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Abstract

The hierarchy problem of the weak scale calls for extensions of the Standard Model at the
TeV, and thus within the reach of the CERN Large Hadron Collider (LHC). One of the best
motivated proposals builds on the idea that the Higgs could be a composite pseudo-Nambu-
Goldstone boson. In this thesis we discuss several topics in the phenomenology of composite
Higgs models, concentrating mainly on LHC physics.

In Chapter 1 we introduce the hierarchy problem and the essential features of viable
theories of compositeness at the TeV scale. Chapter 2 is dedicated to a review of concrete
constructions realizing the composite Higgs idea, focusing mostly on models with partial
compositeness.

In Chapter 3 we present the effective Lagrangians suited for describing the Higgs boson
and the constraints placed by electroweak precision tests on their parameters. Motivated by
hints in the experimental results, we also reconsider the possibility of custodial breaking in
the couplings of the Higgs to the W and Z.

Chapter 4 is devoted to two different aspects of Higgs physics at the LHC. First we discuss
the loop-induced Higgs couplings to photons and gluons in the context of compositeness,
focusing on the contribution of fermionic resonances, which are expected to be relatively
light (< 1+ 1.5 TeV) by naturalness arguments. We point out the potentially important role
of double Higgs production in providing indirect information on the resonances. Then we
turn our attention to the coupling of the Higgs to the top quark, which is currently poorly
constrained. We argue that single top and Higgs associated production can be used to probe
the sign of this coupling.

The phenomenology of fermionic resonances is discussed in Chapter 5. We analyze their
impact on electroweak precision data and the constraints from LHC searches for heavy vector-
like quarks. The latter give lower bounds in the range 700 - 800 GeV , implying that the
exploration of the natural region has already started.

Chapter 6 is devoted to the phenomenology of heavy vectors, which are generically subject
to a strong constraint (m, 2 2 <+ 2.5 TeV) from the S parameter. After a general introduc-
tion we study in detail an isospin-singlet W', which, as we will explain, is rather weakly
constrained and could thus be lighter than the aforementioned bound. We point out that
the subleading decay of the resonance into a W and a photon would constitute a signal of
compositeness. Finally, Chapter 7 contains our conclusions.

This thesis is mainly based on the articles |1H4]. Partial results from those works are also
contained in the conference proceedings [5.(6].






Abstract

11 problema della gerarchia della scala elettrodebole suggerisce che il Modello Standard (MS)
debba essere esteso alla scala del TeV, la quale ¢ in corso di esplorazione al Large Hadron
Collider (LHC) del CERN. Una delle estensioni pitt motivate del MS si basa sull’idea che
il bosone di Higgs sia uno stato composto, ed in particolare che sia uno pseudo-bosone di
Nambu-Goldstone. Questa tesi affronta vari aspetti della fenomenologia dei modelli di Higgs
composto, concentrandosi soprattutto sulla fisica del LHC.

11 Capitolo 1 introduce il problema della gerarchia e le proprieta fondamentali delle teorie
che mirano a descrivere in modo realistico fisica fortemente interagente alla scala del TeV. Nel
Capitolo 2 vengono presentati i modelli realistici che incarnano 'idea di un Higgs composto,
con particolare attenzione alle realizzazioni basate sul meccanismo di partial compositeness.

Nel Capitolo 3 vengono introdotte le Lagrangiane effettive che descrivono il bosone di
Higgs e i vincoli posti dai test di precisione del MS sui parameteri di tali Lagrangiane.
Inoltre, prendendo spunto dai risultati sperimentali, viene riconsiderata la possibilita che la
simmetria custodiale sia violata negli accoppiamenti dell’Higgs al W e alla Z.

Il Capitolo 4 analizza due diversi aspetti della fisica dell’Higgs al LHC. In primo luogo
vengono discussi gli accoppiamenti radiativi dell’Higgs a fotoni e gluoni nel contesto di una
teoria fortemente interagente alla scala del TeV, concentrandosi in particolare sul contributo
delle risonanze fermioniche, attese essere relativamente leggere (< 1+ 1.5 TeV) in base ad
argomenti di naturalezza. Viene sottolineata I'importanza del processo di doppia produzione
di Higgs, che potrebbe fornire informazioni indirette sulle risonanze. La seconda parte del
capitolo si concentra invece sull’accoppiamento dell’Higgs al quark top, accoppiamento che ad
oggi ¢ vincolato solo molto debolmente. Si fa notare che il processo di produzione associata
di un singolo top e di un Higgs puo dare informazioni sul segno di questo accoppiamento.

La fenomenologia delle risonanze fermioniche ¢ discussa nel Capitolo 5. Vengono analiz-
zati 'impatto delle risonanze sui test di precisione e i vincoli da ricerche dirette di fermioni
pesanti a LHC. Queste ultime costringono le masse delle risonanze ad essere piu grandi
di 700 + 800 GeV, il che implica che ’esplorazione della regione naturale dello spazio dei
parametri ¢ gia iniziata.

I Capitolo 6 & dedicato alla fenomenologia dei vettori pesanti, che sono generalmente
soggetti a un forte vincolo (m, 2 2 + 2.5 TeV) dovuto al parametro elettrodebole S. Dopo
un’introduzione a carattere generale, ’attenzione viene concentrata su una particolare riso-
nanza, un W' assunto essere un singoletto di isospin. Come verra discusso in dettaglio, questa
risonanza & soggetta a vincoli relativamente deboli e potrebbe quindi essere piu leggera del
limite inferiore sopra citato. Si fa notare che il decadimento del W’ in un W e un fotone
costituisce un segnale peculiare di una teoria fortemente interagente. Il Capitolo 7, infine,
contiene le conclusioni della tesi.

Questa tesi si basa principalmente sugli articoli [1H4]. Risultati parziali di quei lavori
sono contenuti anche negli atti di convegni [5}6].
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Foreword: the current experimental
portrait of the Higgs boson

On July 4, 2012, the ATLAS and CMS Collaborations announced during a joint seminar at
CERN[J]the discovery of a resonance of mass ~ 125 GeV , based on data collected in 2011 and
2012 in the vy, ZZ*, WW?*, 77 and bb final states [7,8]. ATLAS reported a combined local
significance of 5.9 0 (4.9 0 were expected for a SM Higgs) whereas CMS reached 5.00 (5.8
expected). The analyses were subsequently updated to the full Run 1 dataset, corresponding
roughly to 5fb~! at 7 TeV and 20fb~! at 8 TeV, for the 2013 winter conferences, where
results in other channels were also reported. The current global status of measurements of
the properties of the resonance is summarized in Refs. |9,/10], where references to searches
in the individual channels can be found. Here we only wish to highlight a few results from
those works, while discussions of more specialized topics can be found later in the relevant
sections. The mass of the Higgs is measured to be, in GeV

125.5 4 0.2 (stat) t92 (sys) [ATLAS],  125.7 4 0.3 (stat) & 0.3 (sys) [CMS].  (0.1)

Experimental results are typically given in terms of the signal strength, defined as the Higgs
production cross section times branching ratio, normalized to the Standard Model (SM)
prediction

. Oprod x BR

B (Uprod X BR»)SM '

Figure [I] shows the measured signal strengths in the 5 main channels and their combination,
for each experiment. Despite some differences between the results of ATLAS and CMS
(notably the signal strength in the v+ channel, which is currently 1.6 + 0.3 for ATLAS and
0.77 £ 0.27 for CMS, i.e. a discrepancy of about 20¢), the overall picture is very consistent
with the predictions of the SM. Several tests of the consistency of the Higgs couplings with
the SM can be performed, based on different assumptions. Here we show only the simplest
one, which consists in assuming all the hff couplings to be rescaled by a universal factor
kp, and the hWWW, hZZ couplings to be rescaled by a common factor xy (as follows from
custodial symmetry). In addition, no new physics contributions to the hgg and hvy~y loops
are assumed beyond those following from the rescalings xkr and ky (i.e., no new particles are
assumed to contribute to the loop). Finally, no extra contributions to the Higgs total width
are considered. With this set of assumptions, a simple 2-parameter fit can be performed, and
the resulting likelihoods in the plane (ky, kF) are shown in Fig.

(0.2)

'T would like to thank M. Schmaltz and the students of the BU Particle Theory group for hospitality and
company during the late-night live broadcast of the seminar.
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Figure 1: Measurements of the signal strength parameter p for the individual channels and
their combination, for ATLAS (left) and CMS (right). Taken from Refs. [9] and [10], respec-
tively.
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Figure 2: Two-dimensional likelihood for the parameters xky and kg, for ATLAS (left) and
CMS (right). The best-fit and SM points are also indicated. Taken from Refs. [9] and [10],
respectively.



Chapter 1

Introduction

As summarized in the foreword, ATLAS and CMS have recently discovered a new particle
with mass close to 125 GeV , whose properties are compatible within experimental errors
with those of the Standard Model (SM) Higgs boson. It is therefore tempting to say that the
last missing ingredient of the SM has finally been found, thus completing a theory that has
been proven unprecedentedly successful in explaining a wide range of phenomena.

The SM is a renormalizable theory: in a modern sense, this means that it should be
interpreted as an effective theory, valid up to energy scales where new physics enters in play,
disrupting the predictions based only on the relevant and marginal interactions contained in
the SM Lagrangian. On the one hand, this approach does not seem to provide any hint as
to what theory should extend the SM at high energy. On the other hand, it does provide
those who adopt it (as we will do in this thesis) with a guideline to identify at least some
essential features of the enlarged theory. To understand how this happens, it is useful to
recall how Electroweak Symmetry Breaking (EWSB) is achieved in the Sl\/]ﬂ one complex
scalar doublet H is introduced, with a potential

V = m H H+ \HH)?. (1.1)

For m? < 0 (and A > 0) the potential has a minimum at v?/2 = (HTH) = —m?/(2)),
which breaks SU(2)r, x U(1)y down to electromagnetism. Three of the degrees of freedom
contained in H are eaten via the Higgs mechanism, and only one real scalar h remains in the
spectrum, whose mass reads m}% =2 0% = —2m?. The vacuum expectation value is fixed to
be v ~ 246 GeV by the measurement of the Fermi constant, v? = (v2Gp)™!.

Now as we already mentioned, the above description should be interpreted as effective,
valid up to some scale Axp where the SM is replaced by a new, larger theory. Within the
latter, the Higgs mass will generically consist of a sum of many terms, most of which cannot
be computed without specifying the ultraviolet theory at hand. However, one unavoidable
contribution arises from loops of SM particles, cut off at a scale of the order of Axp. This
contribution can be estimated by considering the one-loop effective potential |11] EI in the
SM, which yields
3AZ%p
8202

omi = (4m7 —mj — 2miyy —m3) | (1.2)

!This will also set our conventions, which will be used consistently in the following. In particular, every-
where v ~ 246 GeV.
2See Appendix for the relevant formulas.



where we retained only the leading (quadratic) term in the momentum cutoff. For simplicity,
the latter was assumed to be a single scale Axp. Clearly the bigger the new physics scale
is, the more we need to fine-tune the contribution in Eq. against the remaining ones,
to obtain the observed weak-scale mass for the Higgs. For example, if the SM were to be
valid up to the Planck scale Mp;, where gravity effects become relevant, then the tuning
required to obtain my ~ 100 GeV would be enormous. This difficulty goes under the name
of hierarchy problem of the SM.

The amount of fine-tuning in an observable O can be estimated by using the quantity [12]

0log O
0log x;

A= mzax' (1.3)

where the z; are the parameters on which O depends. Applying this definition to O = mi
and taking into account that the largest contribution in Eq. comes from the top loops,
we obtain a relation between the tuning A and the scale where the divergence in the Higgs
mass is cut off:

2
Axp < \@MZZ\/Z ~ (450 GeV) VA, (1.4)

where A is the maximum amount of accidental cancellation that we are willing to accept.
Setting the bar at A = 10 (corresponding to a 10% tuning) we find Axp < 1.5 TeV. We can
so infer one essential property that any matural theory of new physics we are after should
have: it must be capable to protect the Higgs mass from corrections at large scales, effectively
replacing Mp; with a scale of at most a few TeV in Eq. . The latter scale would be the
lowest one at which the protection mechanism is in place. This also implies the generic
prediction that any theory that solves the hierarchy problem must contain new physics that
will be (at least in principle) within the reach of the LHC in its 14 TeV run, which is currently
scheduled to start in 2015.

The two most solid proposals that have been built following the naturalness principle are
supersymmetry and compositeness, and address the hierarchy problem in radically different
ways:

e Supersymmetry extends the Poincaré group and relates bosons and fermions: for each
scalar particle a new Weyl fermion is introduced, and similarly for the SM particles with
spin 1/2 and 1. Since unbroken supersymmetry (SUSY) predicts that each SM particle
and its superpartner have the same mass, the scalar inherits the chiral symmetry pro-
tection enjoyed by the fermion, which guarantees that corrections to its mass diverge
at most logarithmically, and the hierarchy problem is solved. In addition, if supersym-
metry is broken in a soft way (i.e. only by mass terms and by couplings with positive
mass dimension) the masses of SUSY particles can be made realistic (Msuygy ~ TeV)
without spoiling the protection of the Higgs mass. Then Mgysy effectively plays the
role of Axp in Eq. . In supersymmetry the Higgs is an elementary particle, and
the theory can be weakly coupled up to very large scales.

e Composite Higgs theories are based on the idea that the Higgs is not a fundamental
scalar, but it is instead a composite state, bound by a new strong interaction with
confinement scale A of the order of the TeV. In this case the hierarchy problem is
solved due to the finite size of the Higgs, which is therefore not sensitive to virtual
corrections from scales above A: at high energies the Higgs simply ‘dissolves’ into its
fundamental constituents.



The first possibility is very attractive: the hierarchy problem is solved maintaining perturba-
tivity, leading for example to one of the celebrated successes of the Minimal Supersymmetric
Standard Model, precision gauge coupling unification. Moreover supersymmetry arises au-
tomatically in the context of string theory, making the connection to physics at a more
fundamental level natural. It is beyond the scope of this thesis to describe in any detail
supersymmetric theories; we simply refer the reader to Ref. [13] for an introduction and a
list of references.

The second possibility will be the main subject of this thesis. Notice that this solution is
the one adopted by nature for the strong interactions: the mass of the pion, m, ~ 140 MeV ,
is certainly not unnatural with respect to Mp;. The radiative corrections to m, are in fact
screened at scales of the order of 1 GeV. Much above this scale physics is described in terms of
new degrees of freedom, quarks and gluons, following the rules of Quantum Chromodynamics
(QCD), which is a fully natural theory. Once we take this framework seriously, however, we
are led to an issue: as we will see, Electroweak Precision Tests (EWPT) require the mass
scale m, of the resonances of the strong sector to be heavier than about 2 + 3 TeV, which
therefore sets roughly the lowest viable scale for the strong sector. But then why is the
Higgs so much lighter than the other composite states? A solution is again suggested by the
analogy with the QCD pion: if the Higgs were a pseudo-Nambu-Goldstone Boson (pNGB)
associated to a spontaneously broken global symmetry of the strong sector, then the ‘little
hierarchy’ mj < m, could be explained. Indeed, this further ingredient is incorporated in
all the models of composite Higgs discussed in the thesis.

1.1 Alternatives to naturalness

We should now briefly pause to comment on the robustness of the naturalness arguments
we presented above. Are there alternative views on the hierarchy problem, that do not
lead to the expectation of New Physics at the TeV scale? Clearly this question has direct
relevance to the LHC physics program (and beyond that), therefore we will at least mention
two possibilities.

One could argue that perhaps there is no large physical scale, or that any such scale is
completely decoupled from the SM. In this case there would be no hierarchy problem, and a
weak-scale Higgs mass would be fully natural. However, there is a number of phenomena not
described within the SM, which call for new physical scales: in first place and as we already
mentioned, gravity is expected to become important at Mp; ~ 1019 GeV . Still, one could
try and argue that our limited understanding of quantum gravity does not allow us to draw
any conclusions about physics at Planckian scales. Even accepting this attitude, many other
observations suggest the presence of new physics at high scales, at least part of which should
be described by the familiar quantum field theory language: dark matter, neutrino masses,
the strong C'P problem and inflation are prominent examples. One should then imagine that
the Higgs is completely decoupled from all the scales involved in the explanation of these
phenomena, which does not seem a defendable option.

On the other hand, if new physics at large scales exists and it is coupled to the Higgs
(as it seems unavoidable), then one possibility is that the Higgs mass is not protected by
any mechanism, but simply fine-tuned to a very large accuracy. The tuning however does
not pose a problem, provided there is some anthropic argument that explains why mj needs
to be so light. This is a serious possibility: for example, by means of anthropic reasoning
it is possible to justify [14] the tuning of the cosmological constant, which is much larger



than the one needed for the weak scale. If this is the correct point of view, then the LHC
could be sitting at the beginning of a vast desert, and hopes to observe new physics in the
next years would be dramatically reduced, if not totally erasedﬂ In any case, the LHC
will contribute to our understanding of this fundamental problem, either by discovering new
physics or by establishing a new minimum level of tuning (roughly in the 10?2 + 103 range)
that a would-be natural theory would eventually need to deal with. Whether observing such
highly uncomfortable level of tuning would force us to abandon naturalness at all is certainly
a difficult question (after all, the dividing line can only be set based on empirical experience),
but also one that it is premature to address now. Simply based on ‘practical’ considerations,
at the present time the best attitude we can take is to fully explore, both theoretically and
experimentally, the signatures of natural theories, leaving it to the experiment to confirm
or disprove them. In the rest of the thesis we will apply this approach to composite Higgs
theories.

1.2 A composite Higgs

The original proposal of the Higgs as a composite state dates back to the mid-1980s [15].
Since the very beginning, the lightness of the Higgs was explained by assuming it to be a
pNGB associated to the spontaneous breaking of an approximate global symmetry in the
strong sector. The original ideas were revived and developed starting in the early 2000s,
thanks in particular to the construction of extra-dimensional models, which shed new light
on several aspects of the four-dimensional strong dynamics. In fact, the idea of dimen-
sional deconstruction led to the birth of Little Higgs theories [16], and shortly after the first
‘holographic Higgs’ models, which rely on the use of the AdS/CFT correspondence, were
proposed [17,18].

As already said, one key ingredient of all the above realizations is that the Higgs is a
pPNGB. Let us consider a symmetry G spontaneously broken to H at scale f. To obtain
the Higgs as a pNGB, two requirements must be satisfied: on the one hand, the SM group
should be contained in H, SU(2)r, x U(1)y C H (otherwise part of the SM gauge symmetry
would be broken by the strong sector), and on the other hand G/H needs to contain at
least one SU(2)r doublet, which will be identified with the composite Higgs doublet H.
At tree level, the shift symmetry forbids a potential for H. The SM fermions and gauge
bosons are assumed to be originally external to the strong sector, and we will therefore call
them ‘elementary fields’. Of course, we need to couple the elementary fields to the strong
sector in order to eventually communicate EWSB to them (and in particular, to give them
a mass). The elementary/composite couplings must respect the SM gauge symmetry, but in
general they will break the global symmetry G. This explicit breaking gives rise to a one-loop
potential for H, which in turn realizes the spontaneous breaking of the EW symmetry and
thus generates dynamically the weak scale v. The Higgs mass arises only at one loop and is
therefore naturally smaller than the mass of the other resonances, the latter being m, ~ g, f,
where g, is the typical coupling in the strong sector.

While the above features are common to all the models that have been put forward,
significant differences exist between the modern explicit realizations, which can be essentially
classified in two broad classes depending on the form of the Higgs potential they generate.

30ne could still rely on hints from other open questions in the SM, in particular dark matter, in the
light of the so-called “WIMP miracle’ which strikingly suggests a weak-scale mass for dark matter particles.
Nevertheless, no robust prediction on the scale of new physics can be made, in contrast to Eq. (1.4).



We postpone a more detailed descriptions of the models to Chapter [2] and summarize here
only the essential features:

e The first class is that of ‘generic’ composite Higgs models, where the potential is en-
tirely generated with 1-loop size, leading to the natural expectation that v ~ f, where
as already mentioned f is the decay constant associated to the global symmetry break-
ing G — H. A very low f is however forbidden by EWPT and by the S parameter in
particular, which requires roughly ¢ = v?/f? < 0.1E| The hierarchy f > v can only
be obtained at the price of fine tuning, which scales very roughly as £ and is thus at
least of the order of 10%. This mild tuning is accepted as part of the construction.
The most successful models in this class contain an additional ingredient, the so-called
partial compositeness mechanism [19], which arises from mixing linearly the elemen-
tary fermions with operators of the strong sector. Partial compositeness implies that
all physical states (except the Higgs) are a mixture of elementary and composite de-
grees of freedom. As we will see, this mechanism leads to an attractive (although not
completely satisfactory) flavor picture, and in addition it has important consequences
on the collider phenomenology of the strong sector resonances.

e The second class contains Little Higgs theories, which aim at stabilizing the hierarchy
between f and v in a fully natural way. This is achieved by means of the collective
breaking (CB) mechanism, which is implemented in all sectors of the theory: gauge,
fermion and scalar. The form of the potential that follows from CB is peculiar, the
Higgs mass term being parameterically smaller than the quartic coupling; the latter
is effectively of tree-level size, and arises from the implementation of CB in the scalar
sector. This leads to the natural expectation v2/f? ~ gz /(1672) , implying that f ~
1 TeV can be obtained without extra tuning. Little Higgs constructions are thus more
ambitious, and as a consequence they contain more ingredients than the generic CH
models in the previous class: for example, implementation of CB in the scalar sector
automatically requires to enlarge the coset to make room for extra pNGBs beyond the
Higgs doublet(s).

