the
couplings than the leptonic ones. As a way to effectively take into account the systematic
and theoretical uncertainties on the estimate of the background in our statistical analysis,
we have rescaled all the background rates by a factor 1.5 compared to the MC predictions
reported in Table 5.12.

Figure 5.10 shows the regions of 68% probability obtained in the plane (dp, d4,) with L =
1ab~! by setting a?(BR(bb)/BR(bb)sas) = 0.81 (left plot) and a?(BR(bb)/ BR(bb)sns) =
1 (right plot). The various contours are relative to the following two benchmark points:
(0p, da5) = (0,0) (in blue), and (dp, dgy) = (0.25,0.25) (in red). The latter point is obtained
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ods

-1

10 -05 00 05 1.0

Figure 5.10 — Regions of 68% probability in the plane (d, d4,) obtained from the analysis of
double Higgs-strahlung at various collider energies. Blue (red) shapes and contours are relative to
the case of injected values &, = 0, dg, = 0 (&, = 0.25, d4, = 0.25). Lighter shaded bands: 500 GeV;
Dashed contours: 1 TeV; Darker shaded regions: 500 GeV + 1TeV. The plots have been obtained
by assuming an integrated luminosity L = 1ab~! and setting a?( BR(bb)/ BR(bb)sas) = 0.81 (left
plot) and a?(BR(bb)/BR(bb)sar) = 1 (right plot).

in the SO(4)/S0(5) MCHMS5 for £ = 0.2, see eqs. (3.7),(3.8). The bands in light (red and
blue) colour indicate the result obtainable by measuring just the total cross section at a
500 GeV collider. The red and blue dashed curves show instead the precision achievable at
a linear collider with 1TeV c.o.m. energy by exploiting the cut on myy. If measurements
at both 500 GeV and 1 TeV c.o.m. energies are possible (each with an integrated luminosity
L = lab™!), an even more accurate precision on the couplings can be reached. The
corresponding 68% regions are shown in darker (red and blue) colour in Fig. 5.10.

An estimate of the precision attainable on the Higgs trilinear coupling at the ILC has been
recently derived in Ref. [50] assuming a = 1, b = 1. It is found that for /s = 500 GeV
and with an integrated luminosity L = 500fb~!, ds can be measured with a precision
of 104% through DHS. At /s = 1TeV with L = 1ab™!, Ref. [50] cites a precision of
28% through V'V — hh scattering, while DHS is found to be less powerful. This suggests
that a substantial improvement of our results can be obtained by including double Higgs
production via vector boson fusion at /s = 1TeV into the analysis. Another recent
study appeared in Ref. [272| whose approach is more similar to the one presented in this
chapter. The couplings b and d3 are extracted through the measurement of the total
DHS cross section at 500 GeV and 1TeV (with no cut on myy, applied), and on double
Higgs production through V'V fusion at 1TeV. In the case of DHS, all the final states
Z — 00, vp, jj were included. We find that, although we did not include V'V — hh and
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the vv final state in DHS, our analysis gives a better precision on the couplings ds and b
for those benchmark points where a comparison can be performed.

5.6 Conclusions

The observation of a resonance with a mass around 125 GeV and properties remarkably
compatible with those of the Standard Model Higgs boson makes the questions about
the dynamics at the origin of electroweak symmetry breaking more pressing. The most
relevant and urgent issue now facing us concerns the structure of the newly discovered
(Higgs) scalar. Are there additional states accompanying it? Is it elementary or is
it composite? Could this really be the first elementary scalar observed in Nature, or
could it just be a bound state arising from some novel strong dynamics, like a 7 or g
in QCD? The answer to these questions will have profound implications on our picture
of fundamental physics. That is because of the hierarchy problem. Establishing, to the
best of our experimental capability, that the Higgs boson is elementary, weakly coupled
and solitary, would surely be shocking, but it may well start a revolution in the basic
concepts of quantum mechanics and space-time. If instead deviations from the SM will
emerge in the dynamics of the Higgs, we will have to use them as a diagnostic tool of the
underlying dynamics. A crucial part of this program is the identification of the smoking
guns of compositeness in Higgs dynamics. Moreover, along this basic question there are
more specific ones we can ask, related to the symmetry properties of the new state. For
instance, it will be essential to establish whether the new scalar is indeed “a Higgs" fitting
into an SU(2) doublet and not some exotic impostor, like for instance a pseudo-dilaton.
Although there is really no strong theoretical motivation for such an alternative, and so
far the data disfavour it, it remains a logical possibility that can be tested and possibly
ruled out. A perhaps more interesting question is whether the Higgs particle is just an
ordinary composite, like a o, or whether it is a pseudo-Nambu—Goldstone boson, like
the w. The answer to this question will give us important clues on the UV completion of
the electroweak breaking dynamics.

It is well known that in a fully natural theory of electroweak symmetry breaking the Higgs
couplings must deviate, even in a significant way, from the predictions of the Standard
Model. Note, however, that past and current experiments already put stringent constraints
on these deviations, specifically on the single-Higgs hV'V coupling a, while the quadratic
h2V'V coupling b and the Higgs cubic self-coupling ds so far remain unconstrained. Thanks
to finally precise knowledge of the Higgs mass and to a more accurate measurement of
the W mass, the Higgs coupling a is now constrained to lie with 95% probability in the
interval 0.98 < a? < 1.12 under the assumption of no further contribution from New
Physics. The tension with the theoretically motivated range a < 1 can be slightly lifted
by including an extra positive contribution to AT in the electroweak fit, as it can arise
in explicit models. Assuming AT = +1.5 x 1073 leads to an interval 0.70 < a?<0.92.
Important constraints are also set by direct searches for spin-1 resonances at the LHC,
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which start to exclude interesting portions of the parameter space. Direct Higgs coupling
measurements at the LHC, on the other hand, still have a limited precision but they are
expected to reach a ~ 5% resolution on a at the 14 TeV LHC.

In this chapter we laid down a strategy to infer information about the scale and the
nature of the dynamics behind EWSB through a precise measurement of the Higgs
couplings. Observing a shift in the Higgs couplings of order §j, in single-Higgs processes,
together with the absence of any other new degree of freedom below a scale M, puts a
qualitative lower bound on the strength of the interaction within the New Physics sector,
gp > /0, x M /v. This could provide a first indirect evidence for strong dynamics at the
origin of EWSB and a hint towards a composite nature of the Higgs boson. For instance,
O(10%) deviations without any new states below 2 TeV, would already correspond to
a coupling exceeding all the SM interactions in strength. Qualitatively, an analogous
lower bound on g, can be obtained from the observation of an enhanced amplitude for
the scattering of massive gauge bosons. Indeed, as we point out in section 5.3, at an
electron-positron collider, the precision of the measurements could in principle allow us
to estimate the size of subleading terms in the growth of the amplitude, thus providing a

stronger indirect bound on the strength of the coupling.

Multi-Higgs production can bring additional valuable information to characterise the
strong sector, even if it does not provide stronger bounds on its coupling strength or
its scale. Double Higgs production by vector boson fusion gives access to the linear
and quadratic couplings of the Higgs to the electroweak gauge bosons. We established
a universal relation among these couplings, valid at order v?/f? (where the scale f is
defined by f =m,/g, for a generic composite state and corresponds to the decay constant
for a pNGB), that follows when the Higgs boson is part of an electroweak doublet. This is
because a single operator of dimension-6 controls the leading corrections to both scattering
amplitudes and single Higgs couplings. Furthermore, we studied the corrections to this
relation that arise at order v*/f* from dimension-8 operators and we demonstrated that
they can distinguish scenarios with a pNGB Higgs from those where the discovered boson
is a generic light scalar resonance of the strong dynamics. The reason for this non-trivial
result, is that, in the case of a pNGB Higgs, the non-linearly realised symmetry relates
operators of different dimension.

We also emphasised the importance of a precise and energetic lepton collider such as
CLIC to study the rare process of triple Higgs production through vector boson fusion,
V'V — hhh. For a generic composite Higgs, the leading expected growing behaviour of
the cross section below the scale of the resonances is ~ v2s2/f® and could in principle be
observed provided v?/f? ~ 0.1. However we pointed out that for a pNGB Higgs based
on cosets involving only doublets, in particular in the simplest cases of SO(5)/SO(4)
or SO(4,1)/S0(4), this leading term exactly cancels. This cancellation is a simple
consequence of the homogeneity and of the grading symmetry of such cosets, but in the
effective Lagrangian it corresponds to a more obscure correlation among the coefficients
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of operators of dimension 6 and dimension 8. This is the same correlation we mentioned
before. The observation, or lack thereof, of a visible rate for V'V — hhh could then play
a relevant role in the reconstruction of the underlying theory.

We presented a quantitative analysis of vector boson scattering and double Higgs produc-
tion, both through vector boson fusion and double Higgs-strahlung, at the ILC and CLIC
for two different center-of-mass energies. Focusing on V'V — V'V scattering processes and
using a simple cut-and-count analysis, we found that a /s = 500 GeV linear collider with
an integrated luminosity of 1ab~! is only sensitive to large deviations of the coupling
a from its SM value, Aa? ~ 0.5 (see footnote 12 for the definition of sensitivity used in
this chapter). A 3TeV linear collider with the same luminosity, on the other hand, is
sensitive to shifts in a? larger than ~ 0.2. Double Higgs production depends both on a
and on the couplings b and d3. Its cross section can be conveniently expressed in terms
of the two shifts 6, = 1 — b/a? and 64, = 1 — d3/a, while the parameter a enters as a
simple overall rescaling which can be absorbed in the value of the luminosity (note that,
at the time of the studies we are proposing, a will be known with good accuracy thanks
to single Higgs processes, hence d; and 04, will really measure the deviations in the b and
ds couplings). As it emerges clearly throughout our study, d, offers a more sensitive probe
into the Higgs structure than the trilinear dg,. In the case of a 3 TeV CLIC machine with
L = lab™!, the study of VV — hh offers a sensitivity of about 0.05 on &, while that
on g, is hardly better than 0.3. In a specific model like the Minimal Composite Higgs
model the couplings a, b and d3 depend on the single parameter ¢ = (v/f)2. Through the
study of eTe™ — hhvw, a machine like CLIC with \/s = 3TeV and L = 1ab~! can reach
a sensitivity as small as 0.02 on £. These sensitivities can be translated into an indirect
reach on the cutoff scale A = 4x f, that is the mass scale of the resonances for the case
where the underlying dynamics is maximally strong. We find a reach A ~ 15 — 20 TeV,
which should be compared with the reach A ~ 30 — 40 TeV expected through single-Higgs
processes at the ILC with 250fb~! of luminosity accumulated at /s = 250 GeV plus
another 500 fb~! at \/s = 500 GeV [50, 254-256]. Table 5.13 summarises the values of
A which can be probed at various experiments through the study of single and double
Higgs processes. Though the reach on A seems remarkable, one should not forget that the
measured value of the Higgs mass disfavours a maximally strong coupling [1]: new states
are therefore expected significantly below A with a mass around m, ~ A x g,/(4m). Still,
even in the case of a moderately strong sector g, ~ 3, direct production of resonances at a
high-energy hadron collider like the LHC with /s = 33 TeV may not become competitive.
Of course one must beware of these qualitative arguments, as the model’s details often
matter.

At lower energies the ete™ — hhv process is not effective to measure the couplings b, ds,
and one has to resort to double Higgs-strahlung, ete™ — hhZ. At 500 GeV center-of-mass
energy, only a linear combination of the two couplings d; and d4, can be extracted from
a measurement of the total cross section. For y/s = 1TeV, on the other hand, it is
possible to exploit the kinematical distribution of the final state to extract both couplings
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§=(v/f)? A=dnf
LHC 14TeV L =300fb~! 0.5 (double Higgs [64, 80]) 4.5 TeV
0.1 (single Higgs [223, 224]) 10 TeV

ILC  250GeV L =250fb!

 500GeV L — 500 fb-1 0.6-1.2 x10~2 (single Higgs [50, 254-256])  30-40 TeV
e =

CLIC 3TeV L=1ab™! 2-5x1072 (double Higgs [this work]) 15-20 TeV

CLIC  350GeV L =500fb!
4+ 14TV L =15ab-t 1.1-2.4x1073 (single Higgs [253]) 60-90 TeV

+30TeV L=2ab !

Table 5.13 — Summary of the precision on £ (as defined in footnote 12) and the corresponding
reach on the compositeness scale at various experiments from the study of single and double
Higgs processes.

independently, even though with large uncertainties. The combined measurement of
double Higgs-strahlung at both 500 GeV and 1TeV allows us to obtain the sensitivity
contours shown in Figure 5.10, which again indicate that §, can be measured more
precisely than ¢4,. For all those interested in the structure of the Higgs the message
is then very clear. The parameter b not only encodes more robust information than ds
about the nature of h, whether an impostor, a composite or a pNGB, but it also affords
better sensitivity.

In the absence of direct production of new particles at the LHC, precision measurements
in the sector of the newly discovered Higgs boson can play a key role in the search for
New Physics. The time has come to establish a clear strategy to extract the information
on the origin of electroweak symmetry breaking encoded in the Higgs measurements and

to pave the way for a future experimental program.
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Direct Probes of NP

6.1 Introduction

While the problem of comparing data to theory is probably too hard to be tackled in
full generality, progress can be made if we restrict our attention to direct experimental
manifestations of New Physics which consist of the production of reasonably narrow new
particles. In this case one can conveniently adopt the so-called “Simplified Model” strategy
[53] which has by now become a standard method in supersymmetry searches and starts
to be developed also in non-supersymmetric frameworks {240, 273-285|. The point is that
resonant searches are typically not sensitive to all the details and the free parameters
of the underlying model, but only to those parameters or combinations of parameters
that control the mass of the resonance and the interactions involved in its production
and decay. Therefore one can employ a simplified description of the resonance defined by
a phenomenological Lagrangian where only the relevant couplings and mass parameters
are retained. Aside from symmetry constraints, the Simplified Model Lagrangian does
not need to fulfil any particular theoretical requirement. Its sole goal is to provide a
phenomenological parameterization of a broad enough set of explicit models and should
thus contain all and only those terms which are present in the explicit constructions. The
experimental results should be presented in the parameter space of the phenomenological
Lagrangian, expressed by confidence level curves or, if possible, in terms of a likelihood
function. In this way they could be easily translated into any specific model where the
phenomenological parameters can be computed explicitly. The advantage of this two-step
approach is that the phenomenological parameters can always be expressed analytically
in terms of those of the “fundamental” theory. No matter how complicated the model
is, the comparison with the data will always be performed analytically rather than with
numerical simulations, in a way that furthermore does not require any knowledge of the
experimental details of the analysis.

The procedure is conveniently depicted as a two-span bridge, shown in Figure 6.1, where
the Simplified Model constitutes the central pillar and the two spans represent the
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p) L@

Theory ———» L35 <+———— Data

Figure 6.1 — Pictorial view of the Bridge Method.

fundamental /phenomenological parameter relations and the comparison of the Simplified
Model with the data respectively. In the Figure, we denote collectively as ¢ the parameters
of the phenomenological Lagrangian and as L(é) the likelihood function, or the CL curves,
as extracted from the experimental data. Notice that L(¢) could very well be the result
of a combination of different analyses, which can be preformed directly on the Simplified
Model parameter space. Once the likelihood or the CL limits are known, the experimental
information is immediately translated into the free parameters p of any explicit model by
computing the phenomenological /explicit parameter relations ¢é(p).

When comparing the Simplified Model with the data, some care is required. The crucial
point is that the Simplified Model, differently for instance from the SM or the MSSM, is
not supposed to be a complete theory and attention must be paid not to use it outside its
realm of validity. Namely, the Simplified Model is constructed to describe only the on-shell
resonance production and decay. A good experimental search should thus be only sensitive
to the on-shell process and insensitive to the off-shell effects. The simplest example of
this situation, which we will discuss in detail, is the Drell-Yan (DY) process where the
invariant mass distribution of the final state is studied. Aside from the resonant peak,
the distribution is characterised by a low mass tail which can become prominent, because
of the rapidly-falling parton distribution functions, when the resonance approaches the
kinematical production threshold or when a large interference with the SM background
is present. Many different New Physics effects, not included in the Simplified Model,
might contribute to the tail and radically change the Simplified Model prediction. This
could come, for instance, from extra contact interactions or from heavier resonances
produced in the same channel. Around the peak, and only in this region, these effects are
negligible and the Simplified Model prediction is trustable. Indeed the peak shape is well
described, through the Breit-Wigner (BW) formula, in terms of purely on-shell quantities
such as the production rate times the Branching Ratio (BR) to the relevant final state,
o xBR, and by the resonance total decay width. Experimental searches should focus on
the peak and avoid contamination from the other regions as much as possible. More in
general, any resonance search relies on the measurement of a given observable, either the
number of events or a distribution, restricted by suitable identification and selection cuts.
Only “on-shell” observables, which are exclusively sensitive to the resonance formation
and decay, should be employed in Simplified Model searches. Notice that whether an
experimental observable is on-shell or not can crucially depend on the cuts and must be

110



6.1. Introduction

checked case by case.

Aside from addressing the conceptual issues previously outlined, the usage of on-shell
observables is also an important practical simplification. Because of factorisation of the
production cross-section and the decay BR, on-shell observables are “easy” to predict
within the Simplified Model since they do not depend on all the parameters of the
phenomenological Lagrangian in a complicated way but only on few combinations that
describe the on-shell resonance. In the example of the invariant mass distribution, a search
performed at the peak can be turned into limits on o xBR as a function of the resonance
mass and possibly of its width. The width and BRs are simple analytical functions of
the Simplified Model parameters and also the total production rate can be expressed
semi-analytically in terms of the parton luminosities at each mass point. The mass-
and width- dependent limits can thus be mapped analytically into the phenomenological
parameter space. Obviously, taking the experimental efficiencies properly into account
is essential. This is typically rather easy because, as in the examples discussed in the
following, the efficiencies only depend on the resonance mass and can be extracted from
a few benchmark simulations. The tail of the invariant mass distribution, instead, has
a more complicated dependence on the model parameters and can not be predicted
analytically. Therefore a search which is sensitive to the tail can not be cast into a limit
on 0 xBR and it can be interpreted within the model only by scanning the parameter
space with long and demanding simulations.

The aim of the following chapter is to illustrate these general concepts in detail by focusing
on the simple but well-motivated example of electroweak-charged spin one resonances
which are a common prediction of many New Physics scenarios. The latter can be weakly
coupled, like for instance Z’ [276, 286-296] or W' [277, 278, 280, 281, 297-301] models, or
strongly coupled constructions such as Composite Higgs models [97, 302-307| and some
variants of Technicolor [225, 226, 228, 244, 308-312|. The experimental searches for these
particles, performed by ATLAS [161, 234, 236, 313-319] and CMS [231, 233, 235, 237—
239, 320-323|, provide theoretical interpretations of the results in terms of an extremely
small subset of the possible models and moreover restrict to limited benchmark regions of
the parameter space. This strategy does not provide a sufficient coverage of the theoretical
possibilities and furthermore it precludes reinterpretation in other models. Here we will
show that a great improvement can be achieved with the Bridge method.