From this fleeting overview, it should be clear that so far no single model has been promoted
to the status of paradigm for a theory of composite Higgs. This is partly due to the main
phenomenological issues these models have to face, and in particular the agreement with
EWPT and with flavor observables. Still, in most of the discussion we will make reference to
models in the first class, i.e. to composite Higgs models with partial compositeness. Their
simplicity, together with the calculability that is present not only in holographic models but
also in suitable four-dimensional realizationﬂ makes these theories a valuable guideline when
investigating the LHC phenomenology of compositeness, which is the main subject of this
thesis. Nevertheless, we want to emphasize that our approach will be as model-independent
as possible, focusing mostly on aspects that are generic to all models, rather than on very
specific features of single cases. In this light, the models that we will introduce should be
interpreted more as working tools, useful to address a relevant subset of open questions (e.g.
collider physics, EWPT, and so on), rather than theories capable of describing all aspects of
physics at the TeV scale.

4In the presence of an extra positive contribution to 7, which could come for example from loops of
fermionic resonances, the bound can be relaxed to £ < 0.2.
5See for example Refs. [20L[21].



1.3 Phenomenology of compositeness

In this section we are going to depict the broad phenomenological consequences of compos-
iteness at the TeV scale. One generic feature is that the Higgs potential is largely determined
by the top sector, which contains the top quark and a set of composite fermions it mixes
to, dubbed the top partners. In particular, in essentially all cases the fermion loops give the
dominant, negative contribution to the Higgs mass, thus triggering EWSB. It is therefore
intuitive that the masses of the top partners should control the tuning in the potential, in
analogy to the role played by stops in supersymmetry. The connection between the masses
of fermionic resonances and naturalness has been made quantitative in models with partial
compositeness, as we will briefly review in Chapter 2 The general result [22-26] is that for a
level of tuning of 10% (which corresponds very roughly to f ~ 800 GeV), at least some of the
fermionic resonances should have masses my, < 1+ 1.5 TeV, which roughly agrees with the
naive estimate in Eq. if one makes the identification Axp = my,. This is a first crucial
piece of information: if EWSB is only mildly tuned, then the LHC should observe colored
fermions with masses below 1.5 TeV. In Chapter [b| we will discuss the current limits on top
partners coming from searches in a variety of final states, finding that the LHC has already
started carving out the natural region: the current limits on my vary from 700 to 800 GeV,
depending on the quantum numbers of the resonance.

As we already mentioned, naturalness of the Higgs potential requires roughly speaking
the scale of fermionic resonances my, to be at most 1.5 TeV. On the other hand, the S
parameter constrains quite generically vector resonances to m, 2 2.5 TeV. It follows that
a separation of the two scales, m, < m,, would be welcome in order to limit the tuning to
a reasonable amount. Such separation is not expected in a generic strongly coupled theory,
and realizing it constitutes an interesting model-building problem. Notably, this issue was
recently tackled also in the Little Higgs context [27].

Light top partners can also give important indirect effects. In fact, as we will discuss in
Section the tension with electroweak bounds can be significantly relaxed if the fermionic
resonances give a positive contribution to 7' at 1-loop. Imposing agreement with EWPT
strongly constrains the viable resonance spectra [3},[28-32]. Top partners could indirectly
manifest their presence also in the loop-mediated couplings of the Higgs to gluons and pho-
tons, which have been observed and measured by ATLAS and CMS. It turns out, however,
that in most explicit models (both with and without collective breaking) the effects of top
partners in the hgg and hvyy couplings cancel out exactly [33]: as a consequence, there is no
hope to obtain indirect information on the top partners from the analysis of the leading Higgs
couplings. This somewhat surprising result has been subject to accurate investigation in the
literature [34,35] ﬂ In Chapter We review how the exact insensitivity to top partners arises
(by applying the so-called Higgs Higgs Low-Energy Theorem [37]), and estimate corrections
to it in a model-independent way, finding that they are negligibly small.

Higgs physics is obviously of central importance in the LHC experimental program, and
exploiting the full potential of the machine could turn out to be instrumental in understanding
the physics underlying EWSB. This implies that subleading processes involving the Higgs
should be thoroughly investigated, or revisited in the light of experimental or theoretical
progress. The latter is true for double Higgs production, which was originally studied in
the SM context as the only handle of the LHC on the Higgs self-coupling, but turns out to
be even more interesting in the context of Higgs compositeness. In fact, in the latter case

6See also Ref. [36].



the cross section for pp — hh production can be sizably enhanced due to the presence of
a non-renormalizable tthh coupling, ameliorating the prospects of detection at LHC14 [38].
In Chapter [4] we extend the Higgs low-energy theorem to double Higgs production, and
include for the first time the effects of top partners in the loops. Contrarily to single Higgs
production, we find a non-negligible sensitivity on the masses of the fermionic resonances
that run in the loops. We also perform a short analysis of the LHC prospects in pp — hh.

While an open-minded approach is to be preferred whenever possible in phenomenological
analyses, it is even more needed in the presence of anomalies in the experiments. In Chapter
we illustrate an example of ‘data-driven’ study in the context of Higgs couplings. In fact,
motivated by the results of the 7 TeV run of the LHC, which seemed to point (albeit not in
a statistically significant way) to an enhancement of the rate for h — ZZ with respect to
h — WW , in Ref. [2] we reconsidered the possibility of custodial breaking in the couplings
of the Higgs. In Chapter [3| we summarize the implications for EWPT and LHC physics, and
discuss the latest tests of custodial symmetry performed by ATLAS and CMS.

The top quark plays a special role in composite Higgs theories. In particular, in partial
compositeness fermions are coupled to the strong sector with a strength that is proportional
to their mass, implying that the top is expected to be the SM particle most sensitive to
effects of new physics (besides the Higgs). Interesting observables in top physics that can be
measured at the LHC include the Ztf, Wtb and htt couplings. Let us focus on the last one.
Since it is not bounded from EWPT, all the information we currently have on this coupling
comes from the fits to Higgs data performed by ATLAS and CMS. The fits however depend
on the assumptions made, in particular about possible new physics entering in the loops (e.g.,
in the fits reported in Fig. the NP contributions are set to zero), and therefore do not allow
an unambiguous determination of the htt coupling. A direct measurement is possible in the
pp — tth process, which is experimentally challenging: the current sensitivity is around 5
times the SM cross section [39H41], whereas the ultimate accuracy on the coupling is expected
to be ~ 15% m The measurement of the htt coupling is of high theoretical interest: in fact, as
we will see this coupling receives two kinds of corrections, one due to the nonlinearity of the
sigma model and the other due to the mixing with top partners (see for example Eq. )
As we have mentioned, the latter cancels out exactly from the hgg and hvy~y vertices, singling
out pp — hit [43] as the best process to infer indirect information on the resonances.

Notice that in Fig. [2] two distinct best-fit regions appear, one of them for negative values
of the htt coupling. As we explain in Sec. [4.4] this discrete ambiguity cannot be lifted in
a robust way by ‘standard’ Higgs analyses. In Sec. we argue that another subleading
channel, single top and Higgs associated production, pp — thj, can efficiently resolve the
degeneracy. Following the proposals in Refs. |4,44], the ATLAS Collaboration is currently
investigating the feasibility of an analysis in this channel.

Let us finally turn our attention to vector resonances, which were so far mentioned only
in relation to the bound that S sets on their masses, m, 2 2.5 TeV in the absence of cancel-
lations. We will sketch the phenomenology of heavy vectors at the beginning of Chapter [6}
a brief summary could go as follows [45]. Heavy spin-1 fields with EW quantum numbers
are expected on general grounds, independently of the specific realization. Their couplings
to light fermions are suppressed, leading to production cross sections at the LHC that are
significantly smaller than those of the ‘traditional’ Z' and W’ (motivated for example by
grand unification). On the other hand, the preferred decay patterns depend to some extent
on the specific model: in Little Higgs the decay to SM fermions would typically be uni-

"At LHC14 with 300fb™*, see for example Ref. [42].



versal, whereas in partial compositeness the branching ratios into third generation quarks
(e.g. Z' — tt,W' — tb) would be larger. In addition, in models with partial compositeness
heavy partners for the gluons are present, since the strong sector must carry color charge in
order to write down linear mixings with the elementary quarks; these ‘heavy gluons’ domi-
nantly decay into t¢£. The bottom line is that the detection of composite spin-1 resonances at
the LHC is challenging, and the reach will strongly depend on the capability to distinguish
boosted heavy objects from the QCD background. In the second part of Chapter [6] we will
focus on one vector resonance, an SU(2)p-singlet W', which is subject to weaker pre-LHC
constraints than the other relevant states. We analyze in detail the W/ phenomenology, by
adopting a fully model-independent approach [1]. We will point out that if the spin-1 field
is not the gauge boson associated with a local symmetry, then a novel decay channel opens
up, W' — W+, whose observation would thus be interpreted as a hint of compositeness.

Let us conclude this overview by summarizing our expectations for the spectrum of a
very minimal theory of compositeness at the TeV scale. At ~ 100 GeV we find the Higgs,
which is entirely composite to solve the hierarchy problem, and the top, which has a sizable
degree of compositeness{ﬂ The properties of these two weak-scale states should deviate from
the SM predictions at O(&), i.e. at least at ~ 10% level, if the theory is only mildly tuned.
Going to larger scales, we expect at least some of the fermionic resonances to have a mass
below 1 or 1.5 TeV and thus to provide the first direct evidence of new physics, while the
spin-1 states are heavier than ~ 2.5 TeV. We stress once more, however, that these should
be regarded only as guidelines, and that a model-independent, ‘open-minded’ attitude is the
best way to go when studying the phenomenology.

1.4 Outline of the thesis

Before moving on to the core of the discussion, we wish to provide the reader with a ‘map’ of
the remainder of this thesis. To facilitate orientation, only the main topics covered in each
chapter are mentioned here, whereas a detailed introduction can be found at the beginning of
each chapter. A concise but thorough summary of the results is provided in the Conclusions,
Chapter [7], to which the reader interested only in a synthetic overview is referred.

e Chapter [2| contains an introduction to theories that concretely realize the composite
Higgs idea. The main focus is on models with partial compositeness, where an efficient
suppression mechanism for flavor-violating effects is at work. We discuss in detail the
minimal model with custodial symmetry, based on the coset SO(5)/SO(4), and in
particular its best-known version, MCHMj5. We quantitatively show that a naturally
light Higgs calls for light (roughly < 1.5 TeV) fermionic resonances, known as ‘top
partners’. Some comments on Little Higgs models and their problems in facing EWPT
close the chapter.

e In Chapter [3| we introduce two effective Lagrangians for the Higgs. We start with
the electroweak chiral Lagrangian coupled to a scalar h, and apply it to study the
constraints from EWPT on generic composite models. Then, motivated by early LHC
measurements, we investigate the possibility of extending the chiral Lagrangian to
include custodial symmetry violation in the hV'V couplings (V = W, Z). We discuss
the consequences on EWPT and on fits to collider Higgs data. We finally present the
Strongly Interacting Light Higgs (SILH) Lagrangian.

8Extra light scalars could of course be present, as long as they are pNGBs.
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e Chapter [4] is dedicated to the study of Higgs couplings in composite models. We first
consider the radiative couplings to gluons and photons, as these can be in principle
sizably affected by the light fermionic resonances that make the small Higgs mass
natural. This is however known not to be the case for the gg — h and h — v
amplitudes, where effects of resonances turn out to cancel exactly in the Higgs Low-
Energy Theorem (LET) approximation. We review how this result arises, and confirm
its robustness by estimating corrections beyond the LET.

Then we extend the LET to double Higgs production, gg — hh, finding that the
insensitivity to the top partners holds in this case too. However, in double Higgs
production the LET is found to be less accurateﬂ so we perform an exact computation
of the gg — hh cross section, including top partners. We find a non-negligible sensitivity
on the latter, concluding that double Higgs production can provide relevant indirect
information that would complement direct searches and EWPT.

Finally we focus on the sign degeneracy that plagues the current indirect determination
of the htt coupling (gs), see Fig. After discussing why ‘standard’ Higgs channels
cannot robustly resolve this ambiguity, we argue that single top production in associa-
tion with a Higgs can efficiently serve to that purpose. We show that the cross section
for pp — thj is largely enhanced (up to more than a factor 10) when g;;; < 0, and
proceed to a detailed analysis of signal and backgrounds at the LHC. We focus on the
h — bb decay, which leads to final states with 3 and 4 b-jets.

e In Chapter [5] we study the phenomenology of fermionic resonances in partial compos-
iteness, adopting MCHMj as a benchmark. We discuss EWPT and show that loops of
heavy fermions can in some cases provide a very welcome positive AT . We identify the
two main regions of parameter space that generate this contribution, and for each of
the two scenarios we discuss the LHC phenomenology of the lightest resonance, which
is in one case an SO(4)-singlet state with electric charge Q = 2/3, and in the other an
exotic quark with @ = 5/3.

e In Chapter [6] some aspects of the phenomenology of spin-1 fields are presented. We be-
gin with an introduction to vectors in partial compositeness, by making use of a simple
two-sector description that nevertheless captures the main features of the setup. Due
to the strong bound from the S parameter and to their peculiar properties, discovering
these states at the LHC will be an interesting experimental challenge. Then we focus
on one specific example, namely an SU(2)z-singlet W', which is rather weakly con-
strained (in particular, it does not contribute to the S parameter) and could therefore
be lighter than the 2+2.5 TeV usually quoted as the lower bound on composite vectors.
We analyze in detail the phenomenology of the resonance, by means of a fully model-
independent approach that only assumes the SM gauge invariance. One parameter
(which we call p) in our effective Lagrangian is singled out as especially interesting.
Roughly speaking, this parameter measures how much the W’ differs from a gauge
boson. The width for the decay W’ — W+, which is loop-suppressed if the resonance
is associated to a spontaneously broken gauge symmetry, is found to be proportional
to 5% , leading us to conclude that observation of a resonant signal in the W~ channel

9Comparison with previous results in MCHM3 [38] show that the LET deviates from the exact result by
up to 50% when only top loops are considered. See Sec.
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would point to compositeness at the TeV scale. We perform an exploratory study of
this novel final state at the LHC.
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Chapter 2

The Higgs as a composite
pseudo-Nambu-Goldstone boson

In this chapter we briefly describe some of the most popular composite Higgs models. As
repeatedly said, one central feature is that the Higgs is a pNGB associated to an approxi-
mate global symmetry, which is spontaneously broken in the strong sector. In the simplest
models, the Higgs potential is entirely generated at 1-loop by the couplings of the elementary
(gauge and fermion) fields, which explicitly break the global symmetry. Indeed, a completely
analogous mechanism is known to be at work in QCD. Considering the two-flavor case, for
my,q = 0 the pions are at tree level the exact GBs of spontaneous chiral symmetry break-
ing, but they obtain a 1-loop potential from the electromagnetic interactions. This potential
contains, in particular, a mass for the 77, whereas the neutral pion is left massless. Given
the close similarity, we find it useful to work out this QCD example explicitly in Sec.
deriving a celebrated relation between the pion mass difference and the masses of the lightest
QCD vector resonances. We introduce composite Higgs models with partial compositeness in
Sec. and briefly review their flavor structure in Sec. The Minimal Composite Higgs
model, based on the coset space SO(5)/SO(4), is discussed in detail in Section focusing
mostly on its best known version, the so-called MCHMj5 where the elementary fermions are
embedded in the fundamental representation of the broken symmetry group. We analyze in
detail the Higgs potential, and obtain a relation between the Higgs mass and the masses of
the lightest fermionic resonances that resembles closely the one obtained for the pion mass
difference. Finally, Sec. is dedicated to Little Higgs models. In particular we will discuss
the implementation of the ‘collective quartic coupling’, through which a parametric sepa-
ration between the weak and strong sector scales, v < f, can be naturally obtained. The
compatibility of Little Higgs models with EWPT is also briefly addressed.

2.1 A QCD example: the pion potential from electromagnetic
interactions

We consider here QCD with two flavors in the chiral limit, m,q = 0. The pattern of
symmetry breaking is SU(2)p x SU(2)r/SU(2)y and the pions are the exact GBs associated
to it. We are interested in turning on the electromagnetic interaction, by gauging U(1)g C
SU(2)y . The gauging breaks the global symmetry explicitly, and a potential for the pions
is generated by loops involving the photon: in particular, a mass for the charged pion will
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be generated, whereas the 7° remains massless. In the real world, the quark masses are of
course non-vanishing, and this explicit breaking of the chiral symmetry generates a tree-level
contribution to the mass of both the neutral and charged pion. However, this contribution is
the same for 7% and 7", so the pion mass difference is essentially of electromagnetic origin
even in the realistic theory. The experimental values are

M+ = 139.6 MeV, m_ o =135.0 MeV, Am;=m_+ —m_ o =4.6MeV. (2.1)

We are going to calculate the splitting Am, by considering the effective Lagrangian describing
the pions and the photon at low energies, and computing the 1-loop pion potential generated
by gauge loops. The pions are described by the field

Y =exp(icn®/ fr), -~ 92MeV (2.2)

which transforms as ¥ — U LEUIT% under SU(2)r, x SU(2)g . It is useful to start by assuming
that the latter symmetry is fully gauged, and to turn off the unphysical components later.
At quadratic order in the gauge fields, the most general Lagrangian reads

L= %(pTW M7 (¢*)Tr(LyLy) + Hr(¢*)Tr(R,R,) — HLR<q2)Tr(E*LuERu>] ;o (23)

where (Pr)" = g" — q*q"/q? is the projector over the transverse componentﬂ and X is
assumed to be a background field, since we are interested in computing only the potential
for the pions. The form factors Il g 1, r(¢?) encode the effects of the strong dynamics. The
reason why we chose to gauge the full group in Eq. is that we can now easily relate
the form factors appearing there with the ‘physical’ ones, corresponding to the vector and
axial combinations: by using V,,, A, = (R, +L,)/v/2 and going to the vacuum (X) = 15 we
obtain

L= %(PT)W [IyyTr(VEVY) 4+ TTaa Tr(AFAY) + Iy A Te(VEAY + AFVY)] (2.4)

where

1 1 1
Hyy = §(HL + g —Irr), Ilaa= §(HL +Hr+rr), Ilva= §<HR —1Mz). (2.5)

Now let us set the spurions to their physical values,
o3
L, R, — ?Au (2.6)

where A, is the photon field: by using the explicit expression of ¥ in Eq. (2.2]), we obtain
the Lagrangian

+o—

sin® — 2.7
7_(_2 fﬂ- 9y ( )
where 7% = (r'Fin?)/v2 and 7 = /27 7~ + (73)2. The photon-photon-7F-7~ interaction
appearing in Eq. (2.7) will generate at one-loop a mass for the charged pion, while such
interaction is absent for the 7°, which as expected remains exactly massless. Let us now

1 s
L= §(PT)WA“A” My (¢?) +2LR(¢°)

1 . . . . . .
The transverse projector is needed to ensure gauge invariance, since the non-homogeneous terms in the
gauge transformations of L,, R, are proportional to ¢ (in momentum space).
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have a closer look at the form factor Iy : we know that the vector current cannot excite
the pions (which have the quantum numbers of the broken generators), so its two-point
function does not have a pole at ¢> = 0. Since

(Jy Iy = (Pr)*Tyv(¢%), (2.8)

we conclude that ITyy(0) = 0. As a consequence, the leading term in an expansion in
momenta is O(¢?),
2
2y 4
HVV(q ) — 27 (29)
which corresponds to the free-field Lagrangian for the photon. It follows that the Coleman-
Weinberg potential can be computed using the standard formula, obtaining

3 d4Q + = )
= 2/ n)i log <Q2+262 HLR(QQ)WW;r sin’ };) , (2.10)

where @ is the Euclidean momentum. Dropping field-independent terms and expanding the
logarithm at first order, we obtain from Eq. (2.10))

3ac [ I o T
V="" dQ*11 2 in? — 2.11
A 0 Q LR(Q ) 7_(_2 sm f7r ) ( )
leading to a pion mass difference
2 2 3a 2 2
m .+ — M o = ng . dQ HLR(Q ) . (212)

We see that the integral converges if the LR form factor decreases at least as IIpz ~ 1/Q*
at large (Euclidean) momenta. In the specific case at hand, i.e. chiral QCD, one can use
the operator product expansion for two-point functions of currents to show that this is in-
deed the case, so the integral is actually convergent [46]. In any case, on general grounds
the finiteness of the potential in Eq. is equivalent to imposing the two conditions
limge o0 Q"LR(Q%) =0 (n =0,2). We will now show that combining these requirements
with two approximations, namely the large-NN, limit of QCD and vector meson dominance,
allows one to compute the pion mass difference in terms of other measured quantities, ob-
taining a prediction that we will compare to the experimental value in Eq. . At the
leading order in a 1/N, expansion, the only singularities of a two-point function of a quark
bilinear J are one-meson states, i.e.

2
(J.J) =ZQQ+”m%, (2.13)

where the sum runs over an infinite number of meson states, and a,, = (0|J|n) is the matrix
element for J to excite the n-th meson from the vacuum [47,48]. This allows us to write

2
(HER) = (P (@) = (PP @Y gt
2 2
(JhJ4) = (Pr)" Taa(Q%) = (Pr)"Q? (Z m + Z;’;) ; (2.14)
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where the p, and a, are vector and axial resonances respectively. In the expression for the
axial current correlator, we have taken into account the fact that in addition to the axial
mesons, the pions can also be excited from the vacuum by J4. We furthermore assume
vector meson dominance, which states that the sums in Eq. are saturated by the first
resonance of each tower, 7.e. the p and a; mesons. Recalling that [Iyg = Ilaga — lyy
(see Eq. ) and imposing the two constraints on the large-momentum behavior of Il r
discussed above, we obtain two relations between the masses and decay constants of the
resonances

2AHfE-f2=0, fimi-—fiml =0, (2.15)

a1'a
known as first and second Weinberg Sum Rules (WSR) [49]. These relations allow us to

eliminate the resonance decay constants f, ., , obtaining finally the expression of the LR
form factor only in terms of the masses and of the pion decay constant,

2,2
mem
LR(Q%) = f2 = : (2.16)
(Q% +mZ)(Q*+ mg,)
Substituting into Eq. (2.12)) and performing the integral, we find the result [50]
3 m2m2 m2
m2, —m2, = =P log —2- | (2.17)
i T dmrm2 —m2 m2

which relates the pion mass splitting with the masses of the lowest-lying vector resonances.
Using the experimental values of the 7 mass in Eq. , m, = 770MeV and m,, =
1260 MeV we obtain Am, ~ 5.9MeV , which agrees within ~ 25% with the experimental
value of 4.6 MeV. Considering the approximations we made along the way (in particular the
large- N, limit for QCD, which one naively expects to be accurate within 1/N,. =~ 30 %), the
agreement with experiment is excellent.

Equation relates the mass of the pions, i.e. of the GBs of QCD, with the masses of
the lowest-lying resonances in the spectrum of the theory. Its analog in the context of strongly
coupled EWSB would be a relation connecting the mass of the pNGB Higgs to the masses of
the lightest resonances of the TeV-scale strong sector, for example the vector-like composite
fermions that are expected to accompany the top. Given our knowledge of the Higgs mass,
such a relation could allow us to gain insight into the scale at which the resonances should
be observed at the LHC. Indeed, in Section we will derive one explicit example of the
connection between the mass of the composite Higgs and the masses of the first resonances
of the strong sector.

2.2 Composite Higgs models with partial compositeness

Let us now go back to the physics of electroweak symmetry breaking, and consider a global
symmetry G , spontaneously broken to H at a scale f. We assume the two necessary conditions
for realizing the Higgs as a pNGB to be satisfied, namely (i) it must be that SU(2), xU(1)y C
H and (ii) G/H needs to contain at least one SU(2);, doublet, which will be identified with
the composite Higgs doublet H.

While the Higgs belongs entirely to the strong sector, the SM fermions and gauge bosons
are assumed to originate as external, elementary degrees of freedom. The vectors are coupled
to the strong sector by gauging the corresponding SM subgroup of G, in complete analogy to
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the way the photon was coupled to the QCD pion Lagrangian. This leads to mixing terms
of the form
£y" = gaWylJl,

cmp

(2.18)

where W€ generically denotes the elementary gauge fields, and Jemp the corresponding cur-
rent operators of the strong sector. At energies below the confinement scale, this results in
a linear mixing of the elementary states with composite resonances We,,;, : once this mixing
is rotated away, all the resulting physical states (and in particular the massless ones, which
are identified with the SM gauge bosons) turn out to be a linear combination of elementary
and composite fields. The choice of the coupling between elementary fermions and the strong
sector is instead less obvious, and in fact more than one possibility has been considered in the
literature. One way to go would be to write down bilinear couplings to composite operators,
of the form

L7V =yq.tr0, (2.19)

where we considered the top quark as an example. Below the confinement scale, the operator
O maps to a Higgs field, giving rise to the SM Yukawa coupling. This mechanism for fermion
mass generation (which was adopted first in the context of Technicolor theories, and also in
the first realizations of a composite Higgs), however, typically suffers from a severe flavor
problem. See Ref. [51] for a pedagogical discussion, including possible ways to evade this
conclusion.

The second possibility, on which we will concentrate in this thesis, is to consider linear
couplings of the elementary fermions to the strong sector, somewhat in analogy to what is
done for gauge fields, see Eq. . For example, for the top-bottom doublet we can write

L7V =g 0+ he. (2.20)

where O is a fermionic operator in the strong sector which has definite transformation prop-
erties under G, since the full global symmetry is restored in the UV. This implies that we
can formally uplift g7, to an incomplete representation 9y, of G and rewrite the mixing as

LYY =911, (0)o +hec, (2.21)

where I, is an index in the G-representation ro where the composite operator lives. In a
similar way, a linear mixing between the elementary ¢z and a composite operator O ~ re»
is introduced. Exactly as in the case of vectors, once the linear mixings in the fermion sector
are diagonalized, the resulting physical states are a linear combination of elementary and
composite degrees of freedom: this picture has therefore been dubbed partial compositeness
[19]. Tt is automatically implemented in the ‘holographic’ composite Higgs theories [52], based
on effective field theory in 5-dimensional warped spacetime, related to the 4-dimensional
picture we are discussing here via the AdS/CFT correspondence. The fermion masses are
given by

Mt ~ Jp€LER % , (eL,r = A\L,R/9)p) (2.22)

implying that, under the assumption that the strong sector is flavor-anarchic, the light
fermions are mostly elementary states (¢ < 1), while the third generation quarks and in
particular the top need to have a sizable degree of compositeness. The partial composite-
ness mechanism significantly improves the compatibility with flavor bounds with respect to
the bilinear coupling, and in addition it offers an appealing explanation of the hierarchies
in the fermion masses. In fact, assuming the strong sector to be almost conformal above
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the confinement scale, the low-energy values of the Ay r are determined by the (constant)
anomalous dimension of the CF'T operator they mix with. If the UV scale at which the cou-
plings in Eq. are generated is large, then O(1) differences in the anomalous dimensions
can generate naturally large hierarchies in the fermion masses via RG running. While the
introduction of partial compositeness greatly ameliorated the flavor problem of the original
composite Higgs models, nevertheless it did not solve the issue completely, at least in the case
where the strong sector is assumed to be flavor-anarchic. Before discussing this important
point, however, we want to have a first look at the Higgs potential in order to complete the
sketch of the construction.

So far we have kept the analysis general, and in particular we did not specify the global
symmetry breaking pattern. Several possibilities have been considered in the literature,
leading either to the standard or to extended scalar spectra. In the former case the minimal
choice would be G = SU(3) and H = SU(2) x U(1), which however does not incorporate
custodial symmetry, implying that the T" parameter receives large tree-level corrections. The
issue is solved by requiring that SO(4) C H , which naturally leads to consider SO(5)/SO(4) :
this coset contains exactly four Goldstones transforming as a 4 of SO(4), or equivalently as
a (2,2) under SU(2); x SU(2)g. This is the ‘Minimal’ Composite Higgs Model (MCHM),
which has been the subject of extensive study, and on which we will focus in the rest of
the discussion. It is important to mention, however, that several other symmetry breaking
patterns have been considered, including cosets that lead to two Higgs doublet models [53]
or to extra scalars in representations of SU(2)r x SU(2)g different from the (2, 2) [54,55].

Let us now focus on SO(5)/SO(4). Even after the global symmetries are fixed, there
still remains an ambiguity in the embeddings of the elementary fermions, which are to some
extent arbitrary. In fact, several possibilities have been studied in the literature: for example
qr. ~ ro = 4,5,10,14, whereas for tp the embeddings ro» = 1,4,5,10,14 have been
considered. One important consequence of the choice of embedding is the structure of the
Higgs potential (by assumption, the latter is generated only via loops of the elementary
states, and the fermionic contribution is typically dominant), which is dictated by the global
symmetry. We will summarize the detailed structure of the MCHM momentarily, however
for the purpose of estimating the Higgs potential we need to anticipate the power-counting
rule we adopt [56}57],

N, N,
L=>" f*m? AN PV AN < 9 )Na (QSMWM>NW <H)NH ( g >n (2.23)
= m — =T — . )
p mi’;/? mi/z mp mp f 1672
where II indicates the four Goldstones, W, collectively indicates the SM gauge fields, and
gsm stands for the corresponding coupling (g, ¢’ or gs). In the last term, the exponent satisfies
1 > 0, however in some cases and in particular in the presence of symmetries, the minimum
value of n for an operator can be larger than zero, thus implying an extra loop suppression.
The symbol g denotes in this case the relevant coupling, which can be any of the couplings of
the theory. We will see several examples of this extra suppression in the following. Indeed,

for the Higgs potential we find n = 1: V(H) is entirely generated at 1-loop due to the pNGB
nature of the Higgs. The leading contribution to the potential arises from top loops, and is
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suppressed by )\%7 r/(1672%) E| One finds

_ 4 €

[asin®(H/f) + Bsin*(H/f)] (2.24)

where we assumed for simplicity Az, ~ Ag ~ A and defined ¢ = \/g,. o and 3 are numbers
of O(1). We wrote down the structure of H-dependent invariants appearing in MCHMyy ,
where g7, and tp are embedded into a 14 of SO(5). As we will see, this model realizes the
‘most generic’ situation, and is therefore well suited for our current purpose, which is just to
illustrate the essential features. The gauge contribution to the potential is [18]

2/.2

; 16/ D sin(H/ ), (2.25)

~

which is parametrically suppressed with respect to the top contribution in Eq. by
~ 9*/(goyt). Therefore we will neglect the gauge term in the following. Also notice that
the gauge term is always positive, and cannot trigger EWSB by itself. The minimization
condition of the potential in Eq. reads

sin’ @ -2 ,
S 2
which implies that the natural expectation is v ~ f. Obtaining v < f, as required phe-
nomenologically (in particular due to the bound on the S parameter), requires some degree
of tuning, which scales like ¢ = v?/f2. A mild tuning of the order of 10% (& ~ 0.1) is typi-
cally enough to comply with EWPT. This is an important point: in the class of models we
are considering, the entire Higgs potential is generated at one loop, therefore the separation
between v and f can only be obtained at a price of a (mild) tuning, which we accept as
part of the construction. This marks a difference with respect to the other well-known class
of composite Higgs models, the Little Higgses (LH), which realize a parametric hierarchy
between the quartic and mass through the collective symmetry breaking mechanism. In fact
in LH the quartic is a tree-level effect, leading to a potential

(2.26)

2
g
V(H) ~ 1;;42 m5H? + géy HY (2.27)

where gsm generically denotes the SM couplings. The minimization condition now reads
v/ f? ~ gf, /(1672) , therefore v is formally loop suppressed with respect to f. This is the
major achievement of the Little Higgs constructions.

Going back to the partial compositeness potential in Eq. , what is the estimate for
the Higgs mass? We find

N,
mi o~ 2—7:292@/,5@2, (2.28)

where we made use of y; ~ A?/g,. It follows that the limit f — oo (£ — 0) is a true
decoupling limit: all the resonances of the strong sector become heavy except the Higgs,
which remains light. Equation predicts a quite heavy Higgs, my ~ (g,/ 5)3/2TeV |26].
The observed value of the Higgs mass then forces one to go to small values of g, , in which

2As it will be discussed in the following, the leading contributions to V(H) arise from the H-dependent
corrections to the kinetic terms of the top, which scale like ~ )\2L’ r/ 9,2, . This explains why the loop suppression
is ~ A7 r/(1677).
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case the expansion in € we performed to obtain Eq. breaks down, and so does the
estimate for my in Eq. . The conclusion is that this model can be viable for small
gp, which in turn implies that all the resonances in the fermionic sector (the ones most
relevant for the Higgs potential) need to be quite light, not much above f E| We conclude our
first overwiew of the models by briefly commenting on the generality of the structure of the
potential in Eq. (2.24)), in which two distinct invariants (that can be tuned to achieve EWSB)
arise at order €2. While this would be indeed the most naive expectation, it turns out that
in some of the most studied models (such as MCHM3;, which we will discuss at length in
the following) the situation is different, and only one H-dependent invariant is generated at
O(€?). Then to obtain realistic EWSB one needs to consider terms at the order e, where
additional invariants arise: therefore a second tuning is needed (beyond the one ~ £), to
reduce the size of the leading O(e?) term. Together with this extra tuning comes, however,
a bonus: the Higgs mass can be made light enough even for g, > 1, provided there is at
least one ‘anomalously’ light top partner (see Sec. . We postpone a careful analysis of
the potential for MCHMj3 to a later stage, and conclude by stressing that a detailed analysis
of the tuning and Higgs mass necessarily depends on the model at hand. Nevertheless, the
general feature remains that in models with partial compositeness some degree of tuning
in V(H) is accepted as unavoidable, since no mechanism is known, other than collective
breaking, that can make the quartic coupling parametrically larger than the mass.

2.3 Flavor

We now briefly discuss the flavor structure of composite Higgs models with partial compos-
iteness. As we already mentioned, an attractive possibility is that the strong sector has no
flavor structure, and that the hierarchies in the quark masses follow from hierarchical mixings
A. Despite the many new flavor-violating structures and C'P-breaking present in the strong
sector, an effective protection against flavor violation is in place, because effects from light
generations are suppressed by the correspondingly small mixings. This mechanism, which in
the dual five-dimensional picture is based on the small overlap between the wavefunctions
of elementary fermions (localized near the UV brane) and those of the KK modes (localized
near the IR brane), goes under the name of ‘RS-GIM’. For example, for a four-fermion LRLR
operator generated by the exchange of a resonance with mass m, one finds

6Ld{ELfR (foRfoR> ) (2.29)

where i, 7, k,[ are flavor indexes. For the operator relevant to Kaon mixing, this leads to a
suppression

2mgmes
2

g (2.30)

vrmy

which is in some tension with the C'P-violating observable e¢x: the corresponding bound is
roughly m, 2 10 TeV [58,59|, which is clearly inacceptable from the naturalness standpointﬂ
On the other hand, it is not totally unconceivable that some accidental suppression in the

3 Also notice that when gp ~ 1 in the fermionic sector, the gauge contribution to the potential can become
important and should be included.

“Other dangerous observables are b — sy and EDMs [59]. If the lepton sector is included the situation is
much worse, in particular due to the constraints on y — ey and on the electron EDM [60].
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values of the parameters can relax this tension. We also note that depending on the choice
of embeddings for the elementary fermions, Higgs-mediated FCNC can be present at tree-
level. The flavor-changing Higgs interactions are ~ gpeiei%g (the misalignment between
the mass matrices and the couplings to h can only be at order v?/f?, since it arises from
non-renormalizable interactions), leading to a contribution to the operator in Eq. (2.29)

242
i ok 966
€LERELER

> (FLATLrg) - (2:31)
my,
which is larger than the one in Eq. by mf)§2/m,2l ~ 6 for { = 0.1 and m, = 3 TeV.
As a consequence, in models where tree-level Higgs-mediated FCNC appear the tension with
flavor observables is more severe. One example of such a model is MCHMj,4, whereas in
MCHMj5; this problem is avoided, because the symmetry structure implies alignment of the
couplings to the Higgs with the fermion mass matricesﬂ

To ameliorate the residual tension with flavor bounds, one can consider the possibility
that the strong sector is flavor symmetric, and the SM flavor structure arises from the mix-
ings [59]. In this case MFV can be implemented, automatically solving the flavor problem.
Depending on the specific realization, either the left mixings (A%’d)ij or the right mixings
()\qj%’d)ij are taken to be proportional to the identity in flavor space; this implies that one of
the chiralities of the light up quarks are sizably composite, in order to obtain the physical top
mass. It follows that the collider phenomenology of the MFV models is very different from
the anarchic case: the strong sector resonances have a significant coupling to light quarks,
therefore their production cross sections at the LHC are not suppressed as it happens in the
anarchic realization. The sizable compositeness of light quarks also leads to bounds from
flavor-conserving observables, notably dijet searches. For example, the exchange of a heavy
gluon leads to the following four-fermion operator

2
g . _
o) p2 sin? ¢L(quy“TAqL)2 (2.32)
m?2

where q;, = (ur, dr)T, and sin ¢;, measures the degree of left-handed compositeness. The
CMS search for quark compositeness [62] constrains the coefficient suppressing this operator

to be larger than 3.4 TeV [63], leading to

f

. 2 < 4
SInCOL < 9T

(2.33)
i.e., for example, sin ¢, < 0.6 for £ = 0.1. Analogous bounds apply to right-handed com-
positeness. Furthermore, the case of large left-handed compositeness is strongly constrained
by EWPT, in particular by the modified couplings to the Z [59]. The latter constraints are
milder in the case of RH compositeness, which is thus favored phenomenologically. Com-
posite models with MFV, or more in general models where the light quarks are significantly
composite, will not be discussed in this thesis. We refer the reader to Refs. [64] for detailed
studies.

5The presence of Higgs FCNC at tree level depends on the number of SO(4) invariants contained in the
product of the embeddings Qr and Tg: if this number is exactly one, the Higgs FCNC do not arise. Naively,
there would be 3 invariants in MCHM 4 (because 14 ~ 9@ 4 @ 1) and 2 in MCHM;5. However, one invariant
is trivial and vanishing in both cases, leading to the conclusion in the text above [53|. According to the same
argument, tree-level Higgs FCNC are absent if Q;, ~ 14 and Tg ~ 1, as in the model of Ref. [61].
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Finally, it has been pointed out [65] that it is also possible to treat the top differently from
the light quarks, thus deviating from MFV. Flavor bounds are still satisfied, but since the
first two generations are mostly elementary the constraints from EWPT and from searches
for compositeness are relaxed. In this setup left-handed and right-handed top compositeness
are both viable, and the phenomenology is expected to be analogous to the case where the
strong sector is flavor-anarchic, given that the light generations are mostly elementary.

2.4 The Minimal Composite Higgs model

We now proceed to describe in detail the minimal realization of a composite Higgs, which is
based on the coset SO(5)/SO(4) [18,/66]. In order to correctly reproduce the hypercharges
of SM fermions, one is actually forced to extend the global symmetry to include an extra
U(1)x factor, leading effectively to the symmetry breaking pattern SO(5) x U(1)x/SO(4) x
U(1)x. The SM electroweak group SU(2)r, x U(1)y is embedded into SO(4) x U(1)x and
the hypercharge Y is then given by Y = T]?_%L + X. The GBs are introduced in terms of the X
field, constructed acting with the Goldstone matrix U(IT) on the vacuum X :

Y =%U(),  U(M)=exp (—i\fT&H&> ., Y%o=1(0,0,0,0,1). (2.34)

The T% (4 = 1,...,4) are the generators of SO(5)/S0O(4), and II; are the 4 real GBs. Using
the explicit expressions of the SO(4) and SO(5)/SO(4) generators (i,j =1, ...,5)

a Z abc C C as4 asd — = 2 :;
lijL’R = — — | —€ b ((5,}75] - 5Jb5z ) (5’L 6] - 5] 51 ):| (al R 1, 2,3 y a, b, & ) &y ) )
1 aQ = ,L 5A55 —5A(55 a 4
1a] _7( i ] .] Z)’ a = I,..-7 (2‘35)

one obtains
in(I1 /
Y= Sln(l—[/f) (H17 H27 H3a H4a Hcotan(H/f)) ’ = Z Hé : (236)

The two-derivative Lagrangian reads
f2
2
By performing an SO(4) rotation, it is always possible to align the Higgs VEV to the II3

direction, thus identifying H = II3, where H is the Higgs field (with (H) # 0). Then in the
unitary gauge

L) (D) (DFE)T, Dy = 0,5 +igWisT} +ig' B,STh . (2.37)

U= cos(H/f) —sin(H/f) | , ¥=1(0,0,s5,0,cH), (2.38)

sm(H/f)  cos(H/f)
where we defined sy = sin(H/f) and analogously for c¢g. Therefore

1 [l N 1
Lkin = iaMHa'LLH + TSH WH W K —+ mZMZ“ (239)
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which fixes f2sin?((H) /f) = v? ~ (246 GeV)2.