The chapter is organised as follows. In section 6.2 we introduce the Simplified Model
Lagrangian and discuss some basic aspects of its phenomenology. We also show how
the resonance production cross-section in the two relevant channels, DY and Vector
Boson Fusion (VFB), can be parameterized semi-analytically in a way that, as previously
described, allows for an efficient comparison of the model with the experimental results.
We restrict, for definiteness, to the case of an SU(2)y, iso-triplet of resonances. The
extension to other representations should be straightforward and is left to future work.
Section 6.2.3 is a survey of the present experimental situation where, based on the
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d 3 1 1/3 I

L 1 2 ~1/2 Ly 1 2 —3/2
Vi 1 3 0

g ) X 1 v, 1 3 1

H 1 2 1/2 i

Table 6.1 — Left table: Standard Model matter content. Right table: Colour singlet vectors
transforming under irreducible representations of Gg); that admit linear, dimension 4 couplings
with the SM particles. All spinors are left-handed Weyl spinors.

present experimental limits, we derive 95% CL exclusion bounds in the Simplified Model
parameter space. This is done by taking the experimental results at face value, i.e. by
assuming that the limits are properly set on o xBR as a function of the resonance mass
as presented by the experimental collaborations. However this might not be completely
correct, since important effects associated with the finite resonance width could affect
the o xBR currently extracted by the experiments, which would result in an incorrect
definition of the quantity on which the limit is set. In section 6.2.3.3 we will illustrate these
effects in detail by focusing on the examples of di-lepton and lepton-neutrino searches.
In section 6.2.4 we relate the Simplified Model to explicit constructions. Two examples
are considered as representatives of weakly and strongly coupled theories, showing that
the Simplified Model is general enough to describe both cases in different regions of the
parameter space. The examples are the extension of the SM gauge group described in
Ref. [286] and the effective description of Composite Higgs models vectors of Ref. [97].
In section 6.4 we present our Conclusions. Our Simplified Model is implemented in a
series of tools described in Appendix D.3 and available at the webpage [324]. Section 6.3
is devoted to a brief summary of recent pogress in the simplified model description of
fermionic resonances and highlights differences with respect to the vector triplet. Since
their effective description is bound to be more model-dependent, we restrict ourselves to
a discussion of the strongly coupled top partners, especially of the charge-8/3 resonance
introduced in the minimally tuned model in section 3.3. We discuss current experimental
searches and bounds.

6.2 A Simple Simplified Model for a Heavy Vector Triplet

We assume the existence of a multiplet of vector bosons transforming linearly as some
irreducible representation of the SM gauge group. Since we require couplings of one vector
to two fermions and gauge bosons, we are limited to colour singlet representations only.
The possible quantum numbers are summarised in Table 6.1. In the following we consider
a real vector Vi, a = 1,2, 3, in the adjoint representation of SU(2);, and with vanishing
hypercharge in addition to the SM fields and interactions. It captures a large fraction of
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the interesting features of a spin one resonance. V,;' describes one charged and one neutral
heavy spin-one particle with the charge eigenstate fields defined by the familiar relations

Vg iv?
+_'p 1 0_ 13
Vi = N vi=v3. (6.1)
Similarly to Ref. [282], we describe the dynamics of the new vector by a simple phe-
nomenological Lagrangian
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+ g?VCVVV Each;VVbD[“VV} °+ Q%CVVHHV;VM “H'H — %CVVWGachMV aV;fVVC :
(6.2)

The first line of the above equation contains the V kinetic and mass term, plus trilinear
and quadrilinear interactions with the vector bosons from the covariant derivatives

v

DV =DuVii =DV, DV =0,V +ge™Wpvy, (6.3)

where g denotes the SU(2); gauge coupling. Notice that the V) fields are not mass
eigenstates as they mix with the W after EWSB and the mass parameter my does not
coincide with the physical mass of the resonances.

The second line contains direct interactions of V' with the Higgs current

iH'7*D"H =i Hir"DrH — i DPHTOH (6.4)
and with the SM left-handed fermionic currents

Jé;zz _ Z?L,YMTafL ’ (65)
f

where 7 = 0%/2. The Higgs current term cy leads to vertices involving the physical
Higgs field and the three unphysical Goldstone bosons. By the Equivalence Theorem [95],
the Goldstones represent the longitudinally polarised SM vector bosons W and Z in the
high-energy regime which is relevant for the resonance production and decay. Thus cgy
controls the V interactions with the SM vectors and with the Higgs, and in particular its
decays into bosonic channels. Similarly, ¢y describes the direct interaction with fermions,
which is responsible for both the resonance production by DY and for its fermionic decays.
In eq. (6.2) we reported, for shortness, a universal coupling of V' to fermions, but in our
analysis we will consider a more general situation with different couplings to leptons, light
quarks and the third quark family. The interaction in eq. (6.2) should thus be generalised
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to
cpV-Jrp — V- Ji+cV-Jg+ce3V-Js. (6.6)

Given the strong constraints on additional sources of lepton and light quark flavor violation
further generalisations seem unnecessary. The proliferation of fermionic parameters is a
complication, but the effects of ¢;, ¢4, and c3 can be easily disentangled by combining
searches in different decay channels including third family quarks.

Finally, the third line of eq. (6.2) contains 3 new operators and free parameters, cyyy,
cyvig and cyyw. None of them, however, contains vertices of one V' with light SM fields,
thus they do not contribute directly to V' decays' and single production processes which
are the only relevant for LHC phenomenology. As we will discuss in the following section,
they do affect the above processes only through the mixing of V' with the W, but since
the mixing is typically small their effect is marginal. Therefore to a first approximation
the operators in the third line can be disregarded and the phenomenology described
entirely by the four parameters cg, ¢, ¢4 and c3, plus the mass term my .

In eq. (6.2) we adopted a rather peculiar parameterization of the interaction terms, with
a coupling gy weighting extra insertions of V', of H and of the fermionic fields. Similarly,
the insertions of W in the last line is weighted by the SU(2)r, coupling g. We take gy to
represent the typical strength of V' interactions while the dimensionless coefficients “c”
parameterise the departures from the typical size. The parameterization of the fermion
couplings is an exception to this rule. In this case one extra factor of g2/ g‘Q/ has been
introduced. This is convenient because in all the explicit models we will be interested in,
both of weakly- and strongly-coupled origin, this factor is indeed present and the cg’s, as
defined in eq. (6.2), are of order one. The other ¢’s are typically of order one, except for
cyr which is of order one in the strongly-coupled scenario but can be reduced in the weakly
coupled case as described in section 6.2.4. In all cases, the ¢’s are never parametrically
larger than one, with the notable exception of the third family coupling c¢s, which could
be enhanced in strongly-coupled scenarios where the top quark mass is realised by the
mechanism of Partial Compositeness, see for instance [80]. The coupling gy can easily
vary over one order of magnitude in different scenarios, ranging from gy ~ g ~ 1 in the
“typical” weakly-coupled case up to gy ~ 4m in the extreme strong limit. Therefore it is
useful to factor it out of the operator estimate. Notice that there is no sharp separation
between the weak and strong coupling regimes as nothing forbids to consider theories
with a “weak” UV origin but with large gy, of the order of a few, and “strong” models
where gy is reduced by the large number of colours of the strong sector, gy = 47 /y/N,.
This provides one additional motivation for our approach which interpolates between the
two cases.

Our parameterization of the operators is useful at the theoretical level but obviously

LA priori, they could contribute to cascade decays. However, as we will see below, the mass splitting
between the neutral and the charged state is very small and cascade decays are extremely suppressed.
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redundant as gy could be reabsorbed in the ¢’s and is not a genuine new parameter of
the model. For instance, one could resolve the redundancy by setting cyyy = 1 and
thus define gy as the V self-interaction strength. However for practical purposes, and
in particular for presenting the experimental limits of the model, it could be easier to
treat gycy and g2 /gvecr, the combinations that enter in the vertices, as fundamental
parameters.

In the Bridge approach, as discussed in the Introduction, the Simplified Model does not
need to fulfil any particular theoretical requirement and its only goal is to be simple
enough while still capable to reproduce a large set of explicit models. Therefore a complete
justification of our phenomenological Lagrangian has to be postponed to section 6.2.4
where the matching with explicit constructions will be discussed. However we can already
appreciate the general validity of the description by noticing that eq. (6.2) is the most
general Lagrangian compatible with the SM gauge invariance and with the C'P symmetry
restricted to operators of energy dimension below or equal to 4. Assuming C' P, which we
take to act on V as on the SM W

a(= ba21/a( _ 7 Vi(fv t) - _V:F(_f’ t)

VU Z, t) = — (=)’ V=2, t) & { VO@F 1) = —VO(—Z.1) (6.7)
is very convenient as it avoids the proliferation of operators constructed with the Levi-
Civita tensor. Furthermore, it leads to a unique coupling of V' to the Higgs parameterized
by only one real coefficient cy. CP is often also a good symmetry of explicit models so
that it is not a too restrictive assumption. It is important to note that the Lagrangian
with the imposed C'P symmetry is also accidentally invariant under the custodial group
SO(4) = SU(2)r, x SU(2)R, with V in the (3,1) representation. The custodial symmetry
is of course broken, but only by the gauging of the hypercharge. This makes our setup
very efficient in reproducing strongly-coupled scenarios where custodial symmetry is
imposed by construction.

One invariant low-dimensional operator, the W-V kinetic mixing

Dy VAW, (6.8)

V]
is not reported in eq. (6.2) because, following Ref. [325], it can be eliminated from the

Lagrangian by a field redefinition of the form

{ We — Wi+ Vg (6.9)

Vi — BV

More details on this can be found in Appendix D.1. We also ignored dimension four
quadrilinear V interactions because they are irrelevant for the LHC phenomenology.

The choice of restricting to low-dimensional operators is clearly well-justified in the weakly-
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coupled case where the underlying model is a renormalizable theory, but it is questionable
in the strongly-coupled one where higher-dimensional operators are potentially relevant.
However in all strongly-coupled scenarios that obey the SILH paradigm [80] we do have a
reason to stop at d = 4. In the SILH power-counting the most relevant higher dimensional
operators are those involving extra powers of the Higgs or the V field which are weighted
by the Goldstone-Boson-Higgs decay constant f. Their effects are generically suppressed

by the parameter

7)2

§= ﬁ )
where v ~ 246 GeV is the EWSB scale. Since £ controls the departures from the Standard
Higgs model, compatibility with the ElectroWeak Precision Tests (EWPT) and the LHC
Higgs coupling measurements |3, 111] requires £ < 0.2. If the higher dimensional operators
do not induce any qualitatively new effect and only give relative corrections of order &
to the vertices, they can be safely ignored given the limited accuracy of the LHC direct
searches. This will be confirmed by the analysis of section 6.2.4.%

There exist however other scenarios where higher dimensional operators are unsuppressed
and the parameterization of eq. (6.2) is insufficient. These are technicolor-like models
where the strong sector condensate breaks the EW symmetry directly and the observed
Higgs boson is a light composite particle with couplings compatible with the SM expecta-
tions. This might occur by accident or in hypothetical scenarios with a light Higgs-like
dilaton [72, 73|. In spite of the tension with EWPT and with the Higgs data it would be
interesting to generalise our framework in order to test also these ideas.

6.2.1 Basic phenomenology
Masses and Mixings

Having introduced our Simplified Model in eq. (6.2), let us discuss its phenomenology
starting from the mass spectrum. After EWSB, the only massless state is the photon
which can be identified as the gauge field associated with the unbroken U(1)em. It is

given by the SM-like expression®

/

A, = cos by B, + sin HWW/i’ ,  where tanfy = g (6.10)
g

The orthogonal combination, the Z field, instead acquires a mass and a mixing with V°.
Notice that since the photon is given by the canonical SM expression, its couplings are

ZNotice that this does not need to be the case a priori. There are plenty of examples concerning for
instance the LHC phenomenology of Composite Higgs Top Partners [154, 157, 240] where the Higgs
non-linearities can not be ignored.

3This only holds in the field basis where the W-V mixing of eq. (6.8) is set to zero, otherwise the
photon acquires a component along V°.
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also canonical. The electric charge in our model is therefore simply given by

e= (6.11)

Ny o = e/cos by

In what follows we will trade g and ¢’ for e and sin Ay, taking e as an input parameter
and setting it to the experimental value e ~ /4w /137.

’ _ in @
99 N {9 e/sin Oy

The two other neutral mass eigenstates are the SM Z boson and one heavy vector of
mass My which are obtained by diagonalising the mass matrix of the (Z, V°) system by
a rotation

Z cosOy sinfy 7
. 6.12
( Vo ) - ( —sinfy cosfy ) ( Vo ) ( )

The mass matrix is

o € N
5 o mZ_2sin0WCOSQWU
M3 = ( TTLZ . cHCinfmv ) ,  where mi = mb + ghevvgnt? . (6.13)
cglCmgmy mi, gy
¢= 2 1my

In the above equations ¢ denotes the Higgs field Vacuum Expectation Value (VEV)
defined by (HTH) = 92/2, which in our model can differ significantly from the physical
EWSB scale v = 246 GeV. The mass eigenvalues and the rotation angles are easily
obtained by inverting the relations

Tr [M3] = m% + mi, = m% + Mg,
Det [M%] = mZmi (1 — c3;¢?) = m3z M,
QCHCTthV

M2 a2
my, mz

tan 20N = (6.14)

Notice that the tangent can be uniquely inverted because the angle 6y is in the range
[—7/4,7/4] in the parameter region we will be interested in, where myz < 7y

The situation is similar in the charged sector where the mass matrix of the (W%, V)
system reads

~ 92 A~ A
m cg(mwmy ~ € ~ ~
ME = W ¢ .9 , where 1y = ———0 = cosfymyz, (6.15)
cgCmwymy i, 2 sin Oy
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and it is diagonalised by

Tr [MZ] = rivjy + iy = miy + M7,
Det [M%] = mipmi (1 — ¢3¢%) = miy M7,
2 cgCrwmy

M2 042
my, mW

tan20c = (6.16)

The charged and neutral mass matrices are connected by custodial symmetry, which can
be shown in full generality to imply

9 cosfy 0 9 [ cosOy 0O
= ) 1
Me ( 0 1 )MN ( 0 1 ) (6.17)

By taking the determinant of the above equation, or equivalently by comparing the
charged and neutral determinants in eq. (6.14) and eq. (6.16), we obtain a generalized
custodial relation among the physical masses

miy M2 = cos? Oyymy Mg . (6.18)

From the simple formulas above we can already derive interesting features of our model.
First of all, we can identify the physically “reasonable” region of its parameter space. We
aim at describing new vectors with masses at or above the TeV scale, but of course we
also want the SM masses my,z ~ 100 GeV to be reproduced. Therefore we require a
hierarchy in the spectrum, which can only occur, barring unnatural cancellations in the
determinant of the mass matrices, if My, z and 7y are hierarchical, i.e.

m m
Wz | W2 01

ps < 1. 6.19
my M+,0 ( )

The parameter ¢, instead, can be either very small or of order one. Both cases are realised
in explicit models. While ( <« 1 is the most common situation, ( ~ 1 only occurs in
strongly coupled scenarios at very large gy .

In the limit of eq. (6.19) we obtain simple approximate expressions for my and my

my = my(1- %) (14 0(mg/mi))

miy = gy (1= cgC?) (1+ O(miy /mi)) -
Since My = cos Oymy, the W-Z mass ratio is thus given, to percent accuracy, by
m2
—W ~ cos® Oy . (6.20)
mz

In order to reproduce the observed ratio, which satisfies the p = 1 SM tree—level relation
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6.2. A Simple Simplified Model for a Heavy Vector Triplet

to ~ 1%, we need *

cos? Oy =~ (cos® HW)eXp =1-0.23. (6.21)
Similarly to the electric charge, also the weak angle parameter y defined by eq. (6.11),
and therefore in turn the couplings g and ¢’, has to be close to the SM tree-level value.
eq. (6.20) also has one important implication on the masses of the new vectors. When
combined with the custodial relation (6.18), it tells us that the charged and neutral Vs
are practically degenerate

M2 = M (1+0(%)) , (6.22)

and therefore they are expected to have comparable production rates at the LHC.
Combining experimental searches of charged and neutral states could thus considerably
improve the reach, as discussed in Ref. [282]. Furthermore, the small mass splitting
implies a phase-space suppression of cascade decays, which can be safely ignored. In the
following, when working at the leading order in the limit (6.19), we will ignore the mass
splitting and denote the mass of the charged and the neutral states collectively as My . It
is easy to check that in that limit My = my .

Because of the hierarchy in the mass matrices, the mixing angles are naturally small. By
looking at egs. (6.14) and (6.16) we estimate

Onc =~ cpCiZ < 1071 (6.23)
my

The couplings of the physical states are thus approximately those of the original Lagrangian
before the rotation. In particular, the W and Z couplings to fermions and among
themselves mainly come from the SM Lagrangian and thus are automatically close to
the SM prediction thanks to the hierarchy (6.19) and to the parameter choice (6.21).
Obviously this is not enough to ensure the compatibility of the model with observations.
The W and Z couplings are very precisely measured, and the deviations due to new
physics are constrained at the per mil level. These measurements translate into limits on
the so-called EWPT observables [113, 114, 132], which we will compute in Appendix D.2.
This will allow us to quantify the additional restrictions on the parameter space, besides
eq. (6.19).5

4The reader might be confused by the fact that m%/(cos2 me%,v) is not strictly equal to one at
tree—level in our model, as eq. (6.20) shows, in spite of custodial symmetry. The reason is that custodial
symmetry provides a relation, reported in eq. (6.17), among the charged and neutral mass matrices
and it does not directly imply a relation among the W and Z mass eigenvalues appearing in eq. (6.20).
Moreover, Oy defined by Eq. (??) does not correspond to the physical one. Custodial Symmetry also
implies that the T parameter of EWPT, defined in terms of zero-momentum correlators and not of the
pole masses, vanishes. This fact is explicitly verified to hold in our model in Appendix D.2.

5In the following we will not ask EWPT to be strictly satisfied since this would be in contrast with
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Decay Widths

Let us now turn to the resonance decays. The relevant channels are di-lepton, di-quark
and di-boson. The latter category includes final states with Ws, Zs and the Higgs boson.
Decay into W+ is also possible, but always with a tiny BR, as we will show below.