According to partial compositeness, the elementary fermions are coupled linearly to the
strong sector. We will focus only on the quarks of the third generation, because the light
fermions are expected to be coupled very weakly to the strong sector. Thus we need to
specify the SO(5) representations in which g7, and tr are embedded. The most minimal
choice would be the spinorial, gz, tr ~ 45/3 under SO(5) x U(1)x. This representation has,
however, the phenomenological problem that tree-level corrections to the Z-by-by, coupling,
which is strongly constrained by LEP data, arise. As pointed out in Ref. [67], such large
corrections can be avoided (at zero momentum) by embedding the elementary doublet gr,
into an SO(4) representation that is an eigenstate of a discrete parity Prr which exchanges
L <+ R. The simplest choice is a 49/3 ~ (2,2)y/3, and the minimal SO(5) representation
containing it is the fundamental 53 ~ 45,3 ® 15,3 (where we wrote the decomposition under
the SO(4) x U(1)x unbroken subgroup). We thus choose to embed both g7 and tg into a
55/3: this model goes under the name of MCHM3, and will be used as a useful reference in
various parts of the thesis. While MCHMj is the best known example, several other choices
of embeddings have been considered in the literature, for example the 10 ~ 4@®6 (MCHM;()
and the 14 ~9®4 @1 (MCHMy4). We will highlight some features of these representations
in the following, but we discuss first and in greater detail the MCHMj5.

We introduce a vector-like multiplet of composite fermions ¢ ~ 55,3 , which can be written
as

B — X5/3
—i(B + X5/3)
T+1Xy3 . (2.40)
\/i X2/3 + T
V2T

The SU(2)r doublets Q@ = (T,B)T and X = (X5/3,X2/3)T form a bidoublet (2,2) under
SU(2)r x SU(2)g, while T is a singlet (1,1). The SM quantum numbers of the composite
fields are summarized in Table Note that () has the same SM quantum numbers as the

1

P =

field | 7% | T3 | YV |Q=T?+Y
T [+1/2]-1/2]1/6 +2/3
B | -1/2|-1/2|1/6 -1/3
Xss3 | +1/2| +1/2| 7/6 +5/3
Xosz | =1/2| +1/2| 7/6 +2/3
T 0 0 |2/3 +2/3

Table 2.1: SM quantum numbers of the fermionic resonances in ¢). The last column denotes
the electric charge.

elementary doublet g7, = (t1,,br)7, therefore a linear mixing between Q and qr, respects the
SM symmetry. Similarly, T has the right quantum numbers to mix with ¢z. The presence
of the ‘exotic’ doublet X, which is contained in the fundamental but not in the spinorial
representation of SO(5), is a prediction that follows from the protection of the Z-by-by, vertex
and leads to an interesting phenomenology, because X contains a heavy colored fermion with
electric charge 5/3. An additional feature of the fundamental is that the tg is embedded
into a singlet of custodial symmetry, which implies that no corrections to T' are generated
from loops involving this field. Introducing only one complete SO(5) multiplet of resonances
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(this corresponds loosely speaking to a ‘2-site’” model, see later discussion), the Lagrangian
for the fermion sector reads

L =iqrPqr + itrlPtr
+ith DY, + i g PhR — (M YR + hec.)
—yf (Y E)(E¢r) + he. + iy (¥ 51 P(S¢r) + (L — R)
~AgQrLYR — ANth TR + hec. (2.41)

where the embeddings of g7, and tg are

1

V2

and the covariant derivative acting on ¢ is given by

Qr, (b —iby tr itz 0)',  Tar=(0 0 0 0 tg)" (2.42)

Dyp = [0, —igWiTE —ig' Bu(Th + X)| v, X =(2/3)15. (2.43)
It will also be useful to define the spurions corresponding to the embeddings of ¢, and tp,

N A . T N

AtL:7q§(0 0140, X\
and similarly for by. Integrating out the fermionic resonances in 1 we obtain the following
effective Lagrangian

— 0 00 0 1) (2.44)

R

_ _ 1 _
Leg = brpII-(p) br + trp <H3L (p) + 53%{1_[? (P)) tL + trp (HBR (p) + cITi" (P)) tRr
SHCH

+ = Mi(p)irtg + hec., 2.45
NG 1(p)tLtr (2.45)

whose structure is dic‘fated by tlpe global symmetry: for example, the only nontrivial invariant
in the LL sector is ()\ILET)(E)\tL) o s%;/2, and similarly for the RR and LR terms. The
form factors read (in Euclidean space)

I8 (p) =1+1f(p), I (p) =1{(p) — I (p)
IR (p) =1+ 15 (p),  T(p) = II{(p) — TI{(p)
M{(p) = M (p) — Ma(p) (2.46)
with the definitions
2 ‘ N 2
HL,R — ’ q,u HL1R — qul
4 (p) p2 _i_m?la 1 (p) pQ +m%
M . /\:]*)\;ml M . AZ)\um4 947
1(P)—m7 4(p)—m‘ (2.47)

The masses and mixings appearing in Eqs. (2.47) are related to the parameters in the La-
grangian as

. M+yf A )‘q,u
- 7 7 /\q,u_ :
V3IFY/1+ v V31t YR
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From the effective Lagrangian we derive the Coleman-Weinberg potential

V(H) = —2N, / djf;

2n) [108; I, + log (pQHtLHtR + |HtLtR|2>] (2.49)

where p is the Euclidean momentum, and

SHCH

7 M. (2.50)

2
S
Iy, = HgL o ALy, = HgL + ?HH%L ;o Iy = Hf)R + C%IHIiR v AL =
Notice that the Higgs potential can also be obtained from the formula
d'p 2
V(H) = —2N, / i o8 [det (%535 + (MTM)y )| (2.51)

where M is the full fermion mass matrix, including all @ = 2/3 and @ = —1/3 statesﬂ
From Eq. we read that the bottom sector is decoupled from the Higgs, so there is no
contribution to the Higgs potential from by, loops, and as we will see there is no contribution
to the hgg coupling from bottom partners as well. This is peculiar of the 5, and does not
apply for other representations, for example the 10 or the 14.

Performing an expansion in the linear mixings ¢ = \/m, we find that at O(e?) only one
invariant is present in the potential: V.2 ~ sin?(H/f), which does not allow for a realistic
EWSB. We thus need to go to O(e*), where we find

V(H) = asin®(H/f) + fsin*(H/f) (2.52)
with]
r 2
oo [ S [y
2m* | mOfF g+ p? |
- ) )
d'p | (T M
B = Nc/(%)4 (21> +(H§R)2+‘p21‘ : (2.53)

As we already mentioned, o ~ O(¢?) and B ~ O(e*). The potential in Eq. (2.52)) yields a
VEV and Higgs mass

o (H) - m2_(32‘/> _ 88
) =\ 9H2 H>_f2

Expanding the potential around the vacuum, we also obtain the values of the coefficients ds, d4
which parameterize the deviation of the Higgs self-interactions from the SM predictions. The
values of the coefficients of the chiral Lagrangian for MCHMj3; are listed in Table
Inspecting Egs. we see that for y’L’ r 7 0 the form factors HtlL’tR go like ~ 1/p?
at large values of the momentum. This would make the Higgs mass term « in Eq. (2.53))

§(1-¢). (2.54)

SFermions with ‘exotic’ electric charges (such as for example the Xs5/3 in MCHMs) do not contribute to
the Higgs potential, because since they do not mix with the elementary fermions, they do not feel any explicit
breaking of the SO(5) symmetry; as a consequence, loops involving only the exotic states cannot generate
any effects that break the shift symmetry protecting the Higgs, including a potential for the Higgs and a
hGi,G*# (or hF,, F*") coupling.

"Notice that the power-counting in Eq. suggests a ~ mpNee? /(167°) and B ~ myNee' /(167%) .
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quadratically divergent, and the quartic 8 logarithmically divergent. Therefore for the sake
of calculability we set y’L g = 0 in the Lagrangian (2.41)), in which case the form factors have

lr,tr

the asymptotic behavior IT; ~ 1/p* | This turns the quadratic divergence in the Higgs
mass term into a logarithmic one, whereas the quartic is now finite. As a consequence, one
can regularize the logarithmic divergence in o by a single counterterm, whose coefficient is
fixed by v (in practice, one can treat « as a free parameter), and still have a prediction for
the Higgs mass [22]. Also, we remark that setting y}J r = 0 is equivalent to imposing two
pairs of Weinberg sum rules, lim, o, p"IT'2"(p) = 0 (n = 0,2): the conditions for n = 0
are trivially satisfied, while those for n = 2 give y; , = 0. To obtain an entirely finite
potential, we would need to introduce additional stru7cture, for example by considering the
5-dimensional realization of the model, or a deconstructed version with three rather than two
sites [20].

From the Lagrangian in Eq. , with y}J r = 0, we obtain the mass matrix for top-like
states

0 )\q 0 0
0 M+ fys%j{ iyf’s?-] yfsmey
_ 2 2 V2
- ﬁm = \I/LM\I/R + h.c. y M = 0 _iyfs%{ M+ fys%{ _inyHCH s (255)
2 ' 2 V2
Ay yf%CH nyf‘/%CH M + yfc%{

where we defined ¥ = (¢, T, Xy3, T)T The diagonalization of the matrix, which mixes
elementary fields and composite states, is immediate in the limit of unbroken electroweak
symmetry, .e. for v = 0. Then the mass terms become diagonal after the rotations

qr cos¢gr  singr\ [ 4qr a
<QL> = <— sin ¢, cosq§L> <QL> ) tan ¢, = Mq

tR COS¢R Sian)R tR )\u
=) — . =0 t =—. 2.56
<TR> <— singr cosgr) \Tr angr = 17 Tuf (2.56)
In this limit the top is massless, whereas the masses of the composite states are

Mg =—, Mx =M, Msz==———. (2.57)
We see that the doublet ) is always heavier than the ‘exotic’ doublet X, with mass splitting
Mé — M)Q( = >\3 . On the other hand, the mass of the singlet T is determined by the relative
sign of the composite Yukawa coupling y and the SO(5)-preserving mass M. Electroweak
symmetry breaking effects generate additional mixings, which also involve ¢; and tg. Thus
the top becomes massive due to its mixing with composite states: at the leading order in
¢ =v%/f? we have

v
my = ysin ¢, sin pp——, 2.58

¢t = ysingrsingr 7 (2.58)

which is the exact version of Eq. (2.22)). In addition, the masses of the composite fermions

in Eq. (2.57)) receive corrections, in particular the components of the X and @ doublets are
split by terms of O(v).

8This can also be understood by noticing that y’L’ Rr generate interactions in the strong sector that carry
an extra power of the momentum compared to the ‘composite Yukawa’ y.
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We should comment here on the relation between the Lagrangian in Eq. ED and similar
constructions studied in the literature. After setting y’L’ r =0, Eq. @-D agrees exactly
with Refs. [31,32]. On the other hand, by performing a field redefinition on the composite
multiplet, ©» — U7, the Lagrangian assumes the form (omitting kinetic terms of elementary
fields and gauge interactions)

L =it dr, + b U0, U )b, + (L — R)
—yf(050)(Sovr) — MY bR + hec.
— NOrUT YR — N\ U Tg + hec., (2.59)

where we set again y’L’ r = 0. In this field basis, the pNGB nature of the Higgs is manifest:
when setting to zero the parameters that break explicitly the global symmetry, i.e. Ay, , the
shift symmetry is preserved and the Higgs has only derivative interactions. Equation
and the fermionic sector of the 2-site model in Ref. [20] (written in the so-called ‘holographic
gauge’) differ by the Higgs derivative interactions in the first line of Eq. , which have
a coefficient equal to zero in the 2-site caseﬂ The Higgs derivative interactions, however,
are not relevant when computing the Higgs potential via the Coleman-Weinberg technique,
which assumes the Higgs to be a background field. Indeed, our expression for the Higgs
potential agrees with the one given in Ref. [22].

2.4.1 The light resonance connection

We start by noticing that the quartic coupling § in Eq. (2.53) is a sum of positive terms.
This allows us to obtain a lower bound on the Higgs mass as a function of the masses of
resonances in a simple way: keeping only the last term in 5 we can write

>N

> 5028 [T applartf (260)

and recalling that the top mass is given by m; ~ (sgcy) ’M{(O)’ /V/2, we obtain

2

2N, m? /00 Mt (p)
2 c My 1
my > — dpp 2.61
"o 2 M (0) (261
Performing the integration we find
m2 > 2N, 7&2 mim3 m3 —m3 — mimylog(m?/m3?) ’ (2.62)

72 f2 m?—m? (m1 —may)?

which in the limit where one of the two SO(4) multiplets is much heavier than the other,
simplifies to
2N, m?
2 c My 2
my Z 2 fQ mlightest

(2.63)

where mijghtest is the mass of the lightest multiplet. Under the assumption of a sizable
hierarchy between m4 and my, we have thus obtained an upper bound on the mass of the
lightest resonance

. o /
: <11 (—=2—) f . 2.64
Mlightest ~ (125 GeV) f 530 GeV (125 GGV) <500 GeV) ( 6 )

9Notice that all the models mentioned here can be obtained as particular limits of the CCWZ construction
[68] for SO(5)/SO(4). See for example Refs. [36L[69].
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Figure 2.1: Relation between the resonance masses in MCHMj5, Eq. (2.66), for m;, = 125 GeV
and £ = 0.1 (solid line). The dashed lines correspond to the bound in Eq. (2.64]), which was
derived assuming one of the resonances to be much lighter than the other.

This equation expresses in a quantitative way, although in a simple approximation, the
‘light resonance connection’: accommodating a Higgs as light as the one observed by the
LHC experiments in a natural (or only mildly tuned) theory of compositeness requires the
presence of light fermionic resonances [22-26]. E

The expression of the quartic 8 in Egs. is simple enough that the integral over
momenta can be performed analytically, obtaining

N, 1 my (A2 —2X%) my
—— {Ag)\z(ml —my)?log m—l + L T Im2 —mi 4+ (m? +m2) log o

b= 4

812 m3 — m3

(2.65)
Notice that the O(e?) terms in o generated by top loops are proportional to )\2 —2X2 | see
Eq. , so one could argue that this latter quantity needs to be small in order to make
« and B of the same order, as required to obtain realistic EWSB. However, as pointed out
in Ref. [22], the tuning of « could entirely come from the (already mentioned) counterterm
that we need to add to regularize the logarithmic divergence. Nevertheless, even if we do
not assume )\3 — 22 to be small, the second term in Eq. is numerically subleading.
Dropping it and recalling the approximate expression for the top mass, we find

2 02,2 2
Nemi mimj my

log —
2 m2’

2
me ~ S 1
h = 72 2 m2—m?

(2.66)
which links in a simple way the Higgs mass and the masses of the resonances. Notice that
Eq. (2.66) resembles very closely the expression for the electromagnetic mass difference of
pions, see Eq. (2.17]), with the fermionic resonances playing here a role analogous to that of
the spin-1 states in the QCD case. The relation between m; and my, for my, = 125 GeV

ONotice that the bound in Eq. (2.64) is a factor v/2 stronger than the one reported by Ref. [25], where
employing the WSR approach, only one resonance was introduced to perform the integral in Eq. (2.61]).
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and & = 0.1, is displayed in Fig. we see that there is always at least one resonanc@
lighter than about 1.2 TeV. The bound of Eq. , which was derived assuming a sizable
hierarchy between the masses of the two multiplets, reads in this case mijghtest S 800 GeV.

Recently, the authors of Ref. [26] pointed out that a simple correlation between the Higgs
mass and the masses of the lightest resonances, such as Eq. , does not hold in general,
but is rather typical of models with ‘double tuning’ such as MCHM35, where one of the two
invariants in the potential has a lower degree of divergence: for example, in MHCM5 f is
finite already in the 2-site picture, which allowed us to derive Eq. . On the other hand,
the finiteness of « requires at least two composite multiplets, but this has no effect on the
Higgs mass, because a can be effectively traded for the Higgs VEV. In general, however,
finiteness of each invariant appearing in the potential will require at least two composite
multiplets, thus a simple relation between mj, and the masses of the lightest resonances does
not need to hold.

2.5 Little Higgses

Let us now briefly turn our attention to Little Higgs models. It is beyond our purposes to
describe them in detail (see Refs. [70] for excellent reviews), and we will limit ourselves to
some considerations on the mechanism that leads to a collective quartic, which is crucial
to achieve a natural separation f > v. As an example, let us consider the Littlest Higgs
model [71], which is based on the coset SU(5)/SO(5). The sigma field is given by

S(z) =My, 1= [HI/V2 0 HT /2], o= 1 ,
el H*/V2 0 1

(2.67)
where H is the Higgs doublet and ¢ is a complex triplet. An [SU(2) x U(1)]? subgroup of
the global symmetry is gauged@ and is spontaneously broken at the scale f to the diagonal,
identified with the SU(2)r x U(1)y of the SM. In Eq. we omitted the GBs that get
eaten by the heavy vectors. The two-derivative Lagrangian reads

f? :
L=TT|(DE)DE], DE=05-i Y [WHQE+3Q;T) + 6B (E+3Y))]
j=1,2
(2.68)
with the gauged generators given by
a/2
Q1 = ;o Q3= (2.69)

_0.(1*/2

and Yy = diag (3,3, -2, -2,-2) /10, Y = diag (2,2,2,—3,—3) /10. Now let us set g; = ¢} =
0. Then the SU(5) global symmetry is explicit broken tﬂ SU3)uLcxSU(2)axU(1)g, which

HNotice that since we performed an expansion in ¢, the resonance masses in Eq. do not include the
contributions coming from the mixing with elementary states. However, it can be shown that by avoiding the
expansion in €, one simply obtains the same expression with m; 4 the physical masses [22].

2Ty App. |§| we collect all the relevant formulas, and compute the SILH coefficients, for the variation of the
Littlest Higgs in which only one U(1) is gauged. This modification eliminates the U(1) Z’ from the spectrum.

BULC stands for ‘upper left corner’.
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is in turn spontaneously broken down to SU(2)r, x U(1)y . The corresponding 8 Goldstones
are the four eaten by the heavy gauge vectors, plus the Higgs doublet H. We can see this
explicitly: under the SU(3)urc transformation

1
, 1 1 1
U = eilaTuteTs) , T, = 3 1 , T = 5 1 (2.70)
we find (i,7 =1,2)
eif )
H,— H, + ——, wij = pij + —=(eH; + €;H;) . (2.71)

2v2 4/2

We see that H shifts at zeroth order in the fields, and so cannot acquire a potential. A
similar argument holds when g2 = g5 = 0: in this case the SU(3) living in the lower right
corner protects H. So at least two gauge couplings (e.g., g1 and g2) are needed to generate a
potential for H, and the well-known conclusion is that no quadratically divergent contribution
to the Higgs mass can arise at 1 loop.

But what about the quartic? Let us keep g1 = g; = 0 and compute the leading, quadrat-
ically divergent part of the Coleman-Weinberg potential from gauge loops: for example for

g2 we find
2

A
23 TEM () () ~ g3 4 Tr [Q55(Q5%)] (2.72)

where M (22)(2) is the squared mass matrix of the W fields in the ¥ background, and in the
last step we used A ~ 47 f. Notice that this potential is effectively of tree-level size. The
explicit form of V_ is simply dictated by Eq. [2.71] the leading terms being

. 2
Vo~ A_f2 s — é(ﬂiﬂj +HH)| +... (2.73)

where in A_ ~ g5 + g4 we included also the effect of g}. The potential contains a mass term

for . This is no suprise, since the triplet is not protected by the shift symmetry contained

in SU(3)yLc. On the other hand, naively it seems we have also a quartic coupling for H ;

but this cannot be, because the Higgs is an exact Goldstone for g = g} = 0. In fact the

quartic is fake: once we integrate out ¢, the potential for H vanishes entirel

However, let us write down the leading contribution to the potential coming from g :

A2 a a *
WTI"M(%)(E) ~ gi AT [QIS(QIE)] (2.74)
which leads to )
Vi ~ Asf2| i + — (HH, + HyH)| + ... (2.75)

Af
with Ay ~ ¢ + ¢;2. Now we consider the full potential V' = V, + V_: when both A\, and
A_ are turned on, all global symmetries protecting the Higgs are broken, so now H can get
a potential. Indeed integrating out ¢ we obtain

Ap A
Vg = NHTH)?, X = %

= M- 2.
Ayt A (2.76)

MEquivalently, one can eliminate the quartic by a field redefinition, leaving only a mass for the triplet.
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Thus individually each of the operators in Eqgs. (2.73)) and (2.75)) cannot generate a potential
for H, but collectively they give rise to a tree-level quartic, and no mass term. Further-
more, and importantly, these operators do not generate radiatively a quadratically divergent
contribution to the Higgs mass, but only one of the form

o2 e log m—?o . (2.77)

In this way (provided that we implement collective breaking also in the fermion sector,
see App. @ a parametric separation between f and v is obtained. This constitutes the
remarkable success of Littlest Higgs constructions.