After rotating to the mass basis, the couplings of the neutral and charged resonances to
left- and right-handed fermion chiralities can be written in a compact form®

2 2

N g CFr A . g- Ccr
gr = ——cosfc + (g sinfy ~ >——
L gVZ2 ) ( L)SM gv 2 )
gg = (gR)SMsmﬁN ~0
2 2
c_ 9 ¢F w : 9~ CF
g = ———=cosfc + (g sinfg ~ =——
L= o /2 (92°) st w2, (6.24)
C:O
IR

for each fermion species F' = {l,q,3}. In the above equation, <gZV’RZ>SM denotes the

ordinary SM W and Z couplings (with the normalisation given by gV = g/v/2) that
originate from the fermion covariant derivatives and contribute to the V interactions
because of the rotation. Given that the rotation angles are small, the couplings further
simplify, as also shown in the equation. We see that the Vs interact mainly with left-
handed chiralities and that all the couplings for each fermion species are controlled by the

parameter combination g2/gy-cr. This gives tight correlations among different channels

r

2 2
M
ger > v (6.25)

Vo7 = 2Py gy = Nelf] ( o ) 185

where N¢[f] is the number of colours and is equal to 3 for the di-quark and to 1 for the
di-lepton decays. The parameters cp = {c;, ¢4, c3} control the relative BRs to leptons,
light quarks and the third family. Furthermore through the partial width to ¢g, ¢, controls
the DY production rate, as we will discuss in the following section.

The analysis is more subtle in the case of di-bosons. Obviously it is straightforward to
compute the V' couplings to W, Z and Higgs in the Unitary Gauge, after rotating to the
mass eigenstates, and to obtain exact analytical formulas for the widths. We will not
report the resulting expressions because they are rather involved and not particularly
informative. It is instead useful to derive approximate decay widths in the limit of
eq. (6.19), but the Unitary Gauge is not suited for this purpose. In the Unitary Gauge
there are no direct couplings of V' to the SM vectors, these interactions only emerge

the spirit of the Simplified Model approach adopted in this chapter. We will take care of additional
contributions to EWPT, not calculable within the Simplified Model, by considering bounds looser than
the strict 95% CL limits.

5Because of quark mixings, the charged vector couplings should actually be multiplied by the
appropriate CKM matrix elements.
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6.2. A Simple Simplified Model for a Heavy Vector Triplet

from the mixing and are thus suppressed by the small mixing angles Oy c < 10~'. On
this basis, one would naively expect small di-boson widths and negligible BR. While
this conclusion is correct for the processes involving transversely polarised SM vectors,
the decay to zero-helicity longitudinal states is actually unsuppressed and potentially
dominant. This is because the longitudinal polarisation vectors grow with the energy of
the process and even a tiny Unitary Gauge coupling can have a large effect in a high-energy
reaction such as the decay of V. Rather than in the Unitary Gauge, one could work in an
“Equivalent Gauge” [96] where the growth of the polarisation vectors is avoided and the
decay to longitudinals is straightforwardly estimated. However for the present analysis, it
is sufficient to rely on a well-known result, the "Equivalence Theorem" [95|, according to
which the longitudinal W and Z are equivalent to the corresponding Goldstone Bosons
in the high energy limit. Namely, the theorem states that if we parameterise the Higgs

doublet as
To + 171 i

n

e bth—im |, (6.26)

7 V2

the longitudinal Ws and Zs will be described by 74 and 7, respectively, with i being
the physical Higgs boson. The vector fields W, and Z,, can be safely ignored, and the
terms in the Lagrangian (6.2) which are relevant for the decay process are only

1 M}
Lo= = 0uVjolvIe 4 ZVVIVES — cyCMy Vioin®

+ gV;H Vi (8‘% 7% — hotn® + eabcﬂba’*wc)

+2gvevvaaCMyh V;V“a + %vaveach;VVb@[“Vﬂ c. (6.27)

We omitted the kinetic term of the massless Goldstones and of the physical Higgs for
shortness and we used my = My ~ My o.

We now see clearly why the longitudinal decays are unsuppressed. The second line of
the Lagrangian (6.27) contains a direct interaction of the resonance with the Goldstones.
This term gives a universal contribution to di-boson decays of the charged and neutral
resonances, which are all controlled by the same parameter combination gycp. If it
dominates, all the relative BRs in these channels are fixed and uniquely predicted. This
is indeed what happens in most of the parameter space of our model where, as discussed
in the previous section, ¢ is small. When instead ( is of order one, the widths receive
additional contributions because the V-7 mixing in the first line of eq. (6.27) can not
be ignored and must be eliminated by a field redefinition before reading the physical
couplings. The redefinition is performed in two steps, first we shift
cu¢

V; — Vua + m@uﬂa, (628)
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and we cancel the mixing from the variation of the mass term. Second, in order to restore

the canonical normalisation of the 7 kinetic term we rescale

1
T =g, (6.29)

Notice that 1 — C%IC 2 is necessarily positive to avoid negative-defined mass matrices, see
egs. (6.14) and (6.16).

After these redefinitions, the relevant interactions become’

gvCH 21 _abcyra, b c
———— |1 +cgeyyy(*| eVIin otr
-3 | e
W (1 - devyrnc?] hVE,r®, (6.30)

- \/1—c%¢?

and the partial widths are immediately computed

gychMv (1 + caevvv(®)®  gpch My

o~ 2
FVOHWZLWL’ FviaWLiZL = 1997 -7~ 192 [14+0(¢?)]
2 2 2\2 2 2
~ o gvegMy (1 —devvun¢?)” _ gyeygMy )
FV0—>ZLh = FVi%WLih - 1927 1— C%JCZ - 1927 [1 + O(C )] .
(6.31)

We checked that these expressions reproduce the exact widths up to (’)(m%MZ /)
corrections, as expected. The channels which are not reported in the above equations
are either forbidden, like hh and ~+ decays, or suppressed like the decays to transverse
polarisations which follow the estimate based on the Unitary Gauge and experience mixing
angle suppressions. In particular, the W+ final state is generically suppressed, and exactly
vanishes in the explicit models described in section 6.2.4 that obey Minimal Coupling
[278]. Notice that the dominance of the longitudinal polarisations in the di-boson decays
is an important simplification for the interpretation of experimental searches. Indeed,
the boosted vector boson reconstruction could slightly depend on the helicity because
different helicities would lead to different kinematical distributions of the final decay
products. In our case one can safely restrict to the longitudinal case when computing the
efficiencies and ignore the transverse.

From the analysis of the present section a very simple picture emerges. At small (, all
the decay widths are fixed, for a given resonance mass, by the couplings g?cr /gy and
gvecm, which therefore control the BRs in all the relevant channels. Furthermore, since
the dominant processes are 2 — 1 reactions and can be parameterized, as we will do in
the following section, in terms of the corresponding decay widths, the two parameters

"To obtain the equations that follow we also made use of the V equations of motion or, equivalently,
of further field redefinitions.
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6.2. A Simple Simplified Model for a Heavy Vector Triplet

g*cr/gy and gycy also control the production rate. Therefore the phenomenology of
the model is entirely described, to a good approximation, in terms of the two couplings
g2cF/gV and gycy and the mass My, making, as anticipated in section 6.2.1, cyyv,
cyvgg and cyyw basically irrelevant. When studying our model at the LHC the latter
parameters can be safely ignored, or set to benchmark values inspired by explicit models,
and the limits can be presented in terms of the relevant couplings. Additional plausible
assumptions, like the universality of lepton and quark couplings, could further simplify
the analysis.

Now that the general picture is clear, we can get an idea of the expected widths and
BRs by studying explicit models. We consider two benchmark models, A and B, which
correspond to two explicit models describing the heavy vectors, namely those in Refs. [286]
and [97], respectively. As discussed in detail in section 6.2.4, all the ¢’s are fixed to
specific values in these models and the only free parameters are the resonance coupling
gy and its mass My .®

gv=gy and By, =g, .
by weakly coupled extensions of the SM gauge group and strongly coupled scenarios of

We refer to the benchmark points at fixed gy = gy with the
notation A Moreover, since models A and B are inspired, respectively,
EWSB, i.e. Composite Higgs models, we will consider them in different regions of gy,
relatively small, gy < 3, and relatively large, gy 2 3, respectively.

In Figure 6.2 we show the BRs (upper panels) and the total widths (bottom panels) as
functions of the mass in models A (left panels) and B (right panels) for different values of
gv. As expected from the discussion above, model Ay, —1, which predicts

gven ~ g*cr/gv ~ g% /gv (6.32)

has comparable BRs into fermions and bosons, with a factor of two difference coming
from a numerical factor in the amplitude squared (cfr. eq. (6.31) with eq. (6.25)). The
difference between the BRs into leptons and quarks is due to the colour factor, since cp
is universal both in A and B. The total width in model A decreases with increasing gy
because of the overall suppression ¢g2/gy in eq. (6.32). In model B, on the contrary, cy is
unsuppressed

gven =~ —gv,  gcr/gv =~ g*/gv . (6.33)

Therefore, for model By, —3 the dominant BRs are into di-bosons and the fermionic decays
are extremely suppressed, of the order of one percent to one per mil. Moreover, the total
width increases with increasing gy since it is dominated by the di-boson width which
grows with gy as expected from eq. (6.33). Finally, in model B we see that a very large
coupling gy (the case of gy = 8 is shown in the Figure) leads to an extremely broad
resonance, with I'/M > 0.1, for which the experimental searches for a narrow resonance

8 Actually the model of Ref. [97] has an additional freedom in the choice of cy, which depends on
the additional parameter a, = m,/(g,f) as in eq. (6.60), we define the benchmark model B by setting
a, =1.
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Figure 6.2 — Upper panel: Branching Ratios for the two body decays of the neutral vector V9
for the benchmarks Ay, =1 (left) and By, =3 (right). Lower panel: Total widths corresponding to
different values of the coupling gy in the models A (left) and B (right).

are no longer motivated. For this reason we expect, if no further suppression is present in
the parameter cg, to be able to constrain heavy vector models from direct searches only
up to gy of the order 6 — 7. For larger couplings different searches become important,
like for instance those for four fermion contact interactions.

6.2.2 Production rates parameterized

The two main production mechanisms of the new vectors are DY and VBF.? They are
both 2 — 1 processes, therefore their cross-section can be expressed as

Ty 1672(2J +1) C dLjj
V+X)=
olpp =V + X) Z My (25;+1)(28;+1)C:Cy ds | 7

ijEp §=M2

(6.34)

in terms of the partial widths I'y- _, ;; of the inverse decay process V' — ij. In the equation,
i,7 =1{q,q, W, Z} denote the colliding partons in the two protons, and dLij/d§|§:M‘2/ is
the corresponding parton luminosity evaluated at the resonance mass. The factor J is
the spin of the resonance and C' its colour factor, S; ; and C; ; are the same quantities

9We ignore the production in association with a gauge boson because it is always negligible for V/
masses and couplings in the interesting region.
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for the initial states. If needed, the cross-section above could be corrected by a k-factor
taking into account higher order QCD corrections. It is important to remark that the only
terms in the above equation that carry some dependence on the model parameters are the
partial widths Iy _, ;;, while the parton luminosities are completely model-independent
factors that can be encoded in universal fitted functions. Since the widths are analytical
functions of the parameters, this allows us to compute the production rates analytically,
making the exploration of different regions of the parameter space extremely fast as we
will do in the following section. Simple approximated expressions of the partial widths are
reported in egs. (6.25) and (6.31), however in the following we will make use of the exact
expressions embedded in a MATHEMATICA code and available through a web interface in
[324].

While the meaning of eq. (6.34) is completely obvious for DY, and the corresponding
luminosities are immediately computed by convoluting the quark and anti-quark Parton
Distribution Functions (PDF), the case of VBF requires additional comments. In eq. (6.34)
we are regarding the W and Z bosons as “partons”; or constituents of the proton, relying
on the validity of the Effective W Approximation (EWA) [185]. By the EWA, the vector
bosons’ PDFs and in turn the corresponding luminosities are obtained by convoluting
those of the initial quarks with appropriate splitting functions. More details can be found,
for instance, in Ref. [326]. A priori, all the W and Z polarisations should be taken into
account, as well as photons. However we saw above that the only sizeable partial widths
are those with longitudinal vectors, thus we can safely restrict to the I/VZr W, and WfZ )3
initial states for the production of the neutral and the charged V', respectively. It is
also important to remark that the EWA has a limited range of validity and it is not
expected to reproduce the full partonic process pp — Vjj in all possible regimes [327].
It might fail if the W collision is not sufficiently hard, which however is never the case
for My 2 1 TeV, or if other kinematically enhanced configurations exist, besides the
standard VBF ones with forward energetic jets, and contribute to the partonic process.
Also this second issue does not arise in our case. Finally, it might happen that other
processes give a sizeable contribution to the Vjj final state. This occurs in our case when
the V' coupling to fermions is much larger than the one to vector bosons. In this case the
Vjj final state could arise, for instance, by dressing the DY process with QCD initial
state emissions. However when this happens the ordinary DY, without extra parton-level
jets, is necessarily the dominant production mechanism and the failure of the EWA is
irrelevant at the practical level. We checked that the partonic cross-section is extremely
well reproduced by eq. (6.34) in all regions of parameter space, where the VBF rate is
not completely negligible, up to order 1% of the DY one.

The parton luminosities for the various production processes are shown in Figure 6.3.
The VBF luminosity is obviously much smaller than the DY one because of the agpy
suppression in the vector boson PDFs. Therefore VBF only has a chance of being
comparable to DY if the widths in ¢gg are much smaller than those in di-bosons. We see
from egs. (6.25) and (6.31) that this can happen only at large gy, and in the strongly
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Figure 6.3 — Value of the dL/d$ for quark initial states (left plots) and longitudinal vector
boson initial states (right plots) for 8 TeV (first row) and 14 TeV (second row) LHC and for a
hypothetical 100 TeV (last row) pp collider.

coupled scenario, i.e. model B, where ¢y is not suppressed. In the left panel of Figure
6.4 we show the ratio of the production cross-section by DY and VBF (for the V't for
illustration) as a function of the c¢p/cy ratio, for different masses at the LHC at 8 TeV
and 14 TeV and at a hypothetical 100 TeV pp collider'®. Since, as shown by eq. (6.34) the
production cross-section only depends on the corresponding partial widths, we expect
the ratio of the cross-sections to depend only on c¢p/cg, up to small corrections of order
¢2. The overall normalisation of the cg, crp parameters has been set to ¢y = 0.1. This is
necessary because for large gy, which is the case of interest, when the ratio ¢p/cy becomes
small, a cg of order one would imply a large cg, which would lead to an unacceptably

10G¢udies of new vector resonances at future hadron collider were done in the context of the Snowmass
2013, see Refs. [328-330].
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Figure 6.4 — Left panel: ratio of DY over VBF production cross-section for different masses and
collider energies. Right panel: expected number of events from VBF production for different
masses, collider energies and integrated luminosities, assuming cx = 0. For illustration we
consider only V+.

large total width. The left panel of Figure 6.4 shows that even for a large coupling gy = 6,
a ratio of the order of 3(5) at 14(8) TeV is needed for VBF to become comparable with
DY. This ratio can be regarded as the needed suppression in cp with cg still being of
order one. This further suppression is not expected in general in explicit models, making
VBEF typically less relevant than DY. For this reason we will ignore VBF in the analysis
of the following section and consider only DY production. For the 100 TeV option the
situation is different, since for c¢p =~ ¢y the DY and VBF production cross-sections are
comparable for resonances with masses in the few TeV region. Obviously, for higher
masses in the range of a few tens of TeV, close to the reach of the 100 TeV collider, we
expect VBF to be again subleading with respect to DY.

If the coupling to fermions is suppressed for some reason, cgp ~ 0, VBF becomes the
dominant production mechanism and it is worth asking ourselves what the mass reach
of the LHC would be in this case. In order to answer, we notice that for cp =~ 0 the
fermionic decays are suppressed and thus the total resonance width I' is simply twice
the di-boson one which controls, by eq. (6.34), the production rate. Therefore, for a
given mass, the expected number of produced vectors (again V't for illustration) can
be expressed as a function of the I'/My ratio as shown in the right plot of Figure 6.4
for different masses, collider energies and integrated luminosities. The I'/My, ratio is an
important parameter, as it quantifies to what extent the resonance can be reasonably
regarded as a particle. By requiring, for instance, I'/My < 0.3 we can obtain an upper
bound on the expected signal. We see that at the 8 TeV LHC with 20fb~! a reasonable
number of events can be obtained only for very low masses, around 1TeV, where however
we expect the resonance to be excluded already by EWPT. At the LHC at 14 TeV with
100 fb~1, a sizeable number of events for a narrow resonance (I'/M < 0.1) seems possible
even for relatively high masses, up to around 2.5 TeV. This makes VBF more interesting
at the LHC at 14 TeV, at least to explore specific scenarios where the coupling to fermions
is suppressed.
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Experiment Channel Reference

ATLAS - [234]
CMS [233]
CMS » [231]
ATLAS [232]
ATLAS TT [317]
ATLAS 236
CMS WZ — 3lv {235}
CMS W, qZ WWIWZ|ZZ — jj [239]
CMS WW — lvjj [237]
[315]

[322]

[321]

ATLAS o [318]
CMS [320]
ATLAS b [319]
CMS [323]

Table 6.2 — Summary of experimental searches relevant for heavy vector resonances. We have not
mentioned the searches of Refs. [238, 316] in the ZZ final state, since this channel is not present
in our Simplified Model. The grey entries will not be used when showing bounds in Figure 6.5
since the acceptances for a heavy vector are not reported in the experimental analyses.

6.2.3 Data and Bounds

The ATLAS and CMS collaborations have performed a number of searches for heavy
resonances, not only spin-1, decaying into different final states both at the 7 and 8 TeV
LHC. A summary of the relevant searches for the study of a heavy vector boson, either
charged or neutral, is given in Table 6.2. Most of those analyses present limits on the
production cross-section times BR, o xBR, as a function of the resonance mass.'! If
taken at face value, these results are thus very easy to interpret because, as explained in
the previous section, both ¢ and BR can be expressed in analytical form. This allows us
to draw exclusion contours in the parameter space of our model in a very efficient way,
as we will show in section 6.2.3.2. However, an important message, on which we will
elaborate in section 6.2.3.3, is that in some cases the experimental limits, depending on
the details of the analysis, are not properly set on 0 x BR because of the effects of the finite
resonance width. This problem is particularly acute in strongly coupled scenarios, where
the resonance is broader and should be more carefully investigated by the experimental
collaborations.
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6.2.3.1 A first look at the LHC bounds

Before starting a detailed analysis, let us try to get an idea of the present experimental
bounds by discussing two illustrative examples. We consider the benchmark models
Ay, —1, Bg,=3 and By, —¢ described in the previous section as representatives of the
“typical” weakly coupled (A) and strongly coupled (B) models with intermediate (gy = 3)
and rather strong coupling (g = 6). In the benchmarks,; all the parameters of the model
are fixed except for the resonance mass, so they can be very easily compared with the
data by looking at Figure 6.5 where we report the bounds on the production cross-sections
obtained by rescaling the experimental bounds on o xBR by the corresponding BRs and
superimpose the theoretical predictions for the production of the positively charged and
neutral states. Let us discuss the results separately for the two cases.

Weakly coupled heavy vector

This case is depicted in the upper plots of Figure 6.5. A weakly coupled vector resonance,
arising for example as a new gauge boson from an extension of the SM gauge group, is
excluded for masses below around 3 TeV for gy = 1. The limit deteriorates for larger
coupling because the DY rate is reduced according to eq. (6.25). For this reason, much
weaker bounds will be obtained in the strongly-coupled case described below. The bound
is dominated by searches into di-lepton and lepton neutrino final states. The searches in
di-bosons, i.e. namely in hadronic and semileptonic WW and hadronic and fully leptonic
W Z are less constraining, but still able to set a bound around 1 — 2 TeV. Also relevant is
the search of ATLAS into the 77 final state which sets a bound around 2 TeV. Definitely
less constraining are the searches involving the top quark in the final state, like ¢ and tb.

Using the ratio of the parton luminosities shown in Figure 6.3 we can obtain a naive
estimate of the mass reach of the 14 TeV LHC and of a hypothetical 100 TeV pp collider.
The exclusion in the weakly coupled region My ~ 3TeV for 20fb~! corresponds to a
parton luminosity ~ 4 - 1072 pb (see Figure 6.3). Using this number and rescaling to a
luminosity of 300fb~! at the LHC at 14 TeV and to 1ab~! at the 100 TeV collider we
naively find a sensitivity up to My ~ 6 TeV and My ~ 30 TeV respectively.

Strongly coupled heavy vector

This case is depicted in the middle and lower plots of Figure 6.5 for an intermediate,
gy = 3, and rather stronger, gy = 6, coupling. A strongly coupled vector resonance
like a new composite vector boson, analogous to the p in QCD, arising for example in
Composite Higgs models is excluded up to ~ 1.5 — 2TeV for intermediate coupling of the
strong sector and almost unconstrained for large enough coupling (gy 2 5). The most

"'We will not consider the ATLAS and CMS di-jet searches [315, 322] because the limits are given in
terms of an acceptance factor. Furthermore the sensitivity of the latter channels is rather reduced.
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Figure 6.5 — Bounds on the production cross-section for some of the searches listed in Table

6.2 (except for the ones in grey) for the models Ay, =1 (upper plots), By, =3 (middle plots) and
By, —¢ (lower plots) for the CMS (left) and ATLAS (right) collaborations.

constraining searches are those into di-boson final states because, as described above, the

BRs into vector bosons are much larger than those into fermions. ¢t and tb searches are

not particularly sensitive. Notice, however, that we are working under the assumption of

a universal coupling to fermions. In potentially realistic strongly coupled scenarios the

parameter c3 is actually expected to be enhanced, improving the sensitivity of third family

searches. A careful assessment of this interesting effect is left to future work. Notice that

a large portion of the mass range is theoretically excluded, as shown in the plots. This
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Figure 6.6 — Current experimental constrains in the (c¢g, ¢p) plane for the four benchmark points
at 2 TeV. The yellow region shows the exclusion from V — [v searches [231] while in blue are
regions excluded by V' — W Z searches with WZ — jj [239] in light blue and WZ — 3lv [235]
in dark blue. The solid black lines depict constrains from EWPT at 95% CL and the dashed
black line twice this limit. The points corresponding to models A and B for the different values
of gy are also shown.

corresponds to regions where it is not possible to reproduce the SM input parameters
agw, Gr and My for such a small physical mass and large gy coupling.

Assuming a rather weak strong coupling gy = 3, the same naive rescaling made for the
weakly coupled vector gives a naive reach of My ~ 3 —4TeV and My ~ 15 — 20 TeV at
the LHC at 14 TeV with 300fb~! and the 100 TeV collider with 1ab~! respectively.

6.2.3.2 Limits on the Simplified Model parameters

The experimental limits on ¢ x BR can be simply converted into limits on the relevant
parameters of the Simplified Model. In section 6.2 we showed that the most relevant
parameters are the mass of the resonance, the overall scale of its couplings gy and
the parameters cp and cp describing the interactions with SM fermions and bosons
respectively. In order to give an idea of the bounds coming from present analyses we make
the simple choice cr = ¢, = ¢; = c3 and show the bounds, for given mass and coupling,
in the two-dimensional (cg, cr) plane. The results, as expected from the discussion of
section 6.2, are very weakly sensitive to the other parameters cyyvw, cyvy and cyvgg.
In the plots we fixed the latter to their values in model A (see section 6.2.4.1) and checked
explicitly that the results do not change significantly by setting them to model B.

In Figure 6.6 we show the allowed and excluded regions in the (cg, cp) plane for fixed My
and gy = 1, 3,6 corresponding, respectively, to weak, intermediate and strong coupling.
As an illustrative example we chose My = 2TeV as an intermediate mass scale where the
experimental constraints are neither too strong nor too weak and thus more interesting.
For simplicity, we did not report all the relevant limits in the plots, but only the ones
from charged vector searches. The neutral ones could be easily added but would just give
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Figure 6.7 — Current experimental constraints in the (My, gy ) plane in models A and B. The
notation is the same as in Figure 6.6.

comparable constraints and not change the result significantly. Obviously, the situation
could have changed if we had performed a statistical combination of the limits in the
different channels rather than a superposition of the corresponding excluded regions.
However, we think that correlations among the different channels should be taken into
account by the experimental collaborations. In the plots, the yellow region represents
the exclusion from the CMS [Tv analysis of Ref. [233], while the dark and light blue
ones show the limits from CMS WZ — 3lv [235] and WZ — jj with W/Z tagged
jets [239] respectively.'? The black curves represent constraints coming from EWPT,
i.e. from the S parameter, which we computed in Appendix D.2. The black solid curve
corresponds to the strict 95% C.L. bound on S of Ref. [111]'®, while the dashed line is
obtained by artificially enlarging the latter bound by a factor of two. This second line
is a more realistic quantification of the constraints than the strict limits because the
EWPT observables are eminently off-shell observables and thus not calculable within the
Simplified Model. Extra contributions, of the same order as the ones coming from the
resonance exchange, can easily arise in the underlying complete model. By enlarging the
bound on S we take these contributions into account and obtain a conservative exclusion
limit.

Any given explicit model corresponds to one point in the plots of Figure 6.6. The two
points indicated by A and B correspond to the prediction of the two benchmarks models
for the assumed values of gy and My . For small gy the lepton-neutrino search dominates
the exclusion (first plot) and only a narrow band around —1 < ¢ < 1 remains allowed.
Here EWPT are not competitive with direct searches and the di-boson searches are almost
irrelevant due to the relatively small di-boson BR (see the discussion at the end of section
6.2.1). Moreover, for small gy both our benchmark models are excluded. As gy increases
we notice four main features: the constraints from EWPT become comparable to the
direct searches into di-bosons, di-boson searches become more and more relevant due to

2For recent theoretical developments in the search for vector resonances using boosted techniques see,
for instance, in Refs. [331-333].
3The bound quoted in Ref. [111] is S = 0.04 & 0.10 obtained from an STU fit.
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Figure 6.8 — Current experimental constrains in the (cg, cyvw), (cu,cvvy) and (cu,cvvan)
planes for gy = 3, My = 2TeV and cg = 4 (all the other parameters are fixed to their value in
model A). The notation is the same as in Figure 6.6.

the enhanced BRs, model B evades bounds from direct searches more and more compared
to model A which remains close to the excluded region, and bounds from EWPT constrain
model B more than model A. The last two features are due to the larger value of cy
predicted by model B, corresponding to a region which is very difficult to access with
direct searches.

A second interesting way to present the experimental limits is to focus on explicit models
and draw exclusion curves in the plane of their input parameters. In both models A and
B we have two parameters, the coupling and the mass of the new vector. The limits in
the (My,gy) plane are reported in Figure 6.7. We find similar exclusions in the two
models at low gy, where the limit is dominated by leptonic final state searches, but the
situation changes radically for large coupling. In particular the limit in model B is rather
weak and barely competitive with EWPT already for intermediate couplings gy ~ 3 and
it disappears when the coupling is large.

Finally we want to check that, as expected from the discussion of section 6.2.1, the
parameters cyvw, cyyvy and cyy g affect the exclusion only marginally. We thus plot
the same constraints shown in Figure 6.6, in the (cg, cyvw), (e, cvvy) and (eg, cyvmm)
planes in Figure 6.8 for the benchmark models A and B at gy = 3. The plots represent a
horizontal slice at ¢y = 4 in the second plot of Figure 6.6 using the same colouring as
previously. We find cyyw and cyyy indeed to be sub-leading with no variation in their
direction. A slight tilt can be observed in the direction of ¢y v g7, on the other hand. This
is due to the enhanced sensitivity on ¢y g induced by the term (1 —4eyyga¢?)? in the
width in eq. (6.31) for relatively large ¢. The correction induced by this term can be of
the order of 20% for ¢y ~ —0.5 ({ =~ 0.4). One could expect the same enhancement in the
central plot, due to the term (1 + cyecyyy¢?)? in the width in eq. (6.31). However, the
absence of the factor of four only gives an effect of the order of the percent for ¢y ~ —0.5,
not clearly observable in the central plot.
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6.2.3.3 Limit setting for finite widths
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Figure 6.9 — Di-lepton invariant mass distribution for different choices of My and T'g/Mj at the
LHC at 8 TeV (first three plots) and 14 TeV (last two plots) c.o.m energy. The Figures show the
dependence of the difference between the full 2 — 2 calculation and a simple BW distribution
normalized to the on-shell production cross-section and multiplied by the corresponding BR into
di-leptons on I'g/My. The “inset” plots show the percentage agreement between the cross-sections
obtained by integrating the full simulation with a y-dependent interference in the shaded “bin”
(varying continuously from fully constructive (y = 1) to fully deconstructive (y = —1)) and the
simple sum of the BW plus the background.

The final goal of a resonance search is to set experimental limits, for either exclusion or
discovery, on the resonance production cross-section times the BR into the relevant final
states for different mass hypotheses. This way of presenting the experimental results is
obviously the simplest and most convenient, as it is completely model-independent and
can be very easily interpreted in any given model as we did above. However whether this
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goal can be really achieved or not, and with which accuracy, can depend crucially on the
details of the analysis and on the assumed total width of the resonance. The aim of this
section is to illustrate two kinds of effects associated with the finite particle width that
can make the extraction of o xBR limits from an experimental search rather involved.
Both effects are well-known. Recent discussions can be found in Refs. [296, 301, 334].
Here we will quantify their importance for heavy vector searches at the LHC and propose
some strategies to minimise their impact. The results of this section are obviously not
conclusive. A detailed analysis of these issues and their impact on the searches should be
performed by the experimental collaborations. The final goal should be to quantify, and
minimise, the systematic uncertainties associated with the determination of o xBR.

The example of the di-lepton invariant mass

Let us study the width effects in detail by focusing on the simple case of di-lepton searches
for the neutral vector. The relevant observable is the di-lepton invariant mass distribution
which we show in Figure 6.9 for different V0 masses, widths and collider energies. We
took a vector resonance with a mass of 2TeV, both narrow (I'/My = 2%) and broad
(I'/My = 10%) at the LHC at 8 TeV (first row of plots) and 14 TeV (last row of plots) as
reference. Finally, in the central plot we show the example of a resonance at 3.5 TeV with
I'/My ~ 11% at the 8 TeV LHC.

The first effect to be discussed is the distortion of the signal shape which can depart
significantly from the prediction of the BW formula. This can be seen in the Figure by
comparing the dashed red curves, which are obtained by the BW distribution normalized to
oxBR, where o is defined by eq. (6.34) with the red solid lines obtained by MADGRAPH5
simulations of the 2 — 2 process pp — Vi — [Tl7. We see that in the peak region
the distortion is rather mild when the resonance is light (2 TeV) at both the 8 and
14 TeV LHC. The effect is barely visible for I'/M = 2% and more pronounced for a broad
resonance I'/M = 10%. The distortion is more significant for a 3.5 TeV mass but the
deviation is still under control. This can be seen by comparing the area of the two curves
in the interval [M — I", M + T'] depicted as a shadowed region in the plots. The relative
deviation is depicted in the inset plots for y = 0. We see that it is of around 10% in
the worst case of My = 3.5 TeV and I'/My ~ 11%. Outside the peak, on the contrary,
the situation is worrisome already for My = 2 TeV. The simulated signal has a long tail
extending towards small invariant masses which is due to the steep fall of the parton
luminosities.

By focusing on the peak, where the signal is well approximated by the BW prediction,
extracting the limit on o xBR is straightforward. For instance one could simply measure
the cross-section of the 2 — 2 process integrated in a window around the resonance mass
and convert it into a bound on 0 xBR by rescaling for the fraction of events that, according
to the BW distribution, are expected to fall in the selected window. Alternatively, one
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could perform a shape analysis by assuming a BW signal shape and extract a limit on
its normalisation. Also in this second case the analysis should be restricted to the peak
region because the tail is not well-described by the BW formula. Notice in particular that
the total area of the simulated signal, that gives the total 2 — 2 cross-section, can differ
considerably from o xBR. The low-mass tail, which extends in a wide range of masses,
can indeed give a sizeable contribution to the total integral.

In order to understand the effect in more detail, let us briefly remind the reader of the
assumption under which the BW formula is derived. The measured signal is pp — [T~
whose partonic cross-section is

5 (é) _ 47§ FV—)qiquV_ﬂJrr
ST M2 (5 — M2)2 + M2T?

(6.35)

After convoluting with the PDFs, and using § = M12+ ;- the total differential cross-section

reads
dos _ Z 4j FV%qiquVHHl* M12+lf dLij (6 36)
dMIQH, = 3 (Mfﬂ, — M2)?+ M2I? MZ2  ds s,
Tl
In the peak region, namely for M;+;- — My ~ I, and only in that region, it is reasonable
to approximate
2
Mp - dL;j - dL;; (6.37)
Mz ds | ds | 7
s:Mﬁ'l— 8=Ms;

from which, using eq. (6.34), the differential cross-section can be written in terms of the
on-shell o xBR, times a universal function

dog
dM?

ti-

=0 x BRy_+;- BW(MA,_; My, T), (6.38)

where BW denotes the standard relativistic BW distribution

. 1 T M,
BW(8; My, T') = 76 MZ)? 4 METE

(6.39)

Whether eq. (6.38) is a good description of the 2 — 2 shape or not depends on how
accurately the assumption (6.37) holds, namely it depends on how fast the parton
luminosities vary in the peak region. Therefore the agreement is better for smaller widths
when the peak is narrower. But the level of agreement also depends on the resonance
mass and decreases when the resonance approaches the kinematical production threshold
of the collider. This is because after a certain threshold the parton luminosities start to
decrease extremely fast, more than exponentials, so that regarding them as constants is
less and less justified even for a narrow width. This threshold corresponds, in Figure 6.3,
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to the point where the luminosities become concave functions in logarithmic scale around
3 or 3.5 TeV at the 8 TeV LHC. This explains why the peak distortion is so pronounced
at the 3.5 TeV mass point. Notice that the peak distortion could be modelled, starting
from eq. (6.36), and the agreement with the simulated signal improved by employing a
“distorted” BW shape. We will not discuss this possibility because we consider the BW
description to be sufficiently accurate in the cases at hand. However such an improvement
could be helpful in order to deal with more problematic situations.

The second important effect to be taken into account originates from the quantum
mechanical interference of the resonance production diagrams with those of the SM
background. Differently from before the strength of this second effect crucially depends on
the amount of background which is present in the peak region or, more precisely, on the
signal to background ratio. Notice that only the strictly irreducible backgrounds matter,
because interference can only occur among processes with the exact same initial and final
states at the partonic level. In Figure 6.9, the upper and lower boundaries of the green
shaded region are the result of two complete simulations, including interference, of the
pp — 71~ process as obtained at two different points of the parameter space of our model.
For each mass and collider energy the two points are chosen to have identical production
rates and partial widths but, respectively, constructive and destructive interference. The
two points are simply related by flipping the relative sign of ¢, and ¢;, which leads to
identical rates and widths but opposite interference. The green solid lines correspond
instead to the “signal plus background” prediction, obtained by ignoring the interference
and summing the background, reported in black, with the “signal only” line in red. In
dashed green we show the signal plus background curves obtained by the BW prediction
of the signal. Notice that the interference never vanishes in any model so that the signal-
plus-background shape does not represent any point of the parameter space. However
the interference could be reduced, and most of the shaded region could be populated
by some explicit model. Therefore, imagining for simplicity that the interference can be
continuously varied from constructive to destructive we define

doran dog dog doy
y) = + +y .
dMl+l_ dMl+l_ dMl""l_ dMl""l_

(6.40)

By varying y among —1 and 1 we can get a rough idea of how much the interference
effect can change the shape in different regions of the parameter space.

We see in the Figure that the shape distortion due to the interference is considerable, and
in most cases more significant than the one due to the PDFs. Notice however that we are
voluntarily considering pessimistic cases where the interference distortion is enhanced.
The idea is that if we manage to deal with these situations we will have no problems in
covering more favourable cases. As mentioned above, the interference distortion depends
on the signal to background ratio, therefore for a given mass and collider energy, where the
background is fixed, the effect is maximal for the smallest possible signal cross-section. For

137



Chapter 6. Direct Probes of NP

the plots in Figure 6.9 we thus selected the minimal cross-sections that can be excluded at
the 8 TeV LHC with 20 fb~! and at 14 TeV with 100 fb~!. Stated in a different way, we
placed ourselves at the boundary of the excluded o xBR region for each mass hypothesis.
In the bulk of the excluded region, where o xBR is well above the one assumed in the
plots, the signal shape would grow and the interference effect would become relatively
less important. With this choice, the interference is more important at 14 than at 8 TeV
because with the assumed luminosity the exclusion will be set in a region where the
background is larger. For the 3.5 TeV mass point the interference is negligible because the
background is very small and the distortion is mainly due to the PDF effect as described
above.

Notice that, differently from the PDF effect, the distortion due to the interference can
not be modelled in any simple way. Namely, it is impossible to cast it in a way that only
depends on the production rate and on the widths, indeed we saw above that it depends
on other parameter combinations. Obviously it could be computed by a simulation, but
the resulting shape would depend in a complicated way on all the model parameters
and could not be taken as a universal template. Therefore by proceeding in this way
it would not be possible to set model-independent limits on o xBR and the comparison
of the model with the data should be performed by scanning the parameter space with
simulations on a grid of points.