Notice that the form of V; and V_ is generic in Little Higgs: one always finds schematically

Vi m Aaf2 o+ H2/f + .. (2.78)

where ¢ indicates a pNGB with suitable quantum numbers. The Littlest Higgs model however
is special, in the sense that these interactions are automatically generated by gauge loops,
whereas in general one would need to introduce them ‘by hand’, by adding to the Lagrangian
operators analogous to those in the right-hand sides of Eqs. and , with coefficients
of O(1).

The Littlest Higgs model suffers from quite strong constraints from EWPT. One reason is
the heavy U(1) gauge boson, which is accidentally quite light and leads to a sizable violation
of custodial symmetry unless f ~ few TeV (thus reintroducing fine-tuning, due to the large
mass of the top partner T'). This issue can be eliminated by gauging only U(1)y (see App. D)),
in which case the constraints are mainly due to the triplet VEV and f ~ 1.2 TeV can be
obtained in a small region of parameter space [72]. One can actually show [73] that in LH
models with one Higgs doublet, the presence of a scalar triplet is unavoidable. Let us see
quickly why this happens. Given the generic form in Eq. , the quantum numbers of
¢ can be classified by analyzing those of H?, which can be in one of the following SU(2)r,
representations: 2®2 =35®140r 202 = 3@ 1. For one doublet H the antisymmetric 14
vanishes, € H; H 7 = 0; on the other hand, for a real singlet  ~ 1 (with hypercharge ¥ = 0)
the operators Vi read simply A f2 (77 + HTH/ f)Q. One can then see that the Lagrangian
V =V, 4+ V_ generates a quadratically divergent tadpole for  and mass term for H , of the

form (73]
A fA? H'H A_fA? H'H
s Ly _ A _EA) (2.79)
1672 f 1672 f
(notice that one cannot take A = —A_ to cancel the unwanted Higgs mass term, since in

this case no quartic is generated). This tadpole is allowed by the shift symmetry, and not
forbidden by other symmetries since 7 is a complete singlet.

One is thus led to the conclusion that a viable LH model with one Higgs doublet necessar-
ily contains an SU(2)-triplet. This is rather problematic, since in general triplets get a VEV
which is strongly constrained by EWPT. Ways out include for example imposing T —parity@,
which forbids the triplet tadpole, or going to two-Higgs doublet models. In the latter case,
a successful collective quartic can be obtained even via a real singlet: for example, in the
model of Ref. [27] the structure is

hThy\” KTy \?

15The phenomenology of Little Higgs models with T-parity is significantly different, and will not be discussed
in this thesis.
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(h; indicates the Higgs doublets in SO(4) notation) and a discrete symmetry under which
o — —0, ho = —hy, hiy — hy forbids the dangerous tadpole. Clearly, such a discrete
symmetry cannot be enforced in the presence of only one Higgs doublet H.

To summarize, in this section we sketched some of the basic features of Little Higgs
models. It is apparent (and obvious) that these models need some amount of complication in
order to achieve their ambitious goal. From the analysis of Ref. [73], it also turns out that in
order to generate a collective quartic, one Higgs doublet LH models must contain an SU(2)r,
scalar triplet in their spectrum, which can be in general problematic for EWPT. Considering
two-Higgs doublet models improves the situation, at the price of enlarging significantly the
particle spectrum. Importantly, from the phenomenological point of view there are several
similarities with the ‘generic’ composite Higgs models previously discussed: for example, the
presence of relatively light fermionic partners for the top@, as well as an extended EW gauge
spectrum (see for comparison Chapter [6)). The extra scalars (beyond the Higgs doublet(s))
that participate in the collective generation of the quartic are instead rather peculiar of LH
models, but their mass is of order f, which makes their detection challenging [74].

6For example, the heavy 7T in the Littlest Higgs model has a phenomenology very similar to the T in the
MCHMs.
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Chapter 3

Effective Lagrangians for a
composite Higgs

The first run of the LHC has proved the existence of a scalar with mass close to 125 GeV , and
whose properties resemble those of the SM Higgs particle within the experimental errors. On
the other hand, no hint pointing to the presence of other states beyond the SM has emerged,
implying that no indication as to how the SM should be completed in the UV is available.
It follows that at the present time, our best description of the new particle has to rely on
effective Lagrangians, based on the assumption that the new, unknown states have masses
much larger than my,. Effects of new physics are then accounted for by performing in the
Lagrangian an expansion in mass dimension and in derivatives. In this chapter we introduce
two different parameterizations of this kind, which will be employed repeatedly in the rest
of the thesis and in particular in Chapter [4] where Higgs couplings are analyzed. The first
parameterization, presented in Sec. is based on the electroweak chiral Lagrangian [75],
where the SM gauge symmetry is non-linearly realized. The chiral Lagrangian is coupled to
a C P-even real scalar h, assumed to be a singlet under custodial symmetry. This approach,
which relies on an expansion in derivatives, is completely general, and applies in fact also to
the case where h plays no role in EWSB. In Sec. we discuss the constraints placed by
EWPT on the parameters of the effective Lagrangian. Then, following Ref. [2], in Sec.
we introduce explicit custodial breaking in the couplings of the Higgs to the W and Z. This
was originally motivated by early LHC results, which seemed to point to an enhancement
of the ZZ signal over the WW one, although not in a statistically significant way. First
we discuss the implications on EWPT. Then we present our methodology for taking into
account custodial breaking when fitting to Higgs data, and discuss the tests of custodial
symmetry performed directly by ATLAS and CMS on their full datasets. In Sec. a
different parameterization is presented, namely the so-called ‘SILH Lagrangian’ [57], which
is based on the assumption that the Higgs forms an SU(2); doublet together with the
longitudinal polarizations of the W and Z . In this case the SM symmetry is linearly realized
above the weak scale, and the Lagrangian is written as an expansion in the mass dimension
of the operators. The SILH power-counting rule takes into account the Goldstone nature
of the Higgs, and was given in Eq. for the case of partial compositeness. As a useful
exercise, we apply Eq. to derive the coefficients of each of the dimension-6 operators in
the SILH Lagrangian. The latter is valid only in the limit ¢ = v?/f? < 1, where f denotes
the decay constant of the global symmetry breaking.
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3.1 The electroweak chiral Lagrangian

To describe the spontaneous breaking of the electroweak symmetry, we can introduce the
longitudinal components of the massive W and Z, 7% (a = 1,2, 3), via the chiral field (v ~
246 GeV)

Y(z) = exp(ic?nm®(x)/v), (3.1

in terms of which the mass terms for gauge and fermion fields can be written in SU(2) X
U(1)y invariant form as

2 u ,,J
o Yy u
£® =Y (o, (orn)] - LS (@di) s (77 R +he. 2
@ = T [0, (0"3)] ﬂ;(uLL> i) T (3.2)
where
. o 0 a0
DY =0,% - 2g72WM +ig'Y—B,. (3.3)

2

Equation is the electroweak chiral Lagrangian at O(p?). It is approximately invariant

under the global symmetry SU(2)r x SU(2) g, under which the chiral field transforms linearly,

> = U LZU;%. This symmetry is spontaneously broken by the vacuum (X) = 1 to the

diagonal subgroup SU(2)., known as ‘custodial symmetry’. The latter invariance guarantees

that at tree level, my, = my for ¢ — 0 and
miy

—— =1 3.4
p m?, cos? Oy (3-4)

for generic ¢’. The relation has been experimentally verified to high accuracy by elec-
troweak precision tests (EWPT). At one loop, small corrections to p = 1 arise, proportional
to ¢’ and y, —yq, i.e. to the parameters that break SU(2) x SU(2)g explicitly. In principle
the Lagrangian should contain an additional operator,

v? 37\ 2
Loy =—~tar (Tr [ETDHEU ]) : (3.5)

which respects the gauge symmetry. This term, however, breaks SU(2)r, x SU(2)g and thus
generates a tree-level correction to the p parameter, p = 1—1t.,. Therefore EWPT imply that
the coefficient t, must be very small, O(10~3), which provides a phenomenological rationale
for discarding the operator in Eq. .

As it is well known, the description in Eq. leads to amplitudes for longitudinal
gauge boson scattering that grow with energy, and as a consequence to a loss of perturbative
unitarity at a scale 4mv ~ 3 TeV. After the first run of the LHC, we know that the growth
of scattering amplitudes is moderated, at least partially, by a new scalar resonance h of mass
~ 125 GeV. Assuming the resonance to be a singlet under custodial symmetry to prevent
large corrections to the p parameter, the Lagrangian coupling h to the SM fields reads, up
to the two-derivative order [75]

1 v? ho k3
@ — 12— t pr n
c 5(0uh)’ =V (h) + L Tx [(DMZ) D 2} (1+2av+bv2 +by g+ )

v - h h? y”-uj
—(azdl)2[1+c+@+-~] W R ) 4 he, with (3.6)
N R v v? ?J?jdﬁ
V) = Sz ds (TR) W s (TR 1+
— 1\ 20 4\ 82 ’

34



Chiral Lagrangian SILH MCHMs5, pure Higgs nonlinearities

a 1— (e —r/2)€/2 T—¢

b 1+(CT—2CH)§ 1-—2¢

b3 (¢r — 2¢)2&/3 —deyT—¢

¢ L= (er/2+¢y)€ 1

€2 —(cr +3cy + ¢ /4) /2 —2¢

d3 1+ (c6 —cr/4—3cr/2)€ \1/1%

dy 1+ (6cg — 25cp /3 — 11¢,/6) € %
kg = kag 3cg(y7/97)€ 0

Fy 2¢,(9%/93)€ 0

Table 3.1: Values of the couplings of the effective Lagrangian in Egs. in the SILH
framework (with ¢ = 0) and for MCHMj5 considering only Higgs nonlinearities (i.e. ne-
glecting the effects of resonances). The values of the SILH parameters in MCHMj5 are, in
the ‘natural’ basis for the nonlinear o-model where ¢, = —4cy, cg =1/3, ¢, = —4/3, Cy =
4/3, cg = —4/3.

where we also introduced a potential for h. The Higgs couplings to fermions ¢, co, ... are in
general matrices in flavor space. For simplicity we assume them to be flavor-diagonal, so that
MFYV is realized. In addition, we introduce a subset of the four-derivative operators, which
will be most relevant in the discussion of the Higgs phenomenology (for a complete list, see
Refs. [75,[76]): the full Lagrangian reads £ = £® + £®*) | where

2 h 1. h? e? h
£® = I _guwoaga (24 gyt e F PP (k) 3.7

4872 w \ Moy T pMeE T ) g te (ol (8.7)
The couplings kg, koy, k- arise at one-loop, mediated by heavy particles. The SM with an
elementary Higgs boson corresponds to the point a =b=c=d3=ds =1, co = b3 = k; =
kag = ky = 0 and vanishing higher order terms in h.

3.2 Electroweak precision tests

We wish now to discuss the compatibility of the Lagrangian in Eq. with the EWPT. As
we already mentioned, one crucial quantity is the p parameter, which measures the amount of
breaking of custodial symmetry. As pointed out for the first time in Ref. |[77], a logarithmically
divergent contribution to 7' = (p—1)/« arises when a # 1. This contribution can be computed
in the low-energy theory, without specifying the UV completion for the chiral Lagrangian. In
the SM, the logarithmically divergent contribution to T' coming from loops of the Goldstones
7® is exactly cancelled by the loop involving the Higgs, see Fig. . This is ultimately due
to the renormalizability of the SM: since 7' is associated with a dimension-6 operator, which
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Figure 3.1: (a) Diagrams giving a logarithmic divergence in 7" when a # 1. This is the leading
correction in the custodial-preserving case. (b) Diagrams giving a quadratic divergence in T

when ag, # 0, see Eq. (3.21]).

can be written in terms of the Higgs doublet H as

Or = L (HTD H— (D H)TH)2 (3.8)
2f2 2 K ’

a divergent contribution to 7' cannot be absorbed by any counterterm. As a consequence,

the logarithmic divergences must cancel exactly, and T is finite in the SM. Away from the

SM point, however, the renormalizability argument does not hold, and the cancellation of the

log divergences is not exact. The leading contribution to the T’ parametelﬂ can be computed

via the formula [78] R
AT = (5Z+ - 523)Landau gauge (39)

where dZ 3 are corrections to the charged and neutral Goldstone wavefunction renormaliza-
tions, respectively. The reason why the computation needs to be carried out in Landau gauge
is that in this gauge the kinetic B-73 mixing vanishes, and the only diagrams contributing to
T are indeed those corresponding to Goldstone wavefunction renormalizations. In a generic
gauge, other diagrams should be taken into account, see for example Ref. [79].

The contribution of the Goldstones to Eq. is given by the top left diagram in
Fig. which we need to compute for vanishing external momentum, p — 0. By explicit
computation, we find

log A (Goldstones) . (3.10)

The Higgs contribution corresponds to the bottom left diagram in Fig. again for p — 0.
We obtain

R 3 /2 A
AT = —673 = a? 329772 log - (Higgs), (3.11)

n this thesis we will always refer to the parameters 7' = oT and S = (a/4sin?6,,)S.
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Figure 3.2: (Left panel) The contours show the region of the (es,e1) plane preferred by
EWPT, obtained setting €z to their SM values. The ellipses correspond to 68.27,95 and
99% CL. The big dot is the SM prediction, whereas the small dots are obtained including the
IR contributions in Egs. , varying a? in the range indicated. (Right panel) In dark blue,
the region of the plane (¢, g,) allowed by EWPT at 99% CL, assuming the IR contributions
to 7 and S in Egs. with @ = /T —€ and A = m,,, and the UV contribution to S
in Eq. (5.3). We set m, = g,v/+/€. The light blue region is obtained assuming an extra
contribution AT = +1073 to be present. €;; have been set to their SM values. Isocontours
of m,, are also shown as dashed lines.

and summing up Eqgs. (3.10) and (3.11)), we arrive to

3g/2 % 39/2

AT = — -
3972 8, 3272

A
(1—a?)log - (Higgs + Goldstones), (3.12)

where the first piece is the finite SM contribution, whereas the second piece is logarithmically
sensitive to the cutoff and arises for a nonstandard Higgs coupling to gauge fields. A similar
reasoning applies to the S parameter, which is also logarithmically divergent for a # 1.
Summing the Goldstone and Higgs one-loop diagrams one finds
2 2
g mp g 2 A
log — 1-— log — 3.13
9672 %8, T 9gmz L~ @) o8 (3.13)
Notice that in Eqs. (3.12) and (3.13) terms of O(m%/m2) are neglected. These subleading
terms are responsible for the well-known, slight bending for a light Higgs, m; < 200 GeV, of
the curve tracing the SM prediction in the (S,T') plane [78].
Summarizing, the BSM contributions to 7" and S arising due to the modified Higgs

AS =

coupling to gauge bosons read

N a A
ASR = + ——(1—a?)log — .
IR +247rs‘2,[,( a”)log my,
~ R1e% A
AT = — 1—a?)log — 3.14
IR 87”;%‘/( a”) g (3.14)



These equations imply that a is constrained by EWPT, as it is illustrated for example in the
left panel of Fig. where we set to zero the UV contributions to (5’ , T) and assume only
the IR terms in Egs. beyond the SM. Setting A = 3 TeV, roughly corresponding to
the scale of the vector resonances, we find the bound 0.9 < a? < 1.3 at 99% CL. Quite in
general, for a composite Higgs a < 1 is expected: in fact, a > 1 can only be obtained in the
presence of an isospin-2 scalar multiplet [80]. For a pNGB Higgs belonging to a composite
doublet H, one can relate the coefficient a to the SILH coefficient cg a

a:1—%H§. (3.15)

The contribution to cy from the nonlinear o-model is necessarily positive, provided one
considers symmetry breaking patterns G/H with G a compact group. The contribution to cgy
obtained integrating out heavy vectors is still positive, whereas by integrating out a scalar
multiplet containing a doubly-charged scalar a negative cy is generated. Indeed, the complex
scalar triplets that appear in several Little Higgs constructions do contain a doubly-charged
scalar; nevertheless, the total contribution to cp is positive even in LH theories [81].

In addition, in a realistic theory of compositeness a UV, positive contribution to S should
be present, due to the tree-level exchange of spin-1 resonances. The size of the latter contri-
bution is, barring cancellations (an explicit computation can be found in Chapter @,

m2

Syy = X 3.16
uv m% ) ( )

where m,, is the mass of the spin-1 states. These two facts, a < 1 and Suv > 0, imply that
an extra positive contribution to 7" would improve the agreement with EWPT. This is shown
in the right panel of Fig. (3.2)), which was obtained by making the following assumptions:

e in Egs. (3.14) we set a to the expression it has in the MCHM, a = /1 —¢ with
€ =v2/f? (see Table ;

e in Eq. (3.16) we made use of the relation m, = g,f = g,v/\/€.

In this way, the BSM contribution to EWPT is parameterized only by { and g,. As can
be clearly seen from the figure, without any extra contribution to T the bound on £ is very
stringent, £ < 0.08, whereas an even moderate AT > 0 relaxes the constraint significantly:
assuming AT = 41073 we find ¢ < 0.2. A positive contribution to T' can arise due to loops
of heavy fermions, which are typically present in composite Higgs theories, and in fact the
requirement of a positive AT from fermion loops could be seen as an additional constraint
on models that aim at being fully realistic. This will be discussed in Chapter

We also note that EWPT are not sensitive to ¢, which parameterizes the htt coupling:
while in the SM there is an important one loop contribution to T due to the top, this is
proportional to the coupling of the latter with the Goldstones, and not with the Higgs. This
contribution can be obtained, again via Eq. , by computing the wavefunction renormal-
ization of 7+ due to a top-bottom loop, and of 7> due to a top loop. Each wavefunction
renormalization constant is UV divergent, but their difference is finite as it must be, and

reads )
3y;
t . 1

2This relation holds in the ‘SILH basis’ where ¢, = 0, see Table

AT =
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3.3 A custodial-breaking Higgs

Motivated by early results of LHC searches for a Higgs boson, which hinted at an enhancement
of the h — ZZ signal with respect to h — WW, we investigated in Ref. |2| the consequences
of relaxing the assumption of custodial symmetry in Higgs couplings. In fact, custodial
symmetry predicts puww = pzz, where p was defined in Eq. , as it is immediately read
from Eq. : the hR(WW and hZZ couplings are both simply rescaled by a with respect
to their SM valued’] Since we are interested in custodial-breaking effects, we add to the
two-derivative Lagrangian the following terms

Loy = —% (Tr [ETDME 03})2 (td, + 2acb% ¥ ) , (3.18)

where ., and a., are free parameterﬁ and the overall normalization has been chosen for later
convenience. If we consider a SILH-type Lagrangian, where the SM gauge symmetries are
linearly realized in the strong sector, custodial breaking is associated with the dimension-6
operator of Eq. , where H is the composite Higgs doublet emerging as a pseudo-Nambu-
Goldstone boson from the strong sector. The corresponding values of the parameters in

Eq. (3:18) are

tep = —cré, acp = —2cr€, (E=v*/r%) . (3.19)
i.e. in this case ty and a. are of the same order.
As we already mentioned, t., contributes to T' at tree level, AT = —t, . On the other

hand, the consequences of a non-vanishing a., can be seen by going to the unitary gauge,
Y. = 1: the interactions of the Higgs with vector bosons are now given by

Lryv = |a m%,VW/j'W_“ + %(a + acp) mQZZ#Z“] <2z> . (3.20)
The ratio between the hWW and hZZ couplings differs from the usual custodial-preserving
value gnww/gnhzz = cos? By. A non-vanishing a., has an important consequence on EWPT:
in fact, even if we set t4 = 0 in Eq. , a large UV sensitivity appears in T due to the one-
loop diagrams involving the Higgs shown in Fig. |3.1{b). These diagrams give a quadratically
divergent contribution

ATV = (a® — (a + aw)?) (3.21)

167202’
where A is the cutoff. In a concrete model, new degrees of freedom below the cutoff would
need to conspire to make the total contribution to T' compatible with EWPT. This will
require in general a certain amount of tuning, which we quantify in Fig. by showing
isocontours of [ATUY /e§™|~1 (we set A = 4w in ATUV), where the experimental value of
the €; parameter is €7 = (5.4 &+ 1.0) x 1073, see Appendix In the same figure we also

show isocontours of |ATTL /ef™P|~1 | where

ATTE = —% (3.22)

is the tree-level contribution that arises when the full gauge invariant operator Or is consid-
ered. We see that the level of tuning is roughly similar in the two cases. A full computation of
T requires choosing a complete model, see Refs. [83-85] and references therein for examples.

3At O(p4), the equality pww = pzz can receive corrections even under the assumption of custodial
invariance [82].
“Higher orders in the Higgs are negligible for our purposes.
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Figure 3.3: Isocontours in the (a,acq) plane of |ATUY /e5*P|=1 (solid, black) and of
|ATTL /e*P|=1 (red, dashed), roughly representing the amount of tuning needed to satisfy
EWPT.