Two different attitudes could be taken towards this problem. One could insist with a shape
analysis, assuming a BW signal, and accept the intrinsic systematic uncertainty associated
with this assumption. Of course the uncertainty should be quantified by comparing with
the limits obtained with the “true” shape, taken for instance from eq. (6.40) for different
values of y. Alternatively, one could turn to a simpler cut-and-count experiment and
try to reduce the impact of the interference by exploiting the following observation. In
general, the interference contribution to the partonic cross-section has the functional form

(5 — M)
(5— M2)2 + M2T2°

(6.41)

a1(8)

so that it vanishes exactly at § = M‘Q/ as is odd around this point. This explains why
the shaded green region shrinks to a point for an invariant mass equal to the resonance
mass. After PDF convolution one can show that, provided the approximation of constant
parton luminosities in eq. (6.37) holds accurately enough, the interference contribution to
the signal shape is also an odd function around M;+,- = My and thus it cancels when
integrated over a symmetric interval. The signal in the [My — ', My + I'] region is thus
much less sensitive to the interference than the shape itself.'* This is confirmed by the

MFor a complete cancellation one should consider a domain which is symmetric in the squared invariant
mass variable. The cancellation is only approximate in the window we have chosen. However we prefer
to stick to this simpler prescription of a symmetric domain in M;+;—, because the cancellation would not
be exact anyhow due to the PDF variation in the peak region.
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inset plots, where we report the relative deviation of the total signal in the window,
compared to the BW signal plus background prediction as a function of the parameter y.
We see that the deviation is typically below 10% even in cases where the shape distortion
due to the interference is considerable.

In view of the above results, let us briefly discuss the limit setting procedure employed
by CMS [233] and ATLAS [234] in the di-lepton searches. After suitable selection and
identification cuts, both analyses perform a shape analysis on the di-lepton invariant
mass distribution based on an un-binned (CMS) or binned (ATLAS) likelihood. The only
relevant difference among the two methods is the choice of the assumed signal distribution
and the mass-range where the analysis is performed. CMS employs a gaussian shape
obtained by convoluting a narrow resonance peak with the detector resolution function
and the analysis is performed in an invariant mass window around the resonance mass. If
the resonance is assumed to be extremely narrow, the CMS strategy is definitely correct
and leads to an accurate determination of o0 XxBR. However, no finite width effect is taken
into account with this method. It is not even clear, and we plan to study this and related
aspects in a future publication, how narrow the resonance must be in order to make
this method reliable. Notice that asking for a width below the experimental resolution
might not be sufficient as the distortion effects outlined above take place already in
the theoretical distribution and are completely unrelated with the detector resolution.
Furthermore, assuming a too small width might be inconsistent with the amount of signal
needed for exclusion. A given DY cross-section requires, at fixed mass, a given ¢q partial
width and thus a minimal total width. Moreover, a non-vanishing BR into di-leptons is
needed, leading to a larger minimal width. By exploiting this observation it is possible to
compute the minimal width needed, at a given mass, for 3 or more signal events at the
8 TeV LHC. For a mass of 3.5 TeV, for instance, the minimal width is I'/My 2 10% and
therefore it would be inconsistent to set an exclusion limit for a very narrow resonance at
this mass. The existence of a minimal width is the reason why we have not considered the
case of a narrow 3.5 TeV resonance in Figure 6.9. The ATLAS strategy is different from
CMS in two respects. First, it performs the shape analysis in the full mass range rather
than around the peak. In light of the above discussion, this is definitely a limitation.
Second, it employs a template signal shape obtained by a sequential Z’ model [290].
In this manner ATLAS somehow takes the effect of the width into account, but in a
rather incomplete way because at each mass point the width is the one predicted by the
sequential Z’ model. In other scenarios, with larger gy, the width could be larger and
the limit could change significantly. One might argue that at least the ATLAS limit,
differently from the CMS one, is strictly correct within the specific model assumed in the
simulation. However this is questionable as the interference effects, which are relevant
close to the exclusion limit as shown above, are not included in the simulations.
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The case of lepton-neutrino

In the discussion above we focused on the simple example of the di-lepton final state,
however our considerations are more general and apply to all those searches where the
resonance invariant mass distribution can be reconstructed. This clearly includes di-jets
[315, 322] and di-bosons in the hadronic channels [239], but also searches with one leptonic
W and reconstructed neutrino momentum [235, 236]. In all these cases, the invariant
mass distribution approximately follows the BW formula and the distortions due to the
PDF and interference effects could be analysed along the lines described above. Of course
we expect that in these more complicated examples the experimental resolution, which
we could safely ignore for di-leptons, could play an important role and should be taken
into account. However, no qualitative difference is expected.

A radically different situation is instead encountered when the invariant mass can not be
reconstructed, as in the CMS search [231] in the lepton-neutrino final state. Setting a
model-independent limit on o x BR might seem hopeless in this case, because one can not
rely on the BW formula which of course only describes the invariant mass distribution
while the relevant observable is now the transverse mass Mp. This problem has been
studied in detail in Ref. [301] with the conclusion that indeed a model-independent limit
can not be set and that the search must be reinterpreted in each given model separately.
However, there could be a way out. Any pair of massless leptons, of any chirality, produced
by the DY mechanism through the s—channel exchange of one vector, are characterised by
a universal angular distribution relative to the beam direction in the center of mass frame.
Namely, the angular dependence of the partonic cross-section is effectively 1 + cos?#
because the term linear in cos 6 cancels out for a symmetric proton—proton collider such
as the LHC.'® Given that the angular dependence is fixed, the pp distribution of the final
states can be uniquely computed and expressed, as usual in the limit (6.37) of slowly
varying PDFs, in terms of ¢ x BR. If the resonance is produced at rest in the transverse
plane, which we expect to be a good approximation when it is sufficiently heavy, we have
M7 = 2pr and we predict

do

2 = 0 x BRy_,;, TBW(Mr; My, T) (6.42)
dM2

where we denote as TBW a “transverse BW” distribution defined by the following integral

/ 23—M2 1
87rMV M2 3 (s—M —l—FQMZ\F'

TBW (Mp; My, T (6.43)

Needless to say, eq. (6.42) is obtained by neglecting the interference, and in the approxi-

150f course it does not cancel for asymmetric beams and this is why Z boson asymmetries could be
studied at the Tevatron.
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Figure 6.10 — Lepton-neutrino transverse mass distribution for the choices of My and T'y /M
analogous to the ones of the first two plots of Figure 6.9 at the LHC at 8 TeV. The Figures
show the dependence on I'y /My of the difference between the full 2 — 2 calculation and a
simple TBW distribution normalized to the on-shell production cross-section and multiplied by
the corresponding BR into lepton-neutrino. The notation (dashing, colouring, “inset” plots) is
identical to Figure 6.9.

mation of slowly-varying PDF. The level of agreement with the “true” signal is illustrated
by Figure 6.10. We considered the same points of the parameter space that were used
in Figure 6.9 for the 2 TeV neutral resonances at the 8 TeV LHC and we show the M
shape of the associated charged state. We see that the signal, defined as the cross-section
in the window My € [My —T', My, is described by eq. (6.42) at the 10% level. However
in this case, differently from the previous one, most of the signal is lost when restricting
to the window we have selected, decreasing the sensitivity of the analysis. One should
probably try to enlarge the window, accepting a larger error. Notice however that the
interference, which is the dominant distortion effect, has been maximised in Figure 6.10
by choosing the smallest possible rate as described above. The accuracy of the method
would improve for higher rates, allowing at least to set a more conservative, but robust
and model-independent limit.

6.2.4 Explicit Models

In this section we present two examples of explicit models to populate the parameter space
of the Simplified Model. The first one, called model A, describes the vector triplet emerging
from the symmetry breaking pattern SU(2); x SU(2)e x U(1l)y — SU(2)r x U(1)y
achieved through a linear o-model [286]. The second model, B, describes the vector triplet
considered in Ref. [97] based on a non-linearly realised SO(5)/SO(4) global symmetry.

6.2.4.1 Model A: extended gauge symmetry

We consider the gauge theory SU(2); x SU(2)2 x U(1)y [286]. The SM fermions are
assumed to be charged under SU(2); and U(1)y with their usual quantum numbers.
The SM Higgs doublet transforms as a (2,1);/, under the enlarged gauge group. We
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also introduce an additional scalar field ® transforming as a real bidoublet (2,2)¢. The
bosonic part of the Lagrangian is

1

L=——
4g7

1
Wi, Wit — 4—2W2“WW2‘”“’+DMHTD“H+Tr(DM<I>T DF®)—V(H,®). (6.44)
92
In order to obtain the SM at low energies we assume the potential V in eq. (6.44) to be
such that ® obtains a vacuum expectation value

(@) = (g ?) : (6.45)

This VEV breaks the SU(2); x SU(2)2 gauge symmetry to its vectorial subgroup which
is identified with the SM SU(2);, gauge group. By going to the unitary gauge for the
heavy vector triplet one obtains the following mass term from the kinetic term of ®

f2

Tr(D,®'D*®) O 5 (Wi, - Wi, )2 (6.46)

A single gauge invariance under which both W7 and Wy shift in the same way is preserved.
It is thus useful to perform the following field redefinition

W, = Vo + Wi, (6.47)

In this way V transforms as the triplet of section 6.2 and W1 is just the SM W boson
field (the index “1” will be dropped from now on).

The only part of the Lagrangian that transforms non trivially under the field redefinition
in eq. (6.47) is the kinetic term of Wa. One has

W, = Dy Vg + e VIVE+ Wi, (6.48)
which leads to

g, Wgt = Wi, W™ 4 D, VaDkverl 4 owy, plryer) (6.19)

6.49

+2e" W VIRV + O(VH).

After the redefinition, the Lagrangian develops a kinetic mixing between V and W and
thus it can be matched with eq. (6.2) only after the mixing is removed by one further
redefinition. This is performed in Appendix D.1, starting from a“tilded” field basis in
which the kinetic mixing term is present. By identifying

4 2=L1.1 (6.50)
gV = 92 an — = —= 5 .
P ¢ g3
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we have
my =gvf, ¢yw = —C¢yvw =cCvvy =—1, ¢y =cyvum =cr =0, (6.51)

from which we obtain the parameters in eq. (6.2) by the relations in eq. (D.4). In
particular, we see that in all cases, g« ~ g or g, > ¢

ey~ —¢*/g% and cp~1. (6.52)

Depending on the precise form of the potential V(H, ®) and in particular depending on
the presence of a A\|H|?Tr ®® term, an additional contribution to ¢y g proportional
to \g3 f> /m% is generated by integrating out the physical mode of ®. We define our
benchmark model setting A\ = 0. However, finite A\ effects can be easily accounted for
by modifying eq. (6.51). We will come back to this point in section 6.2.4.3. Notice that
integrating out ® also generates (irrelevant) contributions to the quartic interaction of V.

6.2.4.2 Model B: Minimal Composite Higgs Model

Models in which the Higgs boson emerges as a light state (a pseudo Nambu-Goldstone
boson) from an underlying strong dynamics predict the existence of heavy vector reso-
nances with electroweak quantum numbers. In the case of the Minimal Composite Higgs
Model (MCHM), where the Higgs doublet emerges from the spontaneous breaking of a
global SO(5) symmetry to an SO(4) subgroup, these resonances have been discussed in
Refs. [3, 97]. Here we want to show how the lightest vector resonance in these models
can be described by our Simplified Model. In order to enforce the constraints imposed
by the underlying symmetry structure a minimal amount of technical complications is
required. Here we follow Ref. [97] which uses the Callan-Coleman-Wess-Zumino (CCWZ)
formalism reviewed, for instance, in Appendix A of Ref. [240]. The matching with the
Lagrangian of the Simplified Model can be found at the end of this section and the reader
who is not interested in the derivation can jump there directly.

We introduce a spin 1 field p, transforming under the unbroken SO(4) subgroup as a
(3,1) irreducible representation

pu = pit® — hapuhy —ihgduhi for a=1,2,3, (6.53)

where t* are generators of the SU(2)r, subgroup of SO(4) in the vector representation
and hy4 is a non-linear SO(4) transformation whose construction is described in Appendix
A of Ref. [240]. We consider the following Lagrangian

- 1 B 2 1 Wa2 f2didm 1 a \2 mg a a)2 6.54
P__4g7/2( HV) _4g2( w/) +Z i _ng(pw/) +ng(pﬂ_eﬂ) ( )
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abc

The p field strength is given by pf, = 0up), — Oup;, — € prf,. The full expressions for
the d and e symbols for SO(5)/SO(4) are given in Appendix A of Ref. [240]. Here we
will only need approximate formulas in the large f limit

did"’ = P|DuH|2 + 371 [(0u|H[*)? — 4/H|*| D, H|*] + O(1/ %), (6.55)
and

a __ ,a _ .a a_i ta L 217t -a 6

Py, — €= py+ Wy f2HT D“H+f4|H\ H't*D,H+ O(1/f°). (6.56)

We can thus define the triplet V', which does not shift under the SM gauge group, as
Vi=p,+ Wy (6.57)
Under this field redefinition the p kinetic term transforms as

a a abcy by e a
Puv = D[uVu] —€ V#Vl, - W

s (6.58)

and using the large f expressions in eq. (6.55) and (6.56) it is now straightforward to
match £, with the “tilded” basis of Appendix D.1. By identifying

/

and ¢ =49, (6.59)

L_ 1,1
W=gp S=5+-—
gt gl

and after normalising the kinetic term of V' we obtain

) _ _ _ i m; - i
my =mp, Cyw =Cyvw =cCyvy =1, ¢p= Wl = —a,, CyvHa =Cr =0,
o

(6.60)
where a, is an O(1) free parameter as defined in Ref. [97]|. Using eq. (D.4) we see that
cg~ cp~1. (6.61)

The difference with the linear model of the previous section arises from the fact that ¢
is now non vanishing.

In order to perform the matching we ignored both higher dimension operators coming
from subleading corrections to eq. (6.56) and higher derivative terms which could be
added to the Lagrangian in eq. (6.54). We will discuss their effects in the next section.
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6.2.4.3 The role of higher dimensional operators

The simple phenomenological Lagrangian in eq. (6.2) has been the starting point of our
discussion. Its usefulness stems from the fact that it contains just a handful of parameters
due to neglecting all the higher dimensional operators.

As already stressed throughout the chapter eq. (6.2) has to be understood as an intermedi-
ate step to compare a more or less complete model of New Physics with the experimental
data. That is, not as the leading subset of terms of the effective field theory describing
the interactions of V' with the SM. From this point of view the fact that eq. (6.2) is all
that is needed has to be guaranteed by the underlying theory. We will now check this
assumption for the two models we presented in the last two sections.

This discussion is almost straightforward in the context of the linear model. Since the
model is renormalizable higher dimensional operators can only be generated by integrating
out the heavy physical fluctuations of the scalar field ®. A hierarchy of masses mg > my
is understood in order to be allowed to study the vector in isolation. The real bidoublet
® can be written as

o= @ + 7% (6.62)

In this way eq. (6.45) can be rephrased as (¢9) = 2f. The three scalar fields ¢, are
unphysical and only ¢y remains in the spectrum with a mass mge which depends on the
parameters in the potential V(H, ®). In the unitary gauge for V,,, the only relevant ¢g
interactions come from the kinetic term of ® and from a mixed ®-H quartic coupling

which can be present in V
1 > 9v Ao
Tr(D,®' D*®) — NHTHTr(0Td) = 5 (Oudo)” + L GVIVHe — 5qﬁOHTH. (6.63)

By integrating out the heavy ¢g field we obtain the following Lagrangian containing
operators up to dimension 6

2>\2f2’H’4 )\ng Vavua|H‘2 3)\ 92f2
(] <I> <I>

AL = VaVEUH'+O(V [HI,...) . (6.64)

The first term is an unobservable modification of the Higgs quartic coupling while the
second is the contribution to cyy gy that was already anticipated in section 6.2.4.1. Tt
modifies the matching in eq. (6.51) by

- A2
CVVHH = LQ (6.65)
mg
The operator
VvHHE = Vﬁvua’H’47 (6.66)
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is new and not included in the phenomenological model. It is easy to verify that all
its effects, both in the mass matrix and in the couplings of V to W, Z; and h, are
suppressed by a factor \v?/ mé with respect to those emerging from ¢y vy in eq. (6.65).
In a reasonably weakly coupled theory these effects are small and can be safely neglected.

A similar discussion for the non-linear model described in section 6.2.4.2 is necessarily
more involved. This is due to its intrinsically finite energy range of validity. In order
to have any predictive power the theory has to be endowed with a criterion to estimate
the size of the coefficients of the higher dimensional operators. Using this criterion one
must be able to show that only a finite number of operators is relevant to achieve a given
precision. Here we adopt a slight modification of the partial UV completion criterion
used in Ref. [97]. We assume that a New Physics mass scale m, is defined (which could
for instance characterise the mass scale of other resonances) such that my < m,. We
furthermore assume that all “composite” states in the theory, which include V', H and
the other resonances at m,, interact with a strength of order g, when probed at energies
of order m,. More in detail we require that for £ ~ m,, amplitudes involving ‘“composite”
fields have size g,m, and g2 for three and four point functions respectively. Applying
this to the scattering amplitude of four Goldstone bosons, it implies in particular that
my ~ g« f. This criterion has to be extended to estimate the size of those amplitudes
involving weakly coupled fields, for instance insertions of the SM gauge bosons. These
amplitudes originate from the EW force and not from the strong sector interactions. We
thus require them to be suppressed by an additional factor (g/g.)™ where n is the number
of weakly coupled field insertions. In this last point we depart from the prescription of
Ref. [97]. The first intuitive consequence of this criterion is the fact that, in order for the
model defined by eq. (6.54) to be consistent, it is not only necessary to have my < my,
but also to have the vector p weakly coupled, g, < gx.

Before discussing the role of higher derivative terms in the model of section 6.2.4.2, it is
worth noticing that the Lagrangian in eq. (6.54) already contains dimension-6 and higher
operators which have not been included in the matching with the Simplified Model. The
existence of these operators, even in the absence of heavy matter fields to be integrated
out, is due to Higgs non-linearities emerging from the o-model structure. Using egs. (6.55)
and (6.56) one finds at the dimension-6 level

2
mp

ﬁ]H|2iVjHTT“ﬁuH+. s
p

ALy = — 1—3—7”% [(Ou|H?)* — 4|H | D, H|*| +
62 dg2f2 | "

(6.67)

The first term renormalized the Higgs and Goldstones kinetic terms and through this
affects all their interactions. However its contribution is suppressed by & = v?/f? which
is necessarily small in this scenario as mentioned already in section 6.2. The second term
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is a new dimension-6 operator
Oy = [HPVeH 7D H, (6.68)

with a coefficient of order gy-/f? (one should recall that gy = g, and m, = a,g,f ~ g,f).
Qualitatively O has the same effect as the ¢y operator both in the mass matrix and in
the coupling of V' to W, Z and h and it induces small O(§) corrections relative to the
latter. Additional operators collectively denoted by “...” in eq. (6.67) and containing extra
insertions of |H|? are always accompanied by more powers of 1/f2 so their contribution

to the mass matrix and to the decay widths are further suppressed by powers of €.