3.3.1 Testing custodial symmetry at the LHC

If we allow for explicit violation of custodial symmetry as in Eq. , and assume for
simplicity that a single factor ¢ rescales the Higgs couplings to all fermions, then the Higgs
signal strengths can be predicted in terms of three parameters, namely a, as and c¢. The
scaling of the main channels with these parameters is reported in Table The functions
rver and ryy, are defined as

a2 + RVh(a + acb)2
1+ Ry

CL2 + RVBF(CL + CLCb>2
1+ Rypr

rvBr(a,ag) = rvu(a, acg) = ) (3.23)
where Ry gp is the ratio of the SM ZZ and WW fusion production cross sections and Ry,
is the ratio of Zh and Wh production in the SM. Furthermore we defined the function 7, ,

which controls the rescaling of the partial width for Higgs decay into photons, as
T (a,c) = (1.26a — 0.26 ) . (3.24)

In Ref. [2] we performed a fit to LHC (and Tevatron) data as of April 2012, with (a, ae, ¢) as
free parameters. Since our interest is in custodial breaking effects, we chose to marginalize the
x? over ¢, thus treating the latter as a nuisance parameter. The result of the fit is summarized
in Fig.|3.4l The best fit points are respectively (a, aq) = (0.93,0.25) and (0.93, —2.11), both
corresponding to x? = 9.2 with 13 d.o.f. As a consequence of a slight enhancement of the
Z 7 signal with respect to the WW one in 7 TeV LHC data, the best fit points are ‘Zphilic’
(or equivalently, Wphobic): uzz/uww = (a + am)?/a® =~ 1.6.

Notice that all the observables involved in Higgs searches are insensitive to the sign of
a+ag , as such combination always appears squared, implying the symmetry of the constant-
x? contours under (a, ax) — (a, —(2a + aw)). In the best-fit region where a + a, < 0, the
Higgs is actually ‘dysZphilic’, since the sign of the hZZ coupling is opposite with respect to
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channel

Oprod X [~

99 = h — vy
qq' — hjj — yvij
g9 —> h — ZZ*
qq' = hjj — ZZ*jj
gg — h — WW*
qq' — hjj — WW*jj
g9 —> h =717
qq' — hjj — T7jj
qq¢ — hV — bbV

?ryy(a,c)
rver(a, acp) TW(UM c)
02 (CL + acb)2
rver(a, am)(a+ aw)?

02 a2
rvBr(a, ag) a®
o
rver(a, am) ¢

rvn(a, agp) ¢

Table 3.2: Leading dependence of the main Higgs production cross sections and decay widths
on the parameters (a, acp, ¢) , under the assumptions of explicit custodial breaking in the hV'V
couplings and universal rescaling of hf f couplings.

0.0 0.5 1.0 1.5 2.0

Figure 3.4: Best-fit region in the (a, a) plane from LHC7 and Tevatron results, at 68,95, 99%
C.L., after marginalization over ¢. The two best fit points are shown as black dots, while
the star is the SM point corresponding to (a,aq) = (1,0). All the observables involved are
insensitive to the sign of a + aq, implying the symmetry under (a,aq) — (a, —(2a + aw)).
Tsocontours of [ATVY /eS|~ (dotted, black) and of |ATTL /e{"P|~1 (red, dashed), indicating
the level of tuning needed to satisfy EWPT, are superimposed to the LHC best fit region.

the standard case. In Section 3 of Ref. [2] we presented some future measurements at ete™
linear colliders that may lift the degeneracy between a Zphilic and a dysZphilic Higgs.

The same test of custodial symmetry has been performed directly by ATLAS and CMS
on their full 7+ 8 TeV data set, assuming as independent parameters Az = a/(a + ae) ,
a and ¢ (or combinations of them). We show in Fig. the one-dimensional likelihoods in
Awz they obtained, after profiling on the other two parameters. The best fit is for both

41



CMS Preliminary {s=7TeV,L<51fb" {s=8TeV,L<19.6fb"
T

5.0 ey e
4.51 )‘WZ' Kz Kfl — Observed
4.0
3.5
3.0
2.5
2.0
15
1.0
0.5
‘1.4| I ‘1.6 0.05 bl

0.5 1 .
Mz A

A L R L B B
ATLAS Preliminary } Dz epkzs]
Is=7TeV, [Ldt=4648f" —QOpserved
Is=8TeV, [Ldt=13-20.7fb"  -- SM expected

----Exp. for SM H

-2AInL

- N W OO N 0 ©
Lo bnnd b o e o oo

_LTH:IIIT“lll“llI:IIIIIIHIIHHIIIH TIIIITH.L

(=)
~

_IlH'IIIl\llll\llll'lIII|IHI|I1H|IIIJ‘JIII|JHI_

o

o
N

wz

Figure 3.5: (Left panel) Likelihood distribution for the custodial-testing parameter Ay z
from ATLAS data. The dashed curves show the expectation for a SM Higgs, the two curves
correspond to regions with different sign of ¢. The thin dotted lines indicate the continuation
of the likelihood curve when restricting the parameters to either the positive or negative
branch of ¢. From Ref. [9]. (Right panel) The same likelihood distribution, from CMS data.
The dashed curve shows the expectation for a SM Higgs. From Ref. [10].

experiments \yyz ~ 0.8, with the 95% CL intervals being
0.56 < Az < 1.13 [ATLAS], 0.62 < Az < 1.19 [CMS]. (3.25)

Intriguingly, data still prefer a Higgs coupling more strongly to ZZ than to WW  although
the result is not statistically significant (the custodial-preserving point Ay z = 1 is within
the 95% CL measured region for both experiments). The future run of the LHC will tell
if this is merely a fluctuation, or rather custodial symmetry is violated in the couplings of
the Higgs. If the latter turned out to be true, the consequences on the theory would be
dramatic: as we have already mentioned, new light degrees of freedom are required in order
to make a sizeable a., compatible with EWPT. In the absence of a symmetry a significant
tuning is generically needed, as it is also shown in Fig[3.4] However, it is important to keep
in mind that the presence of such new light degrees of freedom could in principle alter the
interpretation of results of Higgs searches.

3.4 The SILH Lagrangian

As we discussed at length, an interesting solution to the hierarchy problem is given by the
Higgs boson being a composite bound state emerging from a new strongly-interacting sector,
broadly characterized by a mass scale m, and a coupling g,. If in addition the Higgs emerges
as a pseudo-Nambu-Goldstone boson of a spontaneous symmetry breaking G/H at the scale
f =m,/g,, then it can be naturally lighter than the other resonances of the strong sector and
v?/f? < 1 can be accommodated. A low-energy, model-independent description of this idea
is given by the strongly-interacting light Higgs (SILH) Lagrangian [57], which applies to the
general scenario where the Higgs is a light pseudo-Nambu-Goldstone boson, including Little
Higgs and composite Higgs models with partial compositeness. At scales much smaller than
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m,, deviations from the SM are parameterized in terms of a set of dimension-six operators.
Most relevant to our discussion will be the subset of operators containing the (composite)
Higgs doublet H,

66>\

Lsin = TP@“(HTH)@(HTH) + 22 (D, H) (D"H) — 7 (H'H)?
2
y
4 < @J{,j H'Hf Hfr +h.c. > 2f2 <HTD“H>
ng yt T C'yg

o 2}2 SHIHG, G 4 2f2—H HB,, B"

w9 (ptoapig ) (orwo e+ B9 (ini ) (9B
+ 2m2 g ( )"+ 2mp ( )

/
ZCHWg ZCHBQ
Dt e (DVH W, + DI (DYH)B 3.26

where g, g, 9" are the SM SU(3). x SU(2)r, x U(1)y gauge couplings, whereas A and y; are
the Higgs quartic and Yukawaﬂ coupling appearing in the SM Lagrangian, respectively. We

made the definitions HIDIH = HY(D*H) — (D*H)'H , and so on. In Eq. we have
kept explicitly the operator proportional to ¢, which can be eliminated at O(1/f?) by a field
redefinition

H— H+a(HHH/f?, (3.27)

under which
cy — cg + 2a, ¢ — ¢ +4a, ce — cg +4a, Cy >y —a, (3.28)

while the remaining coeflicients do not change under this transformation. The choice ¢, = 0
corresponds to the ‘SILH basis’, which can be reached starting from a generic basis where
¢ # 0 by applying the transformation in Eq. with @ = —¢, /4. We choose to keep ex-
plicitly the operator proportional to ¢, as the ‘natural’ basis for nonlinear o-models actually
corresponds to a non-vanishing ¢, : in fact, in a nlom the relation ¢y = —4c¢, holds [34]. Fur-
thermore, since physical amplitudes have to be invariant under field redefinitions, Eqgs.
and can be used to check the consistency of our results.

We now briefly discuss each term in the SILH Lagrangian, and in particular we will
derive the coefficients of the operators listed in Eq. by employing the power-counting
rule that applies to models with partial compositeness, Eq. . Nevertheless we remark
that the SILH approach applies to a wide class of theories, well beyond those with partial
compositeness.

The operators in the first two lines are genuinely sensitive to the nonlinearity of the
Higgs sector, being suppressed by 1/f2 = g, 2/ m . The coefficients of the operators with two
derivatives and four Higgses (Op, O, and Or) are straightforwardly obtained by the rules in
Eq. ( - The operator Or stands alone: it breaks custodial symmetry and thus gives a
tree-level contribution to the T parameter, AT = ¢pv? /f?, which is strongly constrained by
electroweak data. If the strong sector is invariant under custodial symmetry, as it is the case
for example in composite Higgs models based on the coset SO(5)/SO(4), then ¢y vanishes

°In the expression for the operator O, frH fr is understood to be a shorthand for the gauge-invariant
expression involving the appropriate SU(2) fermion doublet, and H or H for down and up type quarks
respectively.
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at tree-level. As for the operator O,, in partial compositeness its coefficient is estimated to
be ~ AL Ar/(gpf?) . which is indeed equal to ys/f*. On the other hand, Og is generated at
one loop, its coefficient will be for example

L
1672 f2°

(3.29)

Since the corresponding expression for the quartic coupling reads A = gg /\% /(1672) , we obtain
the coefficient given in Eq. H

The operators in the third line parameterize the effective couplings of the Higgs to gluons
and to photons, respectively. These couplings arise at one-loop in theories satisfying reason-
able assumptionsﬂ (indeed, this is another example of n > 0 in Eq. ) Furthermore,
since these operators do not respect the shift symmetry protecting the Higgs (they can be
thought as Higgs mass terms with extra insertions of gauge field-strengths), to generate them
one actually needs a loop involving the couplings that break this symmetry. For O, we find

2 2
yt gs
1672 m2’ (3.30)

p

where we assumed that the coupling providing the breaking of the shift symmetry is y,. The
coefficient of O, is obtained in the same way, by assuming that the relevant breaking comes
from g. These operators are important in the presence of relatively light resonances, i.e.
when g, ~ 1. As we discussed, in the context of composite models the observed value of the
Higgs mass implies that light (< TeV) fermionic resonances are expected. The contribution
of these light states to ¢, and ¢, could thus be sizable.

The operators parameterized by cy g can arise due to the tree-level exchange of vector
resonances (see for example the discussion at the beginning of Chapter |§|, where we compute
cw for an SU(2)-triplet spin-1 resonance); their naive coefficients are computed straight-
forwardly. These operators give a contribution to the electroweak S parametelﬁ

. m%/V
AS = (CW + 63)72 . (3.31)
mp

Finally, the operators parameterized by cyw and cyp arise only at one-loop level in ‘reason-
able’ theories. This can be explained by noticing that these operators give a correction to
the gyromagnetic ratio of the W, whereas in a minimally coupled theory where all vectors
are associated to gauge symmetries all g’s are equal to 2 at tree level [86]. This implies that

the coefficient of, e.g., Opw is
2
9 g

1672 mif) '

(3.32)

This is yet another example where a symmetry implies 7 > 0 in Eq. (2.23); in this case the
coupling associated to the extra suppression is g,. We point out that in Chapter |§| we discuss

5Notice that the coefficients of O, and Qg can also be obtained by using the field redefinition in Eq. .

"Specifically, we consider minimally coupled field theories where all states have spin < 1, and all vectors
are associated to (spontaneously broken) gauge symmetries [57].

8Notice that the dimension-6 operator usually associated to S is Owp = gg'HTUaHWﬁVB‘“’/Mmﬁ) , which
gives AS =cwp (m%v/mf,) . This operator is not independent from those appearing in Eq. : in fact one
can easily derive the relation Owp = Op — (167%/g2)On s — (47%/g%)O, , by integrating by parts and making
use of the identity D*D"H — D*D*H = (—i/2)(goc*WH""* + ¢'B*"")H .
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an effective Lagrangian for a W', where we do not assume the heavy vector to be a gauge
boson, but only require invariance under the SM gauge symmetry. In this case gy # 2 at
tree level, see Eq. , and the operators Ogw, g p will be generated with tree-level (rather
than one-loop) suppression.
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Chapter 4

Phenomenology of spin 0: Higgs
couplings

ATLAS and CMS have already measured the Higgs mass with an accuracy better than 1 GeV,
see Eq. , and strongly disfavored (although not completely excluded) quantum numbers
different from J¢ = 0%. A more complex and ambitious experimental task, which will
require a long-term effort, is that of determining the couplings of the Higgs to the other SM
fields with the best precision possible at the LHC, which with 300 fb~! at 14 TeV is expected
to be roughly of order 5 + 10% depending on the coupling (for a very recent appraisal, see
Ref. [42]).

A precise knowledge of the Higgs couplings is important because the properties of a
naturally light Higgs are expected to deviate from those of the SM Higgs, which is extremely
fine-tuned. This is especially true for the loop-induced couplings to gluons and photons,
because any state that radiatively contributes to the Higgs mass will also contribute to these
vertexes. In addition, these couplings play a crucial role phenomenologically, in particular all
inclusive Higgs rates are proportional to the hgg vertex. Sections and are dedicated to
a study of the loop-induced Higgs couplings in composite models [3]. Using the background-
field method known as Higgs low-energy theorem (LET) [37,87] we derive general expressions
of the amplitudes in terms of the parameters of the effective Lagrangians introduced in
Chapter Importantly, we include the contribution of fermionic resonances, which are
expected to be light by naturalness considerations (see Sec. for a quantitative expression
of this fact). One singular feature of composite Higgs models is that the amplitudes for
gg — h and h — ~7v are not sensitive to light fermionic resonances running in the loops, as
first noticed in Ref. [33]. We review the symmetry reason behind this cancellation, which
holds exactly in the LET approximation, and verify that no dependence on the resonances
is hidden in the subleading terms in the inverse mass expansion.

In Sec. we turn to double Higgs production, an a priori subleading channel which
can however give valuable information in the context of composite models [38]. We extend
the LET to gg — hh, again in a model-independent way, and find that the cancellation
of the effects of resonances is in place even in this case. However, by comparison with a
previous computation where only the top loops were considered [38] we find that the LET
approximation fails by up to 50% . This motivates an exact computation of gg — hh , which
we perform in MCHMj5. Our results show that there is indeed a dependence on the spectrum
of resonances, so double Higgs production could usefully complement the information coming
from direct searches for vector-like quarks. We also analyze the phenomenology of pp — hh
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at LHC14.

In Sec. [£.4] we focus our attention on the htt coupling, which has not been directly
measured yet by ATLAS and CMS, due to the limited sensitivity of the pp — tth process
[39-41]. An indirect determination of the coupling is currently possible by means of fits
to Higgs data, thanks to the sizable contribution of the top to the radiative hgg and hvy~y
couplings. Clearly, this indirect method requires to make assumptions on new states possibly
running in the loops. Assuming no new states beyond the SM ones the likelihoods in Fig.
are obtained, which display an ambiguity in the sign of the htt coupling. We review how
this ambiguity arises and why Higgs fits in ‘standard’ channels cannot robustly exclude the
negative sign hypothesis. In Sec. we argue that single top production in association with
a Higgs can efficiently remove the degeneracy [4]. We perform a detailed phenomenological
study of this process at the LHC, focusing on the decay of the Higgs into b quarks. We finally
estimate the impact on the parameter space of Higgs couplings, finding that already LHCS8
could exclude part of the ‘negative sign’ region.

4.1 One-loop couplings via the Higgs Low Energy Theorem

Here we discuss applications of the Higgs Low-Energy Theorem [37,87] in composite models.
The LET allows one to obtain the leading interactions of the Higgs boson with gluons and
photons arising from loops of heavy particles. By heavy particles we mean here both SM
states (in particular, W and top) and new states belonging to the putative TeV scale theory,
such as for example fermionic resonances in composite Higgs models. The couplings of the
Higgs to gluons and photons are needed in the computation of the cross sections for single
and double Higgs production via gluon fusion at the LHC, as well as of the partial width
of the decay h — . These couplings are especially interesting because they are related to
the tuning of the EW scale: the new degrees of freedom that cancel the quadratic divergence
in the Higgs mass necessarily affect also the hgg and hvyy couplings, therefore we expect
the latter to differ from the standard values for a natural Higgs (see for example Ref. [8§]).
Conversely, the more standard the Higgs couplings are, the more the theory will be tuned,
i.e.

o(gg — h)

—————— ~ 1+ (tuning), 4.1
(99 — h)sm ( &) (41)

and similarly for the h — ~~ partial widthE We will adopt a model-independent approach
and compute the couplings of the Higgs to gluons and photons in terms of the parameters
of the effective Lagrangians defined in Egs. and . Therefore, given a specific
model, one only needs to perform the matching to one of the two parameterizations; once that
is done, our results apply straightforwardly and without further computations. The analysis
that follows, presented for the first time in Ref. 3], extends the results of Refs. [34,81] to
Higgs pair production in gluon fusion, and also includes a discussion of corrections to the LET
approximation arising from higher order terms in the 1/M expansion, where M is the mass
of the generic heavy particle running in the loops. Notice that the LET can be extended to
2-loop order to include the leading QCD corrections, see for example Ref. [87] for applications

'Equations and in the following are concrete examples of this broad statement, the first in the
context of compositeness and the second in SUSY. Notice, however, that in the composite case the cancellation
of the effects of resonances modifies the interpretation in terms of tuning. Nevertheless, even in the presence
of the cancellation, the correction to the hgg coupling is o« £ (see Eq. ), which is a rough measure of
tuning.
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in the SM. However, our discussion will be mainly limited to couplings at the leading 1-loop
order.

4.1.1 Couplings to gluons

According to the LET the interactions of the physical Higgs boson with gluons, mediated by
loops of a heavy colored particle which gets some of its mass from EWSB, can be obtained
by treating the Higgs H as a background field and taking the field-dependent mass M (H) of
the heavy particle as a threshold for the running of the QCD gauge couplingﬂ The coupling
of the low-energy theory is given by

1 1 C(r)

— —6b
g, H) g2 82

log MLH) , (4.2)

where g, is the coupling of the UV theorylﬂ Here C(r) is the Dynkin index of the represen-
tation where the heavy particle lives, whereas b = 2/3 for a Dirac fermion and db = 1/6 for
a complex scalar. The effective Lagrangian is simply given by the kinetic term

1
492 (1, H)

This yields, assuming the presence of a set of heavy particles p; transforming in the funda-
mental representation of SU(3). (C(r) =1/2)

A ~Apv
GA,GAm (4.3)

2

g A A

Lo = 25 GG > " 6by, log My, (H) . (4.4)
pi

Here we will focus only on the effects of the heavy fermion sector, which in composite Higgs

models typically includes new states beyond the top quark. By expanding the field-dependent

masses of the heavy particles around the VEV (H) we obtain the couplings of the Higgs boson

to gluons mediated by loops of heavy fermions

2 o
- Js A ~Auv 1 n
Log = 152G G ; —Anh", (4.5)
with the definition an
A, = log |det M(H )] , (4.6)

where M is the heavy fermion mass matrix. In the SM only the top quark contributesﬁ with
my(H) =y H/V/?2, yielding A,, = (=1)"*1(n — 1)l v~ which allows to resum the series in

2Throughout the discussion, we will denote by H both the Higgs doublet and the scalar field with (H) # 0,
as it will always be clear from the context which one we are referring to. On the other hand, h denotes the
physical Higgs scalar.

30ne has 1/g2(p) = 1/g2(A) + buv log(A/p)/(87%) , where A > M is a UV scale, and byv = brg + 6b (our
conventions are such that b is negative, b = —11 + 4C(ry)nys/3 + C(rs)ns/3).

“In the SM, the bottom contribution to the hgg amplitude (which of course cannot be computed using
the LET, since my < my) is not negligible: at LO, including the b loop decreases the rate by approximately
10% . This is because the fermion form factor scales in the limit mj, — 0 as ~ xlog®x, © = mi/mj . Since
we are interested in the effects of heavy fermions, unless otherwise specified we will neglect the bottom loop.
Its inclusion would nevertheless be straightforward.
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Eq. (4.5) (see for example Refs. [87,89])

2
L5 = 125 G,GM M log (1 + Z) . (4.7)
The corresponding gauge invariant operator is log(HTH )G, G, which is associated with
a chiral fermion (the singularity of the operator for H — 0 signals the presence of a massless
state in that limit, which cannot be integrated out). The lowest-order operator arising from
vector-like fermions is instead HTH G, G, The effects of these two operators on double
Higgs production were discussed in Ref. [90].

Using Eq. it is straightforward to derive the expression of the hgg and hhgg couplings
in the SILH formalism. We refer the interested reader to App. [C] for a detailed derivation,
and report here only the results. We remark that from now on we will work in the unitary
gauge, where the Higgs doublet reads (0, H/+/2)”. The effective coupling of the Higgs boson
to two gluons reads (see App.

2
Lo = 1 GG | (G ogldet M (D)

CH
——£&| . 4.
4872 v [\ Olog H 2 5] (48)

H=v
This coupling governs the rate of single Higgs production via gluon fusion, and its expression
was already obtained in Refs. [34,/81]. The production rate normalized to the SM one is
given by the square of the expression in square brackets in Eq. . On the other hand
the effective coupling of two Higgs bosons to two gluons, which contributes to Higgs pair
production via gluon fusion, has the following expression

2 2 2
_ 95 oA qAawl 0 9 _&
Lhhgg = 9672 G,U,VG ¥ [((6(log T2 Dlog log |det M(H)| L ¢l . (4.9

In terms of the effective Lagrangian in Egs. (3.63.7), the couplings read

2

95 A Al 2
5 GW,G ‘wvﬁ (262—6 +k29). (410)

9672

2
g A A
Lhgg = 487872 GG W; (c+kg) Lhhgg =
In the expression of the hhgg coupling in Eq. (4.10]), the first term comes from the triangle top
loop involving the tthh vertex, whereas the second is the contribution of top box diagrams,
see Fig. On the other hand, k, and kp, are parameterizing the contributions from
integrated-out heavy particles.

4.1.2 Coupling to photons

Another loop process of crucial relevance for Higgs phenomenology at the LHC is the decay of
a Higgs into two photons. The coupling receives contributions both from loops of fermions and
vectors. Here we will neglect the effect of spin-1 resonances, whose contribution is typically
suppressed since they need to be relatively heavy to comply with EWPT. Application of the
LET leads to the following effective Lagrangian [87]

62

Lot = Tgm2

FWF’“’<ZQ?¢ logmfc(H) — glogm%V(H)> , (4.11)
!
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which is valid for m; < 2mw, 2my, and where we have assumed that the heavy fermions
transform in the fundamental representation of SU(3).. Expanding around the VEV we
obtain the hy~y interaction

e? 7( 0
- % 2 A 2
Ly~ 52 F, F*"h (Qt Ay 3 <8 log mW(H)><H>) , (4.12)

where we have assumed that all fermions have electric charge equal to that of the top quarkﬂ
Qf=Q¢=2/3, and A; was defined in Eq. (4.6). By performing simple manipulations we
obtain (see App.

62

3272

h
Lhyy = FWFW;

2 d CH
4Q7 ( <8logH log |det M(H)|>HU — 25)

) (4e(5 ) | (119

where Ty = m,% / (4m12/v) and we have replaced the LET approximation for the W loop with
the full result encoded by the function

Arr) = 5 2430 4307 ~DA(D)] () = aresin® V7, (4.14)

which tends for 7 — 0 to A1(0) = 7 = 22/3 — 1/3, where the first term comes from the
transverse polarizations of the W and is equal to the gauge contribution to the g function
of the SU(2)r coupling, while the second term arises from the eaten Goldstone bosons.
The use of the full expression for the W loop implies that the validity of Eq. is
extended to my, < 2my, which is a reliable approximation. The rescaling of the decay width
I'(h — ~v7v)/T'(h — yvy)sm is obtained by comparing the square of the expression multiplying
hF* F,, in Eq. in the two cases. In terms of the parameters of the effective Lagrangian

in Egs. (3.6H3.7) the coupling reads

2

e . h
mFﬂ F/“,;(ZLQ?C + k»y - CLAl(TW)) . (415)

Lhyy =
4.2 Single Higgs production via gluon fusion

Let us now apply the general formula for the hgg coupling, Eq. (4.8]), to our benchmark
model MCHMj5: from the mass matrix in Eq. (2.55)) we find

AAMyf . 2H ( ) 4
det M = L =—==gin — log |det M(H =1-- 4.16
i Srag g ORIt MUD]) =1 Z€ (a16)
which together with ¢ = 1/3 (see Table|3.1)) leads to
I'(h — g9)
—— =1-3 MCHMs5) . 4.17

5The extension to heavy states with different electric charge is straightforward.
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Actually, because our construction of MCHMj5 does not contain heavy vectors or scalars EL
we can easily go further and obtain a result at all orders in £: since the Higgs is canonically
normalized in the nonlinear o-model (see Eq. (2.39)), we can directly apply Eq. (4.5). We

find
I'(h — g9) 1-—2¢ 2
L'(h = gg)sm <\/1 —é) ’ s

where we used sin?((H) /f) = €. An important observation is that Eq. does not depend
on the details of the spectrum of the colored resonances which contribute to the coupling, i.e.
it does not depend on the couplings and masses of composite states, but it is a simple function
of only the overall scale of the strong sector f. This somewhat surprising insensitivity of the
hgg coupling (computed in the LET approximation) to resonances has been shown to hold in
several explicit realizations of the composite Higgs idea [33H35], including both models with
partial compositeness and Little Higgs theories. As another example, in the Littlest Higgs
model one finds
L(h—g9) 1 25 (LH), (4.19)
I'(h = gg9)sm 4
where we included also the effect of heavy vectors and scalars on cg .

Let us now focus on MCHMj5 and analyze how the result in Eq. arises. It is
important to note that while the hgg coupling is insensitive to resonances, the htt coupling
does receive a correction which depends on composite couplings, as a consequence of the
mixing of the top with resonances. In the amplitude for hgg, however, the BSM contribution
arising from such modification of the top Yukawa is exactly canceled by the loops of extra
fermions, leading to a dependence of the gg — h rate only on £. This also implies that the
cross section o(gg — h) can be obtained by simply multiplying the SM one by ¢?, where ¢
is the rescaling of the htt coupling coming only from the nonlinearity of the o-model, and
neglecting corrections due to fermionic resonances. To make this point more transparent, we
can compute the value of the htt coupling in MCHMs,

gt _ v Omy(H) 1 1 1 2 g 1

oM my 0H ’(H) CVI=¢ [1 Z+ill=4) (m% mi) </\u 2 > t Ok )]

(4.20)

as can be easily obtained from Eq. by means of an expansion in €. Eq. makes

manifest the two distinct corrections to the coupling that are in general expected: one follow-

ing from the nonlinearity of the o-model, and the other due to the mixing with resonances. As

we already remarked, the latter contribution cancels exactly in hgg, leading to the expression
in Eq. .

It is worth pausing to note that the insensitivity of the hgg coupling to heavy states is
peculiar of composite Higgs models, and does not take place for example in SUSY, where
there is a dependence on the stop masses. Let us consider for example the MSSM: working in
the decoupling limit and neglecting stop mixing, the field-dependent stop mass matrix reads

2 2 :
2 _ (mg, +mi (H) 0 _ ysin

Y Additional scalars could be below the cutoff only if they were Goldstones, which is forbidden by construc-
tion by our choice of the coset SO(5)/SO(4). Instead vector resonances should in general be included, we
neglect them here for simplicity.

(4.21)
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where we have also neglected the small D-term contributions to the diagonal entries. m U
are soft-SUSY breaking masses. Considering both the top and stop contributions in Eq. (4.4))
and expanding around (H) = v we immediately obtain the hgg coupling

2 h 1 ( m? m?
£MSSM — gS s 1 - t t 422
hgg 2o | T d\mz T2 (4.22)
tr tr
with mtgL h m%&Ug + m? the physical stop masses. We see that Eq. (4.22) depends on

the masses of the heavy particles running in the loops. Notice [81] that the positive sign
of the field-dependent terms in Eq. , and as a consequence of the BSM correction in
Eq. , is fixed by the cancellation of the quadratic divergence in the Higgs mass, which
requires the absence of the O(H?) term in

STr MM = —2m?(H) + Tr M2(H). (4.23)

It is however important to mention that while Eq. predicts an enhancement of the
coupling, this is not necessarily the case in general, i.e. when stop mixing is considered. See
Ref. [88] and references therein.

Let us now go back to a composite Higgs, and review how the cancellation of top partner
effects arises. It is due to the fact that the determinant of the heavy fermion mass matrix
takes the form

det M(H) = F(H/f) x P(\i, M;, f), (4.24)

where F is a function satisfying F'(0) = 0 since the top becomes massless in the limit of
unbroken electroweak symmetry, and P is a function of the composite couplings A; and
masses M;, but independent of H. It is then immediate to see that the hgg coupling in
Eq. does not depend on the masses and couplings of the fermionic resonancesm The
origin of the factorization in Eq. was explained in the context of partial compositeness
in Ref. [35], by means of a spurion analysis: the key observation is that by promoting the
linear mixings A, to spurions, see Eq. , one can make the Lagrangian Eq.
formally SO(5) invariant. In particular, the determinant of the fermion mass matrix will
also be formally invariant. On the other hand, it is easy to read from Eq. that the
dependence of det M on the mixings reads simply det M oc AyA,. We thus conclude, based
purely on symmetry arguments, that

. . AZA
det M o< (A} 2T)(ZAey,) = 2‘1\/%‘ sin <2f> (4.25)
i.e. the mass matrix has the factorized form of Eq. . This result follows from the fact
that when embedding the fermions in a 5, there is only one SO(5) invariant oc A7\, that can
be built out of the spurions. In general, however, there can be more than one invariant: for
example, assuming to mix both ¢z, and tg with a 14 (symmetric traceless), 5\,5 Lir ~ 14, one
finds two distinct structures and the determinant of the fermion mass matrix has the form

det M = (ZA] ST)(SA,BT) x Pi(\i, My, f) + SA A, BT x Po(Ni, My, f) (4.26)

where
. . ApA ob e AT
T o7 Ty _ q7u 2 2 T T _ 27qlu
(E}\tLE )(E)\tRE ) = 2\/5 SHCH(4CH — SH)? EAtL)‘tRZ = 4\/5 SHCH . (427)

In this case the hgg coupling will depend on the masses and couplings of resonances.

"The coefficient ¢y does not receive contributions from the heavy fermion sector.
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4.2.1 Corrections to the LET

Although exceptions such as MCHM, exist, in a wide class of models (including Little
Higgses) the factorization in Eq. takes place, and consequently the hgg vertex is
insensitive to the composite couplings (collectively denoted by A;). This result, however,
holds exactly only in the LET approximation, and corrections due to finite fermion mass
effects are expected. We can estimate the residual dependence on the A; due to subleading
terms in the fermion mass expansion in a simple way. Assuming for simplicity the presence
of only one top partner 7', the mass eigenvalues can be written at O(1/f?) as

(t) rr2 2
my(H) = y\tg (1 - Cgf;) . mp(H) =M f (1 +aTIJf2> : (4.28)

where ar is a parameter dependent on the couplings \; = {y:, A\r} as ar = O(y?/ )\%)ﬁ On
the other hand, we can write cgf) = cg(f) + O(y?/A3.), where céa) is a pure number arising
from the nonlinearity of the o-model. The LET result for the hgg coupling reads, taking the

effect of ¢y into account,

Lhge = ZlgiszyG““”g (1 - (cgp — %ar + %H> g) . (4.29)

Notice that in the limit where T is heavy, corresponding to large Ay, the effects of the heavy
resonance on the hgg coupling vanish. In fact, ar goes to zero, whereas cg) — céa), implying
that only the nonlinearity in the top Yukawa arising from the g-model is relevant.

By using the expression of the top Yukawa coupling (m;/v)(1 — (cgf) + cm/2)€) we can
compute explicitly the top loop diagram, retaining the first subleading term in the 1/m?

expansion. This is the leading correction to the LET coupling, given that msy > m;. Thus

Eq. (4.29) is improved to

2 2
_ 9s a auyﬁ o ) ca L% _ (t)
Lngg = 157G G [1 (cy 2ar + = )5 120 m? (1 £(cy +CH/2)) Tl
(4.30)

where we have used § = m% and the ellipses stand for subleading corrections, including terms
of order 1 /mQT The independence of the LET hgg vertex of the composite couplings \; is

equivalent to the statement that cg,t) — 2ap is a pure number (independent of couplings),

cg(f) — 2ar = CZ(JU)H If this is the case then the dependence on the \; of Eq. (4.30) is due to
the last term, and we can estimate the sensitivity of the cross section to the \; to be, for a
light top partner A ~ vy,

0o(gg — h) N lnﬁ

_ ~0.06€ . 4.31
o(gg — h)sm 60 m? ¢ ¢ ( )

Thus corrections are expected to be very small even for large &.

81f the quadratic divergence in the Higgs mass due to the top is cancelled by T, then the absence of an
O(H?) term in Tr M?(H) = mi(H) 4+ m%(H) implies ar = —y7/(4)\%). See for example the explicit values
of cg,w and ar in the Littlest Higgs model, reported in App. @ Eq. .

“Notice that by using Eq. one finds det M? = y7 5 f2H?(1 — (cg,t) — 2ar)H?/f?)/2. So if the
factorization in Eq. holds then cgw — 2ar is a pure number.
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Figure 4.1: The MCHMj5 cross section for single Higgs production via gluon fusion (including
the exact dependence on top and heavy fermion masses), normalized to the SM cross section
computed retaining the m; dependence, as a function of the mass of the lightest fermion
resonance Miightest - we set my = 125GeV and § = 0.25. Green points are currently allowed
by both EWPT and collider searches, gray points are excluded by current collider constraints,
whereas orange points have been tested by LHC8 in 2012 (see Section for details). For
comparison, the cross section ratio computed with the LET, Eq. , is shown as a black
line.

4.2.2 Comparison with exact cross section in MCHM;

We will now check our estimate of the expected corrections to the LET, Eq. , by
computing the full pp — h cross section (where we retain the dependence on the masses of
the particles in the loop) in MCHMj5 and comparing it to the LET cross section.

Figure shows the cross section for single Higgs production via gluon fusion including
the fermionic resonances, normalized to the SM cross section computed with finite my, as a
function of the mass of the lightest resonancﬂ The agreement with the prediction of the
LET in Eq. , shown as a black line, confirms that the cross section is to an excellent
approximation independent of the details of the spectrum, and is fixed only by £. The
sensitivity to the composite couplings is at most 2% x gy for light top partners, in agreement
with our estimate in Eq. .

From our detailed analysis of MCHMj5, we thus conclude that the LET provides a very
accurate single Higgs production cross section for any spectrum of the fermionic resonances,
including the realistic case where at least one multiplet of top partners is light. The same
conclusion applies also to the fermionic contribution to the hy~y coupling.

4.3 Double Higgs production via gluon fusion

Within the SM, double Higgs production via gluon fusion received interest mainly because it is
sensitive to the trilinear Higgs self—couplinﬂ see the first diagram in Fig. In composite
Higgs models, the process gg — hh is affected essentially in two main ways. Firstly, the

1ONote that the QCD K-factors cancel out under the assumption that the higher order corrections are the
same in both cases. This is exactly true only at NLO in QCD; however, it was found to hold within a few
percent even at NNLO [91].

See e.g. Ref. [92].
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Figure 4.2: Generic diagrams contributing to double Higgs production via gluon fusion in
composite Higgs models. The indices 4, j run over the heavy fermions, including the top.

nonlinearity of the strong sector gives rise to a ffhh coupling (which vanishes in the SM)
and thus to a genuinely new contribution to the amplitude, see the second diagram in Fig.
Secondly, one should take into account the effects of top partners, which include also new
box diagrams involving off-diagonal Yukawa couplings (shown in the second line of Fig. [4.2]).
A first study of gg — hh in composite Higgs models, neglecting top partners, was performed
in Ref. [38], where it was found that a large enhancement of the cross section is possible
due to the new tthh coupling. For example, in MCHMj5 with ¢ = 0.25, which corresponds
to f ~ 500 GeV, the cross section was found to be about 3.6 times larger than in the SM.
Recently, Ref. [93] performed a model-independent study of the process, making reference
to the effective Lagrangian in Eq. and again neglecting the effects of top partners, and
found a large sensitivity of the cross section to the co coefficient parameterizing the tthh
coupling.

In Ref. [3] we included for the first time the effects of top partners in double Higgs
production via gluon fusion. This is especially interesting in the light of the correlation
between a light Higgs and light top partners, since the latter can in principle affect the
gg — hh cross section in a sizeable way. Our analysis will confirm that this is indeed the
case.

We start by discussing the cross section in the LET approximation, which greatly sim-
plifies the computation and allows us to obtain a general result, applicable to any model
via the matching to the coefficients of the SILH or chiral Lagrangian. In the LET limit, the
amplitude for gg — hh is simply the sum of two diagrams, one with the effective hgg coupling
followed by a trilinear Higgs coupling and the other involving the effective hhgg coupling.
Adopting the SILH formalism, and recalling the expressions of the relevant Feynman rules

hog ¢ i gm0 P Wil — i peg™) | (sl loslde MU ) - 4te]
2

hhgg : i3%5 5AB(PTP’2L —p1-p2g") [((3(10?;}1)2 - aloagH> log |detM(H)]>H:v — %f} )
hhh o —i3™0 [14 € (06— Sei — )]

(4.32)
(where p; 2 denote the momenta of the incoming gluons), we can write the amplitude as
i Qs AB 12N uv A~
ALer (99 = hh) = o 5077 (p1py — p1-p29™) CLer(3), (4.33)
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where

. 3m}2L o .
CLer(3) = — 2 [<8logH log [det M(H)\>H:v + & (c6 — 2cp — 4)]
0? B .
" ((8(logH)2 B 8logH) IOg’detM(H)OH:U - 5¢ (4.34)
3my, e o2 .o 2
_s—mh(l &(cy 66+20H+4 Sggg) 1+ &(clf +4 3¢ gp) 7

with § = (p1 +p2)? denoting the partonic center-of-mass (c.m.) energy. To obtain the second
equality in Eq. we used Egs. and contained in App. It is immediate to
check that the combinations cz(f) —¢¢ + 2cy + ¢ /4 and cg(f) + ¢, /4 are invariant under the
reparameterization in Eq. . For completeness, we also give the result in terms of the
coefficients of the chiral Lagrangian in Eq. :

2

CLET(é) = 5 (C + kg) ds + 2co — c? + kgg . (4.35)

my

The partonic cross section reads

N . 1 4m? ~
G ggoan (5, 1) = 128(2;)3 T R () (4:36)

The hadronic cross section is obtained by convolution with the parton distribution function
Jg/p of the gluon in the proton,

1 1
g :/4mi/sd7'/7_ d?xfg/P(%Q) fg/P(T/mﬁQ)&ggehh(TS,,u), (437)

with the collider c.m. energy s related to § by § = 7s. The renormalization scale u and
the factorization scale @) are chosen equal to the invariant mass of the Higgs boson pair,
p = Q = V5. The parton distribution functions of MSTW2008 [94] are employed. For
& — 0, Eq. correctly reproduces the SM result in the limit of large top mass [95}96]

3m?
CPML(8) = g_nf;Q —1. (4.38)
h

In the SM the m; — oo limit gives a total cross section in agreement with the full result only
within 20% for my, < 200 GeV (for m;, = 125 GeV we find O'LET = 14.6fb and O'f 11 = 17.91b)
and moreover it produces incorrect kinematic distributions, as noticed in Ref. [97]. Thus we
expect the LET to be in general less accurate in gg — hh than in single Higgs production.

From Eq. we read that in models where the factorization of det M in Eq.
holds, the gg — hh LET cross section is insensitive to composite couplings, due to a cancel-
lation completely analogous to the one that we discussed for single Higgs production. Let us
consider our benchmark model, MCHM3: using the determinant of the fermion mass matrix
in Eq. and the expressions of the SILH coefficients reported in Table we arrive to
the result

Crgr " (8) = 3L'12 (1-3§)—-1-¢, (4.39)
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Figure 4.3: (Left panel) The pp — hh cross section for mj; = 125 GeV at LHC14, computed
using the LET, normalized to the SM cross section also computed in the m; — oo limit.
MHCMj5 is discussed in detail in the text, whereas the gg — hh amplitude for the Littlest
Higgs model is given in App. @ (Right panel) Square of the function C' (m%h), which was
defined in Eq. and is proportional to the LET gg — hh amplitude, in the three models
under consideration (for £ = 0.25) and in the SM, as a function of my;, = /3.

which depends only on £ as a consequence of the factorization of det M. In the left panel of
Fig. we show for my = 125 GeV and a c.m. energy of 14 TeV the pp — hh cross section
normalized to the SM cross section (both were computed applying the LET) as a function
of ¢ for some well-known models, in all of which the factorization holds. We note that in
MCHM5 the enhancement of the cross section is striking. This can be traced back to the
behavior of the function Crgr($§), which is proportional to the LET amplitude and is shown
in the right panel of Fig. for the three models under consideration and for the SM. The
enhancement for MCHMj is evident. As pointed out for the first time in Ref. [38], where the
gg — hh process was studied in MCHMj; considering only Higgs nonlinearities but keeping
the full dependence on my, the dramatic increase of the gg — hh cross section compared
to the SM is mostly due to the presence of a new tthh coupling. The large enhancement of
gg — hh in MCHMj; is in contrast with the sizable suppression in the same model of the
single Higgs production cross section, see Eq. .