The addition of higher derivative terms to the leading order Lagrangian of the non-linear
model is thoroughly discussed in Ref. [97]. The analysis shows that only two CP even
operators can give a relative contribution to physical processes which is larger than the
typical size of a higher derivative correction, m%/ /m?2. The two operators are

O1 = Tr(puild,, dy]) and Oz = Tr(puwAu). (6.69)
Here A, is defined by
Ay = U (TfWy + TEB) U, (6.70)

in terms of the Goldstone matrix U and the SO(4) generators 77, p, which are defined in
Appendix A of Ref. [240]. The two operators can be expanded at order 1/f2

Tr(p"ild,, d,)]) = —;‘j;pﬂyaD“HTTaDVHJrO(l/f‘*), (6.71)
Tr(pwAy) = —Wo° _HP L Bupt HUr"H + O(1/ 4. (6.72
PuvAuv) = pPuv 2f2 + f2 Pt T + ( /f ) ( . )

According to our refined partial UV completion they should appear in the Lagrangian as

1

1
AL = ¢y 01 + 62?02 , (6.73)

9pGx »

with ¢1 2 ~ 1. Let us start focusing on O;. Applying the field redefinition in eq. (6.58)
and normalising the kinetic term of V', we obtain

461
g« f?

ALp = ——3iDy, V3D, H't"D, H. (6.74)
We did not write operators contributing only to 4-point functions involving V', nor
operators involving only the SM fields. The main effect of O; is to modify the width of V'

to longitudinal gauge bosons. Using the equivalence theorem and the field redefinitions
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in egs. (6.28) and (6.29) we obtain the corrections to eq. (6.30)

M2 M
gv |:4 L 2}/2 m‘::| GabCV;ﬂ'ba‘uﬂ'C

41— 22
gv M2 MV]
4 ey h Vo9, mo. 6.75
2«/1—%42[ gpf? m w (67)

Relative to the leading term which is proportional to cy ~ mz / gg f? the above contri-
butions are suppressed even though only by a single power of My /m., the parameter

controlling the derivative expansion.

To discuss the effects of Og, we apply the shift of eq. (6.58) and obtain

Alp= — ;2 [Vﬁwww@eabcwwvbvc (6.76)
\%

c2
— W|H|26achW’GVHbVVC +

2 a va
2|H| Dy, VAW

— S B"eq HIT"HVIVS +

f2 B D VAH T H + ...

The first line of eq. (6.76) contains O(1) corrections to the matching conditions in eq. (6.60)
which now become

6VW = 6VVW =1- 202. (6.77)

All the other operators except for the last one in eq. (6.76) induce negligible O(¢)
corrections to the spectrum and to the width of V' into transverse gauge bosons. Finally
the effect of

Ovp = B* D ViH 't H, (6.78)

is qualitatively new. After EWSB it generates a kinetic mixing between the hypercharge
gauge boson and V3
m my \ 2
ALp D catan Oy (—2L (V) B"VS,. (6.79)
my gpf
Such a mixing can be eliminated by a field redefinition of the form given in eq. (6.9) but

involving B,

B B 3
{ uw— By +aV; (6.80)

3 3 ’
Vi, — BVM

with o ~ my /My and 8 ~ 1. It is simple to show that after this field redefinition the
spectrum is only modified by corrections of order m%V /M‘z, The shift also affects the
couplings g]L\{ p of V3 to fermions. The corrections are at most of order my, /My, hence
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safely negligible.

To summarise, our study of higher derivative terms in the context of the non-linear model
shows that the only additional structure to consider is the operator Os. Its effects can be
included in the dimension four phenomenological Lagrangian by the modified matching
conditions in eq. (6.77). Notice that among those dimension-6 operators that have not
been listed in eq. (6.76) because they only involve SM fields one operator is particularly
relevant as it contributes to the S parameter

Co m%,[,
g% f? g r?

If ¢co ~ 1 this correction is of the same size as those calculated in Appendix B and can

ALp D — BWOrHIP H AS = ¢

(6.81)

have both signs.

6.3 A Simplified Model for Top Partners

Searches for heavy spin-1/2 resonances with standard and exotic charges are already
ongoing (see for instance [335-343] and [344]). Their existence is particularly motivated in
the context of composite Higgs models where light coloured fermionic resonances coupling
to the top quark, the so-called top partners, are required to explain the observed value of
the Higgs mass. Although a simplified Lagrangian approach can be employed to study
spin-1/2 resonances, the effective description is fundamentally different from the general
approach used for the heavy vector triplet in section 6.2. The main reason lies in the
fact that heavy fermions are more sensitive to the Goldstone boson structure of the
theory, especially of the Higgs. In addition to the mass term, a Yukawa coupling can
be written if the Higgs is not a Goldstone boson and the Lagrangian does not obey the
shift symmetry. This leads to a mass splitting within the fermion multiplet resulting in
a completely different phenomenology compared to the Goldstone boson case (see for
example Refs. [229] and [240] for a detailed discussion of each case). A similar term is
present for the vector: cyy g gives a contribution to the mass and ¢y vy gy is indeed zero
in the minimal composite Higgs model as shown in eq. (6.60). However, for the triplet
cyyvgm can not split the multiplet and hence, even if unsuppressed, would never have
such a drastic effect on the phenomenology. A further difference is that a Lagrangian for
fermionic resonances can not be truncated at dimension-4. Instead, dimension-5 operators
are relevant for single production and need to be included. With this in mind, it seems
difficult to find a small set of relevant parameters and to write an as simple and general
phenomenological Lagrangian as for the vector triplet. Nonetheless, we want to give a
brief summary of current progress in the effective description of heavy fermions based on
Refs. [240, 345]. For illustration and to make connection with the exotic charge fermion
predicted by the minimally tuned model discussed in section 3, we will restrict here to
the composite case with the Higgs emerging as a pNGB in the breaking of SO(5) to
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SO(4). We use partial compositeness, described in section 3.2, possibly improved with
additional flavour symmetries, as the most promising mechanism to generate a realistic
flavour structure.

As before, it is assumed that one SO(4) multiplet of coloured Dirac fermions is paramet-
rically lighter than the other states, living at a scale m,, which can be integrated out
and we remain with an effective Lagrangian for the lightest multiplet. In the literature,
resonances transforming as a 5 and 14 of SO(5) have been explored [240|. In order to
make connection with the minimally tuned model (with the fermionic degrees of freedom
discussed in 3.3.2), we will focus here on the 145,53 of SO(5) x U(1)x. We restrict
to a discussion of the effective description of the 95,3 of SO(4) x U(1)x for brevity
since it embeds a coloured charge-8/3 resonance, Y, the most striking prediction of the
minimally tuned model.' We denote it by \Ilg given explicitly by the (i, j) components
of eq. (A.24) with 4,5 = 1,...,4. Following Ref. [345], the most general effective leading
order Lagrangian can be written using the CCWZ [138, 346] formalism

L = itgDtp+iV) (D + 2i¢) V) — My, V)07
e AL fOL L ULRU Y i + AL foi i UsUsstr (6.82)

Bl d It + e

where we have assumed a fully composite tg. c12 are dimensionless parameters expected
to be O(1). Remember that U is the Goldstone matrix defined in eq. (3.1) and %, the
embedding of g, in a 145/3 of SO(5) x U(1)x given in eq. (3.27). The indices i and [
are SO(4) and SO(5) indices respectively. The CCWZ variables dj; and ef are defined in
appendix A.1. The ¢ in the kinetic term is needed to respect the SO(5) symmetry while
the covariant derivative is given by

D,V = (8, — iYg' By —igsGy) ¥, (6.83)

where gg is the SU(3). gauge coupling and the hypercharge Y depends on the state inside
the multiplet and can be read from Table A.1. The first line of the above Lagrangian
represents the kinetic term for the tg and \Ilg and mass term for \I/q9. According to
partial compositeness, the second line describes linear mixings between the top partners
and the elementary fermions. In particular, the second term gives rise to the top quark
mass. In the last line we have a direct interaction among the strong resonances and the
composite tp. Note that this is a dimension-5 operator suppressed by the scale of the
heavier resonances which are integrated out. In contrast to the heavy vector triplet, here

'SFor discussions of other representations along the same lines see for instance Ref. [240].
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it is crucial to include higher dimensional operators to ensure the inclusion of all single
production channels.

6.3.1 Basic phenomenology

QCD pair production of the top partners is charge-independent and sizeable, ranging
(including NLO effects) from 170 (1460) b for a 600 GeV top partner to 0.001 (0.38) fb
for a 1.9 TeV one, at the LHC for 8 (14) TeV center of mass energy. The charge is
however crucial to describe single production in association to either a b or ¢ quark. As
discussed in Ref. [240] single production is the most relevant process for top partners
of higher masses due to the lower kinematical threshold. Furthermore the presence of a
forward jet in the final state provides an important experimental handle to reduce the
impact of backgrounds. For the particular case of a charge 8/3 resonance, however, single
production via W+t — YW~ or WTW™T — Tt is suppressed either by the scale M, or
an additional power of the weak coupling and a phase space suppression and can therefore
be neglected.

The experimental signatures of the top partners depend strongly on their charge. Charge
2/3 and —1/3 resonances decay dominantly into third family quarks with an associated
vector or Higgs boson. More rare signals arise from the decay of the charge 5/3 (x) and
8/3 (T) fermions. As discussed in detail in Ref. [345], the mass spectrum of the ¥
is mostly degenerate. Especially, the T and y are exactly degenerate at tree level as
they do not mix with the elementary states. Their splitting is induced by electroweak
effects at 1-loop and is of order 200 MeV [133]. This implies a relatively straightforward
phenomenology since cascade decays are kinematically disfavoured. Although generally
two-body decays into a SM fermion and gauge boson dominate, e.g. x — W, by charge
conservation this is not the case for the Y. Instead the interactions originating from the
kinetic term include a W and a charge 5/3 state x, while the last term in eq. (6.82) gives
a contact interaction of the form YW+ W*tx. Consequently, the T decays exclusively
into WTW Ttr. Hence the decay chain of these exotic quarks will involve the emission
of up to three (for the charge 8/3 top partner) same sign Ws resulting in a final state
involving up to six W bosons (plus at least 2 b quarks). This results in a sizeable fraction
of same-sign di-lepton and tri-lepton events.

6.3.2 Data and Bounds

The actual bounds depend not only on the charge of the top partners but also on
their embedding in the SO(4) multiplet. While the partners in the 4 are excluded
below 600 — 1000 GeV depending on the choice of parameters, the singlet can still be
allowed above 440 GeV.'” For the exotic charges in the 9, a rough estimate of the current

"For a detailed analysis see Ref. [240].
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experimental bounds can be inferred from the analysis of Ref. [347] looking for same-sign
di-leptons in a sample of 19.6fb~! from the 8 TeV LHC run. In the analysis the SM
is extended by the addition of a single charge 5/3 Dirac fermion decaying with unit
branching ratio into WTt. A 95% C.L. lower bound of 770 GeV is set on the mass of the
fermion. The actual bound will be stronger in the minimally tuned model. Neglecting
the other states inside \IIZ and other SO(4) multiplets, we still have two charge 5/3 and
one charge 8/3 quarks. The pair production of the charge 5/3 fermions will give rise to
same-sign di-leptons with a branching ratio of 4.5% and to tri-leptons with a branching
ratio of 3%.

To date no dedicated searches for a charge 8/3 resonance have been conducted by the
experiments, however, the two same sign lepton searches (ssl) designed for charge 5/3
resonances can be recast to set bounds on Y. Following Ref. [345], the most conservative
bound can be obtained assuming that only a charge 8/3 resonance contributes to the
signal. This can be modelled by the effective interaction

cg?
M,

TWIW ™t +hee., (6.84)

where ¢ is a dimensionless parameter. The Y thus decays always into WTW ™t with a
subsequent ¢t — WTb. Since the W decays hadronically with BR = 67%, the dominant
signature of a pair produced charge 8/3 resonance would be a large number of jets.
Searches for multi-particle final states have been performed in the context of microscopic
black holes [348, 349] but are not yet sensitive to Y. Recasting the 2ssl analysis in
Ref. [347] achieves a better sensitivity and allows one to set a lower bound of 940 GeV
at 95% C.L. at 8 TeV and 20fb~! on the mass of the 8/3 resonance [345]. The bound
is more stringent due to a higher branching fraction of the T into 2ssl and a higher
cut acceptance explained by a larger multiplicity of the decay products. The authors of
Ref. [345] furthermore show that a dedicated search for 3ssl will not yield competitive
bounds despite providing an important independent probe of a charge 8/3 top partner.

Considering the complete effective Lagrangian for \Ilg discussed in eq. (6.82) gives similar
but slightly more stringent bounds. In addition to the contact interaction, also off-shell
decays into x’s are now present. Summing all possible contributions to a 2ssl signal hence
leads to my > 990 GeV at 95% C.L. for ¢; = co = 1, £ = 0.1 and M, = 3TeV. In the
minimally tuned model originating from an extra dimension, the coefficients ¢; and co in
eq. (6.82) are related and can be obtained by integrating out all multiplets except for \Ifg.
Assuming them to be of order one, the current results already imply some tension with
the minimally tuned model predicting my to be around, or even below, 1TeV. Potential
stronger bounds from forthcoming experiments will push the model into a more fine-tuned
corner of parameter space.
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6.4 Conclusions

We described a model-independent strategy to study heavy spin one particles in the triplet
of the SM gauge group. Our method, depicted as a bridge in Figure 6.1, is based on a
Simplified Model Lagrangian, introduced in section 6.2, designed to reproduce a large class
of explicit descriptions of the heavy vector in different regions of its parameter space. Two
explicit examples, describing vectors with rather different properties and physical origin,
are discussed in section 6.2.4. Those are denoted as model A and model B and correspond,
respectively, to heavy vectors emerging from an underlying weakly-coupled extensions of
the SM gauge group [286] and a strongly coupled Composite Higgs scenario [97].

By studying the Simplified Model we derived a set of generic phenomenological features of
the heavy vectors in section 6.2. In particular, we have seen that the charged and neutral
states are essentially degenerate in mass and thus have comparable production rates. As
discussed in Ref. [282], this fact is a strong motivation for combining the searches of the
two charge states. We have also seen that the heavy vector always has a negligible coupling
with the transversely polarised EW bosons and the only relevant interactions are with the
longitudinals. The longitudinal coupling is generically comparable with the one to the SM
fermions in the region of the parameter space that corresponds to weakly coupled models
and it becomes dominant in the strongly-coupled case. This is the main phenomenological
difference between the two scenarios. Finally, we showed that not all the parameters of the
model are equally relevant. The partial decay widths, and in turn the single production
rate, are to a good approximation completely determined by the parameter combinations
gver and g2cp/gy. If we assume, for simplicity, a universal coupling to fermions, then
the experimental limits on the heavy vector can be conveniently represented, for a given
mass, on a two-dimensional plane as we did in Figure 6.6. The dependence on the other
parameters is extremely mild and can be safely ignored. Moreover, the phenomenology
being controlled by a few parameters implies tight model-independent correlations among
different observables. For instance, the relative BRs of the charged and neutral states
in different bosonic decay channels, including the ones with the Higgs boson in the final
state, are basically fixed. This would make the combination of different experimental
searches extremely easy.

In section 6.2.3 we quantified the impact of the present experimental searches. Following
the Bridge method we firstly translated the experimental results into limits on the Simpli-
fied Model parameters (Figure 6.1) and afterwards converted them into the “fundamental”
parameters of the explicit models A and B. The results are shown in Figure 6.7 in a
mass-coupling two-dimensional plane. We see that model A is excluded for masses below
around 2 or 3 TeV, depending on the coupling, while the limit is weaker in model B.
For large coupling, which is expected in model B as this is supposed to represent a
strongly-coupled scenario, the exclusion never exceeds 2 TeV and is still comparable with
the indirect limits from EWPT.
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Chapter 6. Direct Probes of NP

For our analysis we took all the experimental results at face value, and used the exclusions
on 0 xBR at each mass point. However we pointed out in section 6.2.3.3 that this might
not be completely correct because of the effects associated with the finite resonance width,
which might affect the limit setting procedures adopted by the experimental collaborations.
We illustrated the expected impact of these effects on the invariant mass and transverse
mass distributions that are employed in the di-lepton and in the lepton-neutrino searches
respectively. Our conclusion is that finite-width effects can be considerable and can distort
the signal shape in a significant way. In spite of this, we identified some strategies by which
their impact could be reduced and a robust model-independent limit on ¢ xBR could be
extracted. We plan to elaborate more on these aspects in a forthcoming publication.

Our work could be extended in at least three directions. First, one could easily consider
other representations of the SM group. Aside from the triplet which we studied in the
present chapter, another relevant representation is the singlet, either neutral like a Z’
[290-292] or charged like a W’ [278|. These particles emerge together in strongly-coupled
models where they arise from a (1,3) representation of the custodial group. Another
interesting representation, which is present in models with a Composite pseudo-Nambu-
Goldstone boson Higgs, is the doublet with 1/2 hypercharge [304]. A second limitation of
our approach, which could be easily overcome, is the assumption of a linearly realised
EW group, broken by the VEV of the Higgs doublet like in the SM. This is clearly a
well-motivated assumption, but it might be worth studying also technicolor-like theories
where the strong sector condensate breaks the EW symmetry directly. For this purpose
our parameterization is insufficient because some higher dimensional operators involving
extra powers of the Higgs field would be unsuppressed and should be included in the
Simplified Model Lagrangian. Finally, in this chapter we did not discuss the possibility of
non-universal fermion couplings cp = {¢;, ¢4, c3} in detail. In particular, ¢z being different
from the light fermions couplings ¢; 4 is well-motivated in strongly coupled scenarios with
partial fermion compositeness [80]. In this case, the large compositeness of the top quark
induces a potentially large coupling to the third family quarks. Its effect on the searches
with third family final states should be investigated.
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Conclusions of the individual projects, including discussions and some further outlook,
were already given at the end of each chapter. Here we want to collect the above results
to build a physics case for the estimated impact of the LHC and future colliders on the
parameter space of a composite Higgs model. Generically, direct and indirect evidence, or
the lack thereof, probe the parameter space of a specific model from complementary sides.
Lepton colliders are generally more suited to perform precision measurements due to
their clean collision environment. The sensitivity on individual couplings and, indirectly,
the reach on model-specific parameters are typically large. Hadron colliders can usually
reach greater centre of mass energies than lepton colliders and thus probe new particles
with high masses. A choice between a future lepton and hadron collider is delicate and
needs to be assessed carefully taking current and forthcoming LHC data into account.

In Figure 7.1, we present a summary of the current constraints and expected LHC and
future collider reach in the (§,m,) plane of the minimal composite Higgs model. This
plot has already partly been shown and discussed extensively in section 5.2. Let us briefly
summarise the main features. We focus on the interesting parameter region 1 < g, < 4m
for the typical strength of the new physics interactions g,. The constraints from EWPT
assuming no loop contribution from heavy states (AT = 0) are depicted in green. An
additional positive contribution to T can arise, for example, from loops of light top
partners which could open up regions of larger ¢ = v2/f? [157]. Indirect bounds are
discussed in detail in chapter 5. While the LHC is sensitive to £ ~ 0.1 in single Higgs
production, double Higgs production is merely visible for £ of O(1) at 95% C.L.. Following
our analysis of double Higgs production at a future linear collider, such as CLIC, values of
& at the percent level can be reached. From single Higgs production, a permille sensitivity
is expected at CLIC. In addition to the previously discussed plot, we show the current and
extrapolated reach from direct heavy vector searches in the lepton neutrino [231, 232| and
diboson [235, 236| channels. We focus on heavy SU(2), triplets whose current bounds are
presented in section 6.2. The leftmost violet region up to ~ 3 TeV shows the parameter
space currently excluded by the 8 TeV LHC with 20fb~!. We extrapolate the current
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Figure 7.1 — Summary of current constraints and expected sensitivities at 95% C.L. at
CLIC, the FCC and the LHC on ¢ = (v/f)? and the mass of the lightest spin-1 resonance
my for SO(5)/S0O(4) composite Higgs theories. For a detailed discussion see text.

limits from the lepton neutrino and diboson analyses to bounds expected at higher centre
of mass energies and integrated luminosities according to appendix D.4. The LHC at
14 TeV is expected to reach masses up to ~ 5 TeV with 300fb~! and ~ 7TeV with 3ab~!
for small values of £. A future circular collider with 100 TeV centre of mass energy could
exclude vectors up to 30 TeV with 1ab~! and more than 35 TeV with 10ab~!. The mass
reach is highest for small values of £ and decreases as £ is O(1). Note that the apparent
lower cutoff of the bounds arises as an artefact of our rescaling procedure: current limits
on heavy vectors start at ~ 500 GeV and are simply mapped to larger masses. This gap is
most likely going to be closed in reality. It could, however, be that gaps in direct searches
remain for & ~ O(1), since g, varies rapidly in that region and dramatically decreases
the production cross section, analogously to the discussion below Figure 6.7. Moreover,
large values of g, lead to resonances too broad for direct searches to be sensitive. This
region is hence unlikely to be excluded by resonance searches. The gap in this region of
parameter space can easily be closed by precision measurements, e.g. single and double
Higgs production, at the LHC and future colliders.

As can be seen from the figure, a clear favourite between lepton and hadron collider
is impossible to find since both contribute complementary information on the model
parameters and access unique regions in parameter space. While the superiority of a
100 TeV FCC is undebatable in terms of direct reach, its sensitivity on £ via single and
double Higgs production is a crucial missing piece of information. Moreover, a careful
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assessment of the precision capabilities of the FCC (for example in WW scattering and
Higgs production) is necessary to obtain a complete picture. Since the center of mass
energy is well above the electroweak scale at which these processes occur, a good sensitivity
can be expected, proportionally better than at the LHC. If it were at all comparable
to the reach of CLIC, a FCC would probably yield more information on a new strongly
coupled sector responsible for electroweak symmetry breaking.

The study of the potential of future colliders is going to continue in the next years.
Minimal models, both in the supersymmetric and composite framework, are already in a
fine tuned territory. However, to seriously challenge naturalness as a guiding principle we
need to go beyond the LHC and, most likely, also beyond the minimal models.
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N 'The Minimal Composite Higgs

Model

A.1 The CCWZ chiral Lagrangian

The effective Lagrangian for a spontaneously broken symmetry can be build systematically
through the CCWZ construction introduced by Callan, Coleman, Wess and Zumino in
Refs. [138, 346].

The gauging of the SM group is realised by first gauging the full SO(5) with the sources
Ay

A= AT — Ay = g(A, +idy) g" (A1)
where T are the SO(5) generators given in eq. (A.13). The physical gauge fields

9 1, 2

AN = EW: (TL + ZTL)

+g (cosOw Z, + sin O A,) Tp + ¢ (cosOw A, — sinOw Z,) Th

9w (1Y — 72
+\/§W,u (TL TL) (AQ)

will later remain dynamical, while the unphysical ones can be set to zero. We can now
dress A, by the Goldstone boson matrix in eq. (3.1)

A, =U" (A, +i0,)U, (A.3)
which transforms as

A, — h (A, +i0,)RT . (A.4)

The shift iﬂ@JLT lives in the SO(4) subalgebra since heH. A,, can thus be decomposed
into broken and unbroken generators

Ay =—diT" — el T (A.5)
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transforming under H as
d, — hd, BT, e, — h(e, —id,) hT (A.6)

Note, that e, transforms as a gauge field. Explicitly, the fields are given by

i L ‘ffa hT? — ‘? (7o, 70 Agn? 4 .
ATt = —ALT - ﬁ |72, 7 Bt V2 [T“ | ALK+

While the standard covariant derivative V, = 9, — iA}T acts on dz, we can define a
CCWYZ covariant derivative

V=0 +ie, T, (A.8)
acting on ej;. It is used to construct the field strength

euy = Ope, — Ovey +iley, e (A.9)
transforming as e, — iAzeW}AlT. The chiral Lagrangian can be build from combinations of

the covariant variables d,,, e, and their covariant derivative. At order O(p?), only one
operator can be formed

2
£ = fZTr (d,.d") (A.10)

which can be proven to coincide exactly with the one written in eq. (3.6). At order O(p*),
10 invariant operators can be built.

A.2 SO(5) generators

A basis for the generators in the fundamental representation of the SO(5) algebra is given
by

1|1 a
(TR0 = 5 |5 (9005 - 8%05) + (0305 - 0308) | (-1%,
1|1 a
(1) = | e (3105 — o) = (0785 - a3 (-1
Q i a a
(T =~ (6705 — 8507) . (A.11)
where I,J =1,...,5 whilea=1,...,4 and a = 1,2,3. The generators {T}%L} and

{T4} represent the SO(4) = SU(2)[, x SU(2)g and the SO(5)/SO(4) subspaces of SO(5)
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respectively. Here the generators obey the following commutation relations

T2 nThr| = Tty [Te, 78] = 0

et - %5@“ ((~0fTs = (-1)%Tg) [To7] = —%e@f’c (-1 + (-1)% 7%,
[Ta,T}j] _ _%( ) <5aaT4 aabTb) [TQ’T}%} _ %(_1)65 (5aaT4_6aai)T5>
el = (—1)5f%5a@Td | = —(—1)5335“@1

(A.12)

Note that this basis differs from the usual SO(5) basis by the factors (—1)°12. This is
due to the fact that it is written as the SO(5) subspace of an SO(6) basis of generators.
The standard SO(5) generators are given by

1|1
(T2 s =~ [ (3885 = 8537) = (0785 — 3300

a i a a
(T3) 1y = 7 (5153 - 5J5?> ) (A.13)

A.3 5D implementation in AdS; space

In this Appendix we describe the implementation of the MCHM4 in AdS5 space and
illustrate some details about the flat space construction which were not discussed in the
text. We consider a 5D space-time with metric

ds* = a(2)* (nuwdatdz” — dz?) (A.14)

where the coordinate z varies on the interval [zVV, 2!®] and the warp function a (2) is a
regular and positive function satisfying a(zyy) = 1. This parameterization includes flat

and AdSs spaces with

flat : a(z) =1, zuy =0, 2R =L,
AdS. - 1 1 (A.15)
5" a(z) = 7 uv = 7 ZIR > ZUV -

A.3.1 Gauge degrees of freedom

The Lagrangian for the gauge fields in terms of the general metric of eq. (A.14) is given
by

ZIR 1 1 2
S9 :/d4x/ dz [Tr F2 ]+ —— (FiS , A.16
5D oy V9 4%2) Lo [FyN] 493( Lo ( MN) ( )

161



Appendix A. The Minimal Composite Higgs Model

where Lo has the dimensions of length and is equal to L in flat space and to 1/k in
AdS5. We also add a UV localised term exactly as in eq. (3.48). To derive the effective
Lagrangian in AdSs, we can follow the same procedure as discussed in section 3.3.1. The
whole difference with respect to flat space is encoded in the two form factors Iy and Iy
which read in AdSs

Jo(pzuv)Yo(pzrr) — Jo(pzir)Yo(pzuv)
T - , AT
v(p) P (pzuv)Yo(pzir) — Jo(pzrr)Yi(pzuv) ( )

- Ji(pz1r)Yo(pzuv) — Jo(pzuv)Yi(pzrr)
11 = . A.18
v(p) P (pzrr)Y1(pzvv) — Ji(pzuv)Yi(p21R) ( )

The Higgs decay constant in this case is given by
4 1 4 1

2,2 2 T 2.2
95 %1r —*uv 95 ”IR
where, in the last step, we assumed zrr > zyy. In the same limit the SM gauge couplings

can be written as

1 1 1 ZIR 3 2) 1 1 ZIR
- = S +5|log— —cs;, | & 5+ s5log—,
g* % % ( v 8") T g3 ¢y
1 1 11 3 1 11
73 = St <z+z) <10gzm§5%ng2> ~ ot <2+2>logma
g 99 95 Ix 2Uv 95 + 9x 971 g5 Ix UV
(A.20)
where we approximated log Zzé 5 > 1. In the same limit the W boson mass is given by
2 i
my = 5 ———5—- (A.21)
225 log Zzéi
The KK mass scale (looking for instance at the W boson tower) is
2.4 1
ZIR zrr log 7t
and the S parameter is
I
S —h (A.23)
ZIR
8log o

Note that the inclusion of UV localised kinetic terms for the gauge fields is not strictly
necessary to realise partial compositeness in AdSs space. The value of g2 and g; may be
interpreted as the strength of the gauge coupling at the scale k [350]: when the localised
kinetic terms vanish, the gauge fields are strongly coupled at that scale.
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A.3.2 Fermionic degrees of freedom

Here we discuss various details about the fermionic sector of the model both in AdS5 and
flat space. The expression of ¥, in terms of eigenstates of the SM quantum numbers is

L(C+iT-9) 1C+7) %(B+X) J5 (B*+ %) %(bl)er(l))
FUCHT) 3 +iT+T)  S(B-X) -~ (B -7 § (00 —xW)
U, = 75 (B+ ) 75 (B—X) 14T iT %(tl)ﬂt(?)
55 (B + X" ——5 (B~ &) iT iT-T 1 (it 4 ¢)
T 4 xM) 200 = M) 10 1 @) 1 (0 - @) 2 4@
(A.24)
where the fields ¢, b, (@ ¢ and Y have charges 2/3,—1/3,5/3, —4/3, 8/3 respectively
and
B = % (5(2) +(5)p3)Y |
X0 = 1 (@ 1) x3)
T = 1O +¢0), Aos
T = L@® ), (A.25)
= @) L 140)
% _ t(4) " \{575(3) ,
The total 5D action for the fermionic sector of the model is given by
sio =8+ 5k 4+ ASyy + AS (A.26)
total 5D IR uv IR .
where
f A1 dz i 54 A T4
S d*z =g | =Tr | TN 14D, 07 — (D0 T AW | — My, TI01
UV
+% (@“ef}{ TADy " — (Dp e r%“w) — My, T"0"
(A.27)
—(1 T a e 4 .
st = / d'z \/gm { (mar S +he) + (4 Dok + ik T ek 0l

a4 4 4 g9 “
R Dor ehy 0y + ik By el Dl ) ] ,

(A.28)
1 1 —
ASUV = Lo/d4x AV auv 5 Wq\:[/q — \I/t\:[/t] s (A29)
1 11— —(4 —(9 —u_
ASiR = Lo/d4m Ve 5 [0y w0 = el —uu® — e (A30)
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Lo is a length we use to normalise the bulk action in order to have 5D fermions with the
same mass dimension as 4D fermions. As in the case of the gauge action it is equal to L
in flat space and to 1/k in AdSs. grgr and gyy are the induced metrics on the IR and
UV boundaries respectively. e% is the fiinfbein and e} its projection on the 4D indices.
It is given by 64! /a(z) for flat and AdSs metric. Covariant derivatives in Sg p include
both gauge and spin connections. The latter cancel out in the equations of motion. In
flat space we also add localised kinetic terms on the UV boundary, as in eq. (3.64), to
properly implement partial compositeness.

The bulk equations of motion corresponding to eq. (A.26) are

Osa (2)
a(z)

These are supplemented by the following boundary conditions:

D5 + 2 + Myia(2)| V), g = £p¥h . (A.31)
e UV boundary conditions
U, (zuv) = U UT §Wqr (zuv) =000, =0, (A.32)

with \IfgL given by eq. (A.24) where all the fields but ¢! = ¢7, and b = by, are set to
zero while W, (2pv) is free to vary and

Uir (zuy) = U5 Sk (2pv) = 000 =0, (A.33)
with \I!gR =tr and Yyr, (2yy) free to vary.

e IR boundary conditions

1
Uik (21r) = Lomn wéﬁ (21R) Wy, (21r) = ~Tomu @Z’&) (21R) ,
(A.34)
(4) g Lo @ 9) g Lo (9
Vyr (217) = i a(ZIR)ﬁqu (217) Yar (21r) = kg CL(ZIR)]ﬁqu (21r) -

(A.35)
where, without loss of generality, we have set ki = k{ = 0.

The U transformation in the ¥,;, UV boundary condition has been introduced to take
the SO(5) transformation in eq. (3.47) into account, needed to rotate the Higgs (A%)
away from the bulk and the IR boundary. The SM quantum numbers and the boundary
conditions for all fermionic fields of the 5D model are summarised in Table A.1.

Solving the bulk equations of motion (A.31) with the boundary conditions above, in-
tegrating out the bulk fields and matching to the 4D effective action (3.28) gives the
form factors as functions of the fermion bulk-to-boundary propagators G4 (z,m) and
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G_ (z,m), which are functions of the metric g,,. Defining wit =p? - m?m in flat space

and wy = 2/(mzyv) and wy = 2/(mzrr) in AdSs the form factors can be written in the
form

o _  Ghzvv,My,) — k§pLo Gx(zuv, My,) (A.36a)
* " pLo (G} (zuv, Mu,) — ki pLo GL (zuv, My,)]’
ng =z, + 1§, (A.36b)
o B K
b2 |G} (zuv, Mg,) — kipLo G (zuv, My,)| |G (2uv, Mw,) — ki pLo G7 (zuv, Myw,)| ’
(A.36¢)
H? _ wg 3kd
4p2GT(My,) | Gf (zuv, My,) — k§ pLo G7 (zuv, My,)
B 8kd
G (zuv,My,) — ki pLo G7 (2uv, My,)
_ SG;’%(ZUVa M\I’t)
P?Lo |G (zuv, My,)GR (2uv, My,) +mi, L GF (zuv, Mw,)Gg(zov, My,)] |’
(A.36d)
ot - Gilv, My )G} (zuv, My,) +mi Ly G (zuv, My, )G (zuv, My,)
0 pLO [GZ (ZUV7 M‘I’q)GE(ZUV7 M‘Ift) + m%lL% GI(ZUVV M‘Pq)G}E(’ZUV’ Mq}t):l 7
(A.36¢)
I = 7, + 11, (A.36f)
0 — —i\/gmquwt
! 2p2 [Lgm%l GI(ZU\/, M\pq)GE(ZUV, M\I/t) + GZ (ZUVa M\I/Q)G}E(ZUVv M‘I’t)]
(A.36g)

The bulk-to-boundary propagators GjLE (z,m) and Gli% (z,m) are given by the following

expressions:

e Flat space (zjp = L)

G} (z,m) = ! (weosw (L — z) + msinw (L — 2)) ,
p

G, (z,m) =sinw (L — z) ,

(A.37)
GL (z,m) =sinw (L — z) ,

Gr(z,m) = —]19 (weosw (L — z) + msinw (L — 2)) .

e AdS;s
GT (z,m) = Yarpz10 (021R) Inips12 02) — Jnrrsiy2 (p21r) Yarp g2 (92)

G% (z.m) = Yarrz12 (0218) Jarr—172 02) — Jarrz1y2 (p21r) Yarr—1/2 (p2) -
(A.38)
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™F TR X Y @ 4. BC(UV|IR) Yr BC (UV,IR)
SR B B B B (t1./) (/.Ki Lopty)
S B T s B (0./) (/. K Loty
@0 0 43 45+ O -FLomnty) (Lt
@00 45 45 43 (0,/) (/.k§ Lop )
s T B (0,/) (/K Lopty,))
9 -1 1 43 43 +3 (0./) (/. kg Lopty)
R T s s (b /) (/. K{ Lpby))
6B 0 -1 4+ 5 3 (0./) (/. K Lopby)
A B B (0./) (/. K5 Lapb.))
V=t 0 0 +2 42 42 (/. t57) (tr, L Lomi £3)

Table A.1 — Quantum numbers of the 5D fermion fields of the model. In the last row the
boundary conditions on the UV and IR branes are shown. In red (blue) we indicate the
states with the same SM quantum numbers of the ¢; and tr. The holographic fields are
t L b L and t R-

As the propagators appear only as functions of zyy in eq. (A.36), for clarity we

5/2

have absorbed a factor of 2°/%, originating from the G, inside wg;.

A.4 The electroweak fit

We use the following experimental determination of the Sand T parameters taken from
Ref. [108] where U was constrained to 0 in the fit!

= (0.39+£0.70)1073

A.39
= (0.60 £0.56) 1073 (4.39)

~>

with the corresponding correlation matrix

1 091
_ , A40
P (0.91 1 ) (A.40)

The current world average myy = (80.385+0.015) GeV [101] was used as input, as well as
the latest Tevatron measurement for the top mass m; = 173.18 + 0.94 GeV. The resulting

!Note that this is the reason why the fit does not coincide with the one presented in eq. (2.52).
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x? function is given by

XP(8,T) = Vi(o®);;' Vi,

ij

V= (S — So, T — To), 0-2- = 0i0;j05. (A.41)

)

The contributions to S and 7" in our model are estimated by

. A o m A2
S = SUV+Z§47£S2Z)£Iog (mQ) , (A.42)
w h
“ A2
T o= —?’O‘L(Q”Z)glog <2> , (A.43)
167rcW my

where A is the scale at which the logs are cut off. We fix A to be the mass of the first vector
KK resonance. S and 1" are defined to vanish for a SM Higgs boson with mp = 125 GeV.
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B.1 Forward Wb — th scattering

The forward cross section for the partonic process Wb — th, defined for example by a cut
on |n| > 7, can be computed for large s in a very simple way. In fact, for this purpose
the diagram with top exchange in the s-channel can be neglected, and we only need to
look at the diagram with W exchange in the ¢-channel. In the regime we are interested
in, i.e. large s, the longitudinal polarisation of the W dominates. The leading term in
the amplitude, which is enhanced at small [t|, goes as ~ s/(t — m¥,) and reads

AJY = gC\V@?ZW ; —%”%v u(pe)ppr (1 — v5)u(pe) (B.1)

At large s and generic ¢, the fermion bilinears relevant to the amplitude read

u(pe)(1 = vs5)ulpy) = 2v/s A(t/s,0;6, &) + 2me B (t/s, 0;&,6) + . .. (B.2)
u(pe)ppy (1 — vs5)u(py) = 25 B (t/5,0561,&) + - - (B.3)

where the functions A, B have been defined in eqgs. (4.2-4.3), and the dots stand for
subleading terms. Thus squaring the amplitude in eq. (B.1), summing and averaging over
polarisations (we neglect the contributions of the transverse components of the W) and
recalling that we are interested in the region s > |t| we find

22,2 2
Afw? =2 CVmW( ° ) (B.4)

2 2
3v t—myy

from which we derive the approximate expression of the forward cross section

ctg® _ . (s/2m¥,)(1 — tanh7)
v R(nv 3)7 R(na S) - 1 4 (3/2:;;%[/)(1 - tanhﬁ)

o(lnl > ,5) = L (.5)
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valid for tanh7) ~ 1 (i.e. for large 77). We note that as expected, the forward cross section
is controlled only by ¢y and is insensitive to the value of cp. As a consequence, the
forward cross section is insensitive to the growth with energy of the “hard scattering”
amplitude, which takes place for ¢y # c¢p and was discussed in Sec. 4.2. As a numerical
example, let us consider ¢y = 1, a cut |n| > 3 and let us set the center of mass energy to
/s =5TeV. Then computing the cross section without approximations gives

orn(n] > 3) = {16.3, 16.5, 16.8} pb,  for  c¢p ={1,0, —1} (B.6)

whereas using the approximate formula in (B.5) yields o(|n| > 3,1/s = 5TeV) = 16.4 pb,
a very accurate result. The factor R has the value R(7] = 3, /s = 5TeV) ~ 0.91.
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Colliders

C.1 Dimension-8 operators for strong scatterings

At the dimension-8 level, the following three operators can be constructed with two
derivatives and six Higgs fields

/
G0; = 25 || DM _|HPLO,
/
Ol = 5 o IH PO [ HPO" | HP = |Hdy O (€1)
! VAR YaRS
Ol = ;—JT{Q |H|? (HT DHH) (HTD“H> = |H]?0r,

which can be found by constructing all possible SU(2)p-invariant structures and using
integration by parts and the identities

o5t = 20105 — 6ij0nk »
, (C.2)

2

The operators of eq. (C.1) consist of the dimension-6 structures discussed in Ref. [80]
extended by two Higgs fields. Note that O violates custodial symmetry, in analogy to
Or. At the dimension-8 level there is also the operator Oy = —cg(HTH)*/f? defined in
eq. (2.30), which involves no derivative. The operator O, can be redefined away by the
following field redefinition

H|? H|*
PRV IS s
under which the kinetic term transforms as follows
9 9 2« « o? + 26, , ;
|\D,H|* — |D,H|* + FOT + P(’)H + 7 (0, 4+20y), (C.4)
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while the dimension-6 operators give

Sa
2

8a
2

8ar
2

20

Or — Op+ f2

Or+..., Oy —=O0p+—50g+..., Op— Opt—50u+—Z0y+...

(C.5)

Hence by choosing « and f appropriately both O, and O.. can be redefined away. We
thus remain with only one custodially-invariant operator: 0.

C.2 Double Higgs-strahlung

The differential cross section for double Higgsstrahlung can be expressed in term of
the Dalitz variables z; = 2E;/\/s where Ej 5 are the energies of the two Higgses and
xg = 2E3//s for the Z boson [269, 270]:

do Gim§ 1+ (1—4s,)?

= A. C.6
dridrs  384+/27m3s (1 — pz)? (C6)

Here /s is the collider center-of-mass energy. We define u; = mf /S, Wij = i — [y,
y; =1 — x;, so that x3 = 2 — 1 — 29 follows by energy conservation. We have

A A2f + a? < a2f1 i a2f2 19 Af)+( & yo) (C 7)
- 0 ZA0J3 1 2 .
0 dpz(yr + pnz) \v1 + phz Yo + pnz a ey
with
2 2 2
m ad 2a 2a b
Ag=3—h 5 4 + +— (C.8)
my Ys — phz Y1 T Uhz Y2+ Hrz Bz
and

1
fo=grz((n + y2)® + 8pz),

fi=1 = 1)*(nz — y1)* — Apnys (1 + yipz — 4uz) + pz(pz — 4pn) (1 — 4ps) — p3,
J2 = (puz(ys + pz — 8un) — (14 pz)y1ye) (1 4+ y3 + 2uz)
+ 1y (y1ye + 1+ p% + dpn(1+ pz)) + dunpz(1 + pz + 4un) + p7,

fa=yi(y — )z —y1) —y2(yr + 1) (y1 + pz) + 2uz(1 + pz — 4pn) -

The kinematical boundaries of the phase space integration are defined by

|2(1 — 1 — o + 2up — pz) + x122| < \/:C% — 4uh\/x% —duy . (C.10)
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Using
2 2 2 2 2 2
s+m; —m M3y + Mo — M3 — M
T = h 23’ Ty = 12 23 h Z (C.ll)
S S
and
do 5 do

— =5 C.12
dridzs dm%Qdm%3 ( )
one can obtain the differential cross section as a function of mqs = my;, and moz = my,z.
Figure 5.9 in particular is derived by integrating over mso3 and varying mpp,.

It is interesting to analyse the enhancement of the differential cross section do/dmy, near
the kinematic boundary mp, ~ 1/s. As mentioned in footnote 15, the enhancement is due
to the singularity associated with the soft emission of a transversely-polarised Z boson
in the diagrams in the first row of Fig. 5.7. The leading singular behaviour can be thus
isolated by setting d3 = 0, to switch off the Higgs trilinear coupling, and by fixing the
couplings a and b to their SM value (0, = 0). It is useful to make a change of variables in
eq. (C.6) from (x1,z2) to (r = m2, /s, z2), where the energy of the Z is related to the
invariant mass of the two Higgses by

2
r:1—x3+%. (C.13)

By integrating z2 over the interval 7 + ¢ < 29 < 1 — € and expanding for € = m%/s small,

we obtain
do  GEmS[1+ (1 — 4s3,)] T r
— ~ 1-— log (1 —17)— 1 14
= o (=) log(1—r) — ——loge| , (C.14)

which shows the singularity at » = 1. The logarithmic terms in the above formula follow
from the collinear singularity also associated with the Z emission. Notice that events with
a final longitudinally-polarised Z have no soft singularity. At very large c.o.m. energies
the process ete™ — hhZr dominates the total cross section and its leading contribution,
which is proportional to &, peaks at mp,/\/s ~ 1/V/7, see eq. (C.22). The left plot
of Fig. 5.9 shows that for \/s = 1 TeV the values of the differential cross section near
the kinematic edge increases when going from &, = 0 to d, = 0.5. This means that the
contribution from transversely-polarised final Z bosons is still large in this case, as also
shown by the right plot of Fig. 5.8. We have checked that for larger c.o.m. energies
(or, similarly, much larger values of d;), the differential cross section do/dmpy, eventually
peaks at the intermediate values mpy,//s ~ 1/3/7.

The high-energy limit of the double Higgs-strahlung total cross section can be easily
calculated explicitly. In a gauge in which the equivalence theorem is manifest, the
diagrams contributing to the leading high-energy behaviour are those depicted in Fig. C.1.
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Figure C.1 — Diagrams contributing to the leading high-energy behaviour of the double Higgs-
strahlung cross section.

The relevant vertices are found by expanding the Lagrangian of eq. (2.16)
h h  h?
AL = a—(0,X%)* —my (2@ + 62> x> 7M. (C.15)
v v v

Neglecting the masses of the initial state leptons, as well as those of the Higgs and the Z
boson, the amplitude can be written as

iA(ete™ — hhZp) ~ (\/§GF)3/22mSQZ(b — a2)17(k‘2)],7)3(gv — gay)u(ks) , (C.16)

where k1 and ko are the momenta of the incoming electron and positron, ps is the
momentum of the outgoing Z boson and s is the center-of-mass energy. The vector and
axial-vector couplings of the electron are given by

1 1
gV:—§+23%V, ga=—5- (C.17)

Squaring and averaging the amplitude over the initial spins one gets

- -k ke
AP = 8m (V2Gr) (g} + g3)(b — a?)? 0, (C.18)

The total cross section is written as
1 1 R
o(ete™ = hhZp) = 5% 5 / |AlZde®) | (C.19)
s

where the extra 1/2 factor accounts for the two Higgs particles in the final state. The
phase space integral can be done by using the recursive formula

d 2
d®B) (P;py, pa, p3) =/gfd¢(2)(p12;p1,p2)d@(2)(P;p127p3)- (C.20)

Notice that p?, is the invariant mass of the two Higgses. Since the amplitude in eq. (C.18)
does not depend on the momenta of the two Higgs bosons, p; and po, the first phase
space integral in eq. (C.20) is trivial and gives

d®@ (p1a; p1, pa) = (C.21)

1
8
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Taking into account the energy and angular dependence of the amplitude one obtains

3
o (V2Gr)’(g¢ +93) my (b—a?)? (1 Mhn , (C.22)
dm?, 153673 s s
and integrating over 0 < m%h < s it follows
2 3(,42 2
oo V2GR +93) 0 22 g 15 (b a2, (C.23)

614473
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Direct Probes of NP

D.1 The tilded basis

The field redefinition in eq. (6.9) allows many equivalent Lagrangian description of the
Simplified Model. In all but one of them a kinetic mixing between V and W is present.
We define each of these bases by the same Lagrangian in eq. (6.2) with all the couplings
replaced by “tilded” ones

c— ¢, my — my, (D.l)
and with the addition of the kinetic mixing term
~ g
2D VeWwHve, D.2
VW PV (D.2)

Using the field redefinition of eq. (6.9) with

o=_Jvw ___ .d 629—‘/ (D.3)

b
2 ~2 2 ~2
VIv — w9’ 9y — Grwg?
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we get the following relations between the parameters in the two bases

2 912/ 2
my = 5 ——5——5Mmy,
gy — 02vw92
cVYw = [vaw CVW}
ng
2 4
g . ~ g
cvvv = 372 [ evvv — g évw (Cvvw +2) + 2= C%/Wj|
(9% — &wa?) 9v Iv

2
gv ~ g- .
H = T o5 . [CH+ QCVW:| )
VIv — G g? v

g% g° gt
CVYVHH = 52— |CVVHH + =5 CvywCH + 5vw] ;
9% — &y g? [ 2¢%, gt

qgv - -
= —~ [CF + CVW] .
V97— Gwg?

D.2 Electroweak precision tests

In this Appendix we discuss the constraints of EWPT on the Simplified Model parameter
space. In order to do this we integrate out the vector triplet and describe the resulting
theory as the SM supplemented by higher dimensional operators. We expect all the
relevant corrections to be oblique, that is encoded in corrections to the vacuum polarisation
of the SM gauge bosons. This is not immediate to see in the basis of eq. (6.2) as V
couples, though universally, to the light fermions. It is then useful to remove this coupling

through the field redefinition’
g2
Wi — W —cp=—V2a D.5
0 0 F av M (D.5)

The resulting Lagrangian reads

1 2 92 [uy/v] a m%/ ay/ 1 a
1%
2
+igy <cH —epty ) VeH D H + £ p,, SIGS (D.6)
gy 29v

2 %‘g CFCng a a "‘
tov \CcvvHE + — 1 — S| VIVECHTH + ..
4 gy 2 gy

while the coupling of V' to the light fermions is removed. Notice that a kinetic mixing
between the W and V is reintroduced. The dots include terms of order WV?2, V3, V4.

'For convenience we work in the basis in which the gauge coupling appears only in front of the gauge
kinetic term.
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These are not relevant in the discussion of the EWPT. Normalising the kinetic term gives
the leading order equation of motion of V'

. A 1
(O + 1) 9w — 0,0, Vi = —igyya H 7Dy H + DW= T (D.7)
where
2 2 4 2
C CFrCH
(14—6%%) ,u%/ = m%;-i—? (CVVHH-Fng4 - 5 92) g%/‘H‘Q, (D.S)
9y 9y v
2\ 1/2 2
<1+C%»gz> YH = CH —CF%, (D.9)
9y v
g2 1/2
<1 + C%2> YF = CF. (D10>
v

The solution of eq. (D.7) is

G T 8H8V/:“’%/'

Vi=D ija; D v — (Dll)
. . O+ pd

I

Plugging this solution into eq. (D.6) with a normalised kinetic term and expanding in
derivatives we get the leading terms contributing to the EWPT

1 — 1 2
Ly = ——5 <—igV7HHTTaDMH+7FD,,WZ‘}u)
21y, gv
1 — DTV — (D'12>
+— (—igv’yHHTT“DMH> —£ <—igV7HHTTaD,,H> +..,
2py Hy

where we defined DZV = g — 0,0,. All other terms in the expansion, represented by
the dots, give subleading contributions to the EWPT in a m%v / u%/ expansion. Following
Ref. [132] we rewrite the quadratic part of Ly as

1 1 _
L= —§W3H33(p2)W“3 - §BuH00(P2)B“ — Wlso(p?) B* — W, L+ (p*)WH™ . (D.13)
The various form factors are then expanded in powers of p?

T(p?) = T1(0) + p*IT'(0) + p;r[”(o) + ... (D.14)

Starting from eq. (D.12) and following the procedure we outlined above we get the
leading order contributions (as in the text we define z = gy0/2uy, my = gv/2 and
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tw = tanby = ¢'/g)

[\

0]

Moo(0) = Tls3(0) = IM(0) = —Tls0(0) = —— (1 = 2*77) (D.15)
1 m?
/ 2 .2 2'""W
0 = = (1+87 )
00 g/2 W I'H 'u%/
1 m m?
/ 2 _2'""W w
© = 5 (BP0 )
% @\t 1
/ / 1 2 zm%/v mIQ/V
ILL(0) = M(0) =5 (L+vm2z"—5 + 298793 |
g Ky 12474
W) = 10)= i (33400
g* gy g 1y

We thus obtain the following relations

V0exp = —AIIL(0) = 0* (1 — 2%9F), (D.16)
1 1 7 n?
) = TL(0) = 5 (1+752" 5" + QVHVF;W) :
9 exp g My \%
1 / 9 9 oM %V
—5 = Iy(0) S\ L+t —5-
g exp Hy

The relevant custodial invariant oblique parameters are defined by

2

& 211/ 92mW /
S =gl3(0), W= 9 I155(0). (D.17)

The natural size of the coefficients vy and g is yg ~ vr ~ 1. This implies that the
oblique parameters will be at most of order m%v / ,u%,, while

Jlexp = 9+ O(iy /1), dlexp = 9’ + Oy /1) (D.18)

so that the corrections to g and ¢’ can be neglected in the calculation of the oblique
parameters. Notice on the other hand that ¢ can depart from its measured value 246 GeV
by O(1) corrections

VJexp = 0%(1 = 52%). (D.19)

One thus finds

A2 2 2 2

A m m g m

S=p 3 —yuvr—, W=qpy (D.20)
Hy Hy 9y Hy

where one has still to express v in terms of the physical v ~ 246 GeV. Notice that under
the assumption that yr ~ 1 the correction to the V kinetic term which is present in
eq. (D.6) is always subleading in a 7, /u? expansion and can be neglected.
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D.3 Tools provided with this chapter

In addition to the present section we provide a set of tools useful to perform analyses
using the Simplified Model. We make them available on the webpage of this project [324].

The Simplified Model Lagrangian in eq. (6.2) in the mass eigenstate basis and in the
unitary gauge was implemented into different Matrix Element Generators (MEG) using
the FeynRules [351, 352] MATHEMATICA package. Model files for the CalcHEP [353, 354]
and MADGRAPH5 [189] MEG and the FeynRules source model are registered in the
HEPMDB model database [355] with the unique number hepmdb:0214.0151 and are
available at the link [356].

The model was implemented into FeynRules taking agw, Gr and Mz as SM electroweak
input parameters and the mass of the neutral heavy vector M, the overall coupling
gy and all the parameters ¢;’s as described in this section as the new vector input
parameters. The Higgs mass is also an input parameter, that we fixed to a default value
of 125.5 GeV. All the other parameters are dependent parameters, defined as functions of
the aforementioned inputs. Free parameters a, b, ¢, ds, d4 for the Higgs sector were also
implemented with the notation of Ref. [64]. For a = b = ¢ = d3 = d4y = 1 the Higgs sector
is exactly SM like.

In addition to the MEG model files, we made available a Computable Document Format
CDF(@© [357] notebook at the webpage [324]. This is an interactive web interface to a
MATHEMATICA notebook which allows the user to compute the dependent parameters,
the widths and the BRs in the model and to plot the relevant cross-sections at 8, 14 and
100 TeV by simply inputing the independent parameters. It also automatically generates
the MADGRAPHS “param_card.dat” for the chosen point of the parameter space. Further
information and possibly additional tools can be found directly at the webpage of this
project [324].

D.4 Extrapolation of experimental bounds

In order to extrapolate the current LHC bounds on heavy vectors, obtained at a centre
of mass energy ,/sg and integrated luminosity Lo, to future colliders with a different,
increased centre of mass energy /s and integrated luminosity L, we use the following
rescaling procedure. The exclusion bounds on ¢ X BR given by the experimental collabo-
rations contain information only on the background cross section. The excluded signal
can be inferred from Ng/+/Np = 3, the definition of the exclusion bound for non-zero
background. This implies

os(so, $0)Lo _ os(s,8)L
Vos(so,50)Lo \/op(s,5)L

(D.21)
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where each cross section depends not only on the center of mass energy s, but also on the
scale § at which the parton luminosities are computed (see Figures 6.3). Solving gives

Lo op(s,8)

os(s, 8) = o550, 50). (D.22)

L\ oB(so, %0

At this point, we assume that the background cross section rescales with the parton
luminosities as

op(s,8) = k%(s, §). (D.23)

Substituting into eq. (D.21) yields

~ LO %‘sﬁ ~
os(s,8) = T\ i os(s0, S0) - (D.24)

dL
ds |80,§o

From eq. (D.23), the following relations can be inferred by multiplying and dividing by
the corresponding integrated luminosities

L op(s,3) L op(so,30) Np(s,5,L)  Np(so, 30, Lo)
7. dL ~ 7. dL ) dL - dL (D'25)
Ly d3 15,8 0 35 1s0,%0 LG s Lo G 50,50

Now, when the number of background events at the old and new collider and old and
new centre of mass are the same, Np (s, 8, L) = Np (s0, S0, Lo), which corresponds to the
same number of excluded signal events, Ng (s, $, L) = Ng (so, 80, Lo), this equation gives

dL
ds

s,8 LO
s D.2
2, (D.26)

dL N
ds ‘ 50,50

which is universal and does not depend on the way the signal rescales. Plugging this
equation into eq. (D.24) we finally obtain the rescaling relation
o Lo .

os(s,8) = fas(s(),so). (D.27)
In practise, this means that the excluded signal cross section for a vector of mass My = /§¢
obtained at a collider with sg and Ly gets mapped into a limit on a vector of mass M at
a collider with s and L. M is obtained from My by evaluating the parton luminosities at
59 for a collider sg, rescaling them by the ratio of the luminosities Ly/L and finding the
corresponding mass M = v/ of this value at the new collider with s.
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