By comparison with Ref. [38] we find that when fermionic resonances are above the cutoff,
the LET underestimates the ratio eM®HMs /5SM 1y abhout 30%: for example for € = 0.25,
application of the LET gives a cross section of 2.6 times the SM, whereas Ref. [38] found
an enhancement factor of 3.6. This difference is due to the fact that in the former case
my, < my is assumed, whereas in the latter the full m; dependence was retained. Notice
that the best estimate of the cross section that can be obtained using the LET is oMCHMs —
(UIIE/[ECTHM5 /O‘E%IT) X a?%, because part of the corrections due to the finite top mass should
cancel in the ratio of LET cross sections. In fact, in terms of cross sections the disagreement
between the LET and the result obtained taking into account only Higgs nonlinearities is
larger. For & = 0.25 we obtain U%/[ECTHM5 = 37fb, whereas Ref. [38] found oMCHMs — 64 b,
i.e. the difference is of order 50%.

4.3.1 Comparison with exact cross section in MCHM;

In the LET approximation, the cross section for g¢g — hh in MCHMj5 depends only on
¢, see Eq. (4.39). However, as already mentioned, corrections from finite mass effects are
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expected to be sizable in double Higgs production. This motivated a full computation of the
gg — hh cross section in MCHM3, including resonances, which was presented in Ref. [3].
We summarize here the main results, referring the reader to that work for the details. We
remark that while we focused on MCHM3 as a concrete example, the results of Ref. [3] can
be straightforwardly applied to other models.

In the triangle diagrams which contribute to double Higgs production, the gluons couple
to the total spin .S, = 0 along the z-axis, whereas the box diagrams involve S, = 0 and S, = 2
couplings. The amplitude for the process can hence be expressed in terms of independent
form factors Fa, Fio, Fhs associated with spin 0 and G, G5 associated with spin 2. The
total partonic cross section is given by

2
4 4

2 i
. A og(p) 1 T 2 2
Ggg—shn(8, 1) = mg /t dt ; ; (ghQin Go(mi, mj) + gh(inj75GD75(mi7 m]))
2
4 4
+ Z Cz AFA m;) + Z (ghqlq]FD (mg, m]) + ghthqj 5k, 5(mu m])) )
i=1 j=1
(4.40)
with the integration limits
R S 2 Am?
=212y - ) (4.41)
2 5 s

where § denotes the partonic c.m. energy. The triangle and box form factors are given in
App. E of Ref. [3]. The various couplings appearing in Eq. are also defined there. We
have explicitely verified that in the SM limit our result agrees with Ref. [96]. The hadronic
cross section is obtained by convolution with the parton distribution function of the gluon in
the proton, see Eq. .

In Fig. we show the double Higgs production cross section (normalized to the SM) as
a function of the lightest top partner mass, for a set of points passing EWPT with £ = 0.25
(see Section for details). The dependence on the masses of the loop particles has been
fully taken into account. The black solid line shows the result in the limit of heavy partners,
keeping only the top contribution (with full mass dependence) in the loop, while the black
dashed line corresponds to the LET result in Fig.

Some comments are in order. First of all, we find a sizeable dependence of the cross
section on the spectrum of the heavy fermions with 2.7 < o /ogn < 3.7. We recall that both
the LET cross section and the cross section in the limit of heavy partners only depend on £.
The LET approximation, however, underestimates the ratio o/ogys, and this effect is even
worse if we refer directly to the cross section, since we are consistently normalizing the LET
cross section for MCHMS5 to ogar(my — 00), which is ~ 20% smaller than the full result. On
the other hand, the result obtained in the limit of heavy partners, while keeping the full top
mass dependence [38], overestimates the cross section in the region mijghtest < 1 TeV . The
latter is the region compatible with the 125 GeV Higgs, see Eq. . For large values of
the resonance masses, of course, the cross section tends to the value obtained including only
top loops (with top couplings following the ‘trigonometric’ rescalings given in Table 3.1)).

It should be noted that we have not taken into account higher-order QCD corrections.
They have been calculated at NLO for SM and MSSM Higgs pair production in Ref. [98] in
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Figure 4.4: The cross section for double Higgs production through gluon fusion normalized
to the SM as function of the mass of the lightest resonance of the heavy top sector, for
myp = 125 GeV. We have set £ = 0.25. Green (gray) dots denote points which pass (do not
pass) all current constraints, whereas orange dots correspond to points that have been tested
by LHCS, see Sec. for details. The left panel shows points for which X5 /3 is the lightest top
partner (as a consequence of ¢;, being largely composite), whereas for points in the right panel
the lightest top partner is typically the singlet 7. The black solid (dashed) line corresponds
to the result in the limit of heavy top partners keeping the full top mass dependence (to the
LET result as in Fig. . The expected number of events in the hh — bby~ final state after
all cuts at LHC14 with L = 300fb~! is also shown, along with the 3¢ evidence threshold
(dot-dashed line), see text for details.

the heavy top mass limit. However, they cannot be taken over here as we have the additional
diagram with the two-Higgs two-fermion coupling and more seriously box diagrams with
different loop particle masses. For heavy loop particle masses we do not expect the corrections
to be too different from the SM case, so that they approximately cancel out in the ratio of
the two cross sections.

In Fig. [4.5| we show results for a lower value of ¢ = 0.1, which corresponds to f ~ 800 GeV.
Due to the larger value of f, the cross section is less enhanced compared to the SM. Similarly
to the case & = 0.25 the LET underestimates the cross section, although in a milder way
than in the previous case.

4.3.2 LHC prospects on double Higgs production

To estimate the reach of the 14 TeV run of the LHC on double Higgs production, we focus
on the final state hh — bbyy, which was shown to be the most promising for a light Higgs
boson . Reference found that assuming a luminosity L = 600fb™!, 6 signal
events could be obtained after all cuts, with a background of 11 events. We estimate the
expected number of signal events for MCHMj5 by computing o (pp — hh)x BR(hh — bbyy) for
each point in the parameter space (taking into account the QCD production K -factorigl of 1.9
and the non-standard Higgs branching ratios) and multiplying it times the acceptance for all

12 A5 stated above the SM QCD corrections to double Higgs production cannot be translated trivially to the
composite Higgs case. Assuming the top partners to be heavy we expect, however, the error not to be too large
by applying the SM K-factor to MCHMj5 double Higgs production. Concerning the diagram involving the
two-Higgs two-fermion coupling we explicitly verified that it hardly changes the QCD corrections compared
to the SM ones.
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Figure 4.5: Cross section for double Higgs production via gluon fusion normalized to the SM
as function of the mass of the lightest resonance of the heavy top sector, for £ = 0.1 and
myp, = 125 GeV. Points are split in the two panels depending on the degree of compositeness
of t,. The meaning of the dots and lines is the same as in Fig. [£.4] except that we assumed
an integrated luminosity L = 3ab~! at LHC14. The dot-dashed line corresponds to the 5o
discovery threshold, see text for details.

cuts as computed in Ref. for the SM. This rough approximation cannot of course replace
a full analysis of the effects of cuts in the MCHMj5 case, which however goes beyond the scope
of our analysis. We therefore apply the simplified procedure for an illustratory purpose. We
also quote the number of events needed for 3 (5)o evidence with L = 300 (3000) fb~!, based
on the background estimate of Ref. with the requirement of one b-tagged jet. Notice
that this is likely conservative, because the analysis of reducible backgrounds (whose sum
is larger than the irreducible bby~y) performed in Ref. made use of efficiencies and
misidentification probabilities, in particular for b-jets, that have since then been improved by
ATLAS and CMS. We find that a 30 excess can be obtained already with 300 fb~! if £ = 0.25,
except perhaps in some regions of the parameter space with a very light top partner (in this
case, however, a direct observation of the resonance would be guaranteed). A 50 discovery
would be possible at the LHC luminosity upgrade for a more moderate value £ = 0.1.

We note that in Ref. two b-tagged jets were required, and the efficiency and rejec-
tion probabilities for b-tagging were updated to current values. However, since we are only
interested in a rough estimate of the LHC reach, we conservatively adopt the numbers of
Ref. . Furthermore, a realistic analysis of the instrumental backgrounds relevant to bbyy
would require a detailed knowledge of the detector properties, which is out of the reach of
a theoretical analysis. Recently, the LHC prospects for detecting double Higgs production
have been explored or re-analyzed in a variety of channels, partly due to the results of studies
in the context of composite Higgs models which, as we discussed, found the cross section to
be potentially enhanced compared to the SM. See for example Ref. for a study of the
bbrT final state, Ref. for an analysis of the bbWW — bbfvjj channel, and Ref. for
the 4b final state. See also Ref. for a recent study of Higgs pair production in several
new physics models.

Additionally, we studied if applying a cut on the invariant mass mp; could be useful
to measure deviations from the SM cross section. Therefore, in Fig. we show the same
as Fig. [44] but after an invariant mass cut of myp, > 600 GeV has been applied. As can
be inferred from the plot the composite cross section is more enhanced compared to the
SM than without application of a cut, see also Fig. [£.4] On the other hand the absolute
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Figure 4.6: The cross section for double Higgs production through gluon fusion after an
invariant mass cut my, > 600 GeV, normalized to the SM for m; = 125 GeV, as function
of the mass of the lightest resonance of the heavy top sector. The compositeness parameter
has been set to £ = 0.25. Green/dark gray (gray) dots denote points which pass (do not
pass) all current constraints, whereas orange/fair gray dots correspond to points that have
been tested by LHC8. The left panel shows points for which X3 is the lightest top partner,
whereas for the points in the right panel the lightest top partner is typically the singlet T
The black solid line corresponds to the result obtained considering only Higgs nonlinearities,
i.e. in the limit of heavy top partners and keeping the full top mass dependence.

value of the cross section after cuts becomes very small. The plots reveal, however, another
interesting feature. While for masses of the lightest top partner above 2 TeV the total cross
section is reasonably well approximated by the cross section where only Higgs nonlinearities
are considered, see Fig. [£.4] this is not the case any more after application of cuts. This
can be inferred from Fig. by comparing the full result, given by the points, to the black
line, which is the ratio of the double Higgs production cross section considering only Higgs
nonlinearities to the SM cross section (the full top dependence has been included in both
cases). So we conclude that not only the heavy top partner limit in the total cross section
of double Higgs production is a rather bad approximation unless the top partners are really
heavy, but this approximation becomes even worse when a cut on myy, is applied. The latter,
however, may be relevant in the experimental analyses to enhance the signal to background
ratio and to extract information on the couplings involved in the process.

4.4 Probing the sign of the hit coupling at the LHC

As we discussed in the Foreword, current Higgs data leave open the possibility that the htt
coupling has negative signEl Assuming a universal rescaling cp of the hff couplings, this
corresponds to cyp < 0. The exact degeneracy under ¢ — —cp is broken mainly by the h~y~y
coupling, where the top and W loops interfere. Let us first analyze how a degeneracy
arises in the h — ~ channel alone: recalling that

L'(h — vy)
L'(h = yy)sm

13The sign of the htt 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.

~ (1.26 cy — 0.26 cp)?, (4.42)
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(cy denotes the rescaling of the AWW and hZZ couplings, and is simply a different name
for the parameter a in Eq. (3.6))) we have for inclusive, VBF and associated production

1.26 ¢y — 0.26 ¢p)?
tinet ~ (1.26 cy — 0.26 CF)Q, WV BE ~ Uyh ~ c%/ ( 2 ) . (4.43)
F

Assuming a ‘true’ signal (cl,, ), it is easy to show that in addition to (cv,cr) = (¢, k)

there is another point giving the same event yields, which will therefore also be a local

maximum of the experimental likelihood. The coordinates of the second solution are given

by

_ g |12 ct, —0.26 ¢, o = —ct | 126 ¢t — 026y |
1.26 ¢4, 4+ 0.26 ¢4, | 1.26 ¢, 4 0.26 ¢

cy (4.44)
Assuming the SM to be the true signal, we find for this second solution (cy, cr) ~ (0.66, —0.66) .
Looking at the plots in Fig. [2 where the ATLAS and CMS likelihoods (including all Higgs
decay channels) are shown, we see that the minima with negative cp are not located exactly
at this point: this is of course a consequence of the combination of all channels. Nevertheless,
the preferred regions with negative cp are indeed located at a smaller ¢y compared to the
preferred regions with positive cp, as our simple analysis of vy alone suggested.

How can the degeneracy in the sign of the htt coupling be lifted? The authors of Ref. [106]
proposed to combine the two most precise channels, vy and ZZ*, the latter being sensitive
essentially only to |cy|. However, they found that assuming the SM to be the true signal,
the data collected by ATLAS and CMS together in Run 1 of the LHC will not be sufficient
to exclude the hypothesis ¢y < 0. Reference [107] also reached the conclusion that the
degeneracy cannot be completely lifted by Higgs fits in ‘standard’ channels alone. On the
other hand, one may argue that the current results by CMS already strongly disfavor the
‘wrong sign’ solution. We note, however, that this is due to ,u%ws = 0.8 < 1, while if the
signal strength were close to 1 (i.e., only very slightly higher, well within the 1o experimental
uncertainty), the CMS plot would look different, and the conclusions of Ref. [106] would apply.
In other words, Higgs fits that consider ‘standard’ channels show a sizable dependence on
statistical fluctuations, which does not allow us to draw a robust conclusion about the fate
of the cp < 0 region. It would be therefore desirable to find a measurement that can lift the
degeneracy in a direct and robust way. In Ref. [4], whose findings are reported below, we
argued that the associated production of single top and Higgs, pp — thj, is suitable for this
purpose.

Before discussing the proposed solution for the degeneracy in the sign of cg, it is worth
mentioning how a negative htt coupling can arise: adding to the SM the operator

cyl o~
X—;HT HGLHtp + h.c., (4.45)
we find ) )
_ my v — v
L= —mytt — 7 <1 — Cym) hitt - Ct = 1-— Cyp s (446)

which implies that for O(1) values of ¢,, a negative ¢; requires the scale suppressing the
dimension-6 operator to be A = v. While this is a very low scale, we remark that no bound
from EWPT exists on the operator in Eq. , as already mentioned. Actually, we have
already encountered a model where a negative ¢; arises: this is the case in MCHMj5 for
€>0.5 (f <350GeV), see Table A minimal composite Higgs model with such low f is
certainly ruled out, being in conflict with the measured values of other observables (notably

63



the S parameter), which suggests that building a viable model where ¢; < 0 would be very
challenging. However, current experimental data alone do not forbid this possibility, and it
is therefore relevant to devise a strategy to rule out directly the ‘wrong sign’ option.

The leading process involving the Higgs coupling to real top quarks is tth production, see
for example Ref. [43] for a study in the BSM context. However, this process can be simply
seen as QCD ¢t production with emission of a Higgs from one of the top legs, therefore we
have

o(pp — tth) = ¢ o(pp — tth)sm, (4.47)

which holds also at NLO in QCD. Therefore top pair production in association with a Higgs
is not sensitive to the sign of the hitt coupling. In Ref. [4] we argued 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 Higgs coupling to the top quark.
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, takes place in the SM. This fact can be exploited to probe deviations in the Higgs
coupling structure, which will inevitably jeopardize perturbative unitarity at high energy and
lead to a striking enhancement of the cross section compared to the SM. We discuss below
how this enhancement can be used to extract information on the sign of the htt coupling,
and 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 Run 1 luminosity,
corresponding to ~ 25fb~! per experiment, an interesting sensitivity on the sign of the htt
coupling could be reached.

In our study we focused on the decay of the Higgs into bb, updating the early analysis of
Ref. [108] (see also Refs. [109,(110]). 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 analyzed in their searches for ¢th production [39,/111]. In this
respect we believe that the experimental collaborations could easily perform the analysis we
present here in the very near future, thus adding new important information to the challenge
of identifying the true nature of the recently discovered particle.

The large enhancement of the th cross section for nonstandard Higgs couplings is asso-
ciated 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.

4.5 Single top and Higgs production at the LHC

In this section we summarize the main findings of Ref. [4], to which the reader is referred for
additional details.

4.5.1 The hard-scattering process

The Feynman diagrams contributing to the core process Wb — th are shown in Fig.
The diagram where the Higgs is emitted from a b leg is suppressed by the bottom Yukawa,
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Figure 4.7: Feynman diagrams contributing to the partonic process Wb — th.

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 [112] 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? ,m%, the amplitude
for Wb — th (the longitudinal polarization dominates at large s) read

2
A= [(CF - cv):ZtV;/j A (z,so; @@) " <CV TS 4 (e — c) m”;;y) B (jsa;@,gbﬂ ,
(4.48)

where we have omitted terms that vanish in the high-energy limit and, for simplicity, also
neglected the Higgs mass in addition to setting my = 0. The functions A, B are given by

—t/s 0
A(t/s,@;étvgb) = d (ew z/(1+2) 0) & — (—ei‘P\O/T/S 0> 7 (4.49)

1+t/s 0 io  /
B(t/S,@}gtaEb) = fg (ew ot (1+£) 0) S (6“0 B—l— t/S 8) 7 (4.50)

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

d-(y) @=() @=("TE) @=L as

which correspond to the chiral states {Fy, Fr} (F = b,t) in the mp — 0 limif®] The
amplitudes involving the helicity state ff”, 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. we see that when ¢y # cp the amplitude grows with
energy like /s and is enhanced compared to the case ¢y = c¢p (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.

1We 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.
15However7 note that the limit m; — 0 does not interest us here.
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Figure 4.8: Partonic cross sections for the process Wb — th as a function of the center of
mass energy /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).

The cross section for Wb — th is shown as a function of the center of mass energy in
Fig. 4.8, The large enhancement of the hard scattering cross section (defined by a centrality
cut |n| < 2) for cp = —cy is evidentm At large energies, the amplitude is constant for
cy = 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. , summing and averaging over polarizations
and integrating over ¢t we find

2 2,2
_ g°(cr —cy) m; N
<75 — 00) ~ tanh 7. 4.52
ol < 5 = o0) = O (452)
This simple formula gives accurate results: for example for /s = 5TeV, ¢y = —cp = 1 and a

centrality cutE| |n| < 2 we find that the cross section computed without any approximations
is orn(|n] < 2) = 41.3 pb, whereas o(|n| < 2,s — 00) = 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. ,
only one s-wave amplitude is non-vanishing

1 gmg /0 R L 1 gmey/s
ag= ——+——(cp —cy)—— A(t/s, @; &Y, = — cF — cy)———e"? (4.53
0 16“/?\/5( F v)mwv g (t/s, 06, &)) 24\/%( F—cv) - (4.53)

from which, imposing the condition |ag| < 1, we find that perturbative unitarity is violated

Tncidentally, we note that the cross section shows another feature, a Coulomb enhancement at small |¢|
due to the diagram with a W exchange in the ¢-channel. As can be read off Fig. 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 cp. See Appendix A of Ref. [4].

"Note that for the expression in Eq. to be reliable, 77 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.
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Figure 4.9: Feynman diagrams for the processes pp — thj and pp — thjb.

at a scale /s ~ A with
2

A=12V2r— (4.54)
mlcr — cy|

For example, for ¢,y = —cp = 1 the cutoff is A ~ 9.3TeV. 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. for ¢p < 0. A relevant and often mentioned process is Wg’ W, —
tt . Using the chiral Lagrangian in Eq. and applying the Goldstone equivalence theorem,
we find two relevant diagrams: one with a 777~ tf contact interaction, and one with Higgs
exchange in the s-channel [51]. From the expression of the amplitude, which grows with
energy as ~ /s, we obtain

U2

A=16m—m.
my |1 — cyep|

For ¢y = —cp = 1 this formula yields 8.8 TeV, essentially the same cutoff scale we found for
Wrb — th. For previous discussions of perturbative unitarity breakdown in processes with

external fermions, see Refs. [113,[114].

4.5.2 LHC cross sections

Having analyzed the behavior of the partonic cross section, we can now turn our attention to
single top and Higgs associated production in hadron collisions. At the LHC, ¢-channel single
top production goes through an initial-state gluon splitting into a bb pair. Such a process can
be efficiently described in a 5-flavor scheme where b’s are in the initial state and described by
a perturbative b PDF, Fig. 4.9(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. [4.9(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 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 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 were computed using MADGRAPH 5 [115] with
CTEQ6L1 PDFs [116], setting the factorization 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 the code AMCQNLO [117H119] and CTEQ6M PDFs |116]. The results are
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o9 (pp — thyj) [fb] | o (pp — thjb) [fb]

CF:1 CF:—]. CF:]. CF:—l
8 TeV 17.4 252.7 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
Py > 25 GeV and |n°| < 2.5) at the LHC. The parameter cy has been set to 1.

oNEO (pp — thy) [fb]
Cp = 1 Cp = -1

8 TeV | 18.287032 233.875F

14 Tev | 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.

reported in Table [£.2] where the uncertainties correspond to variations of the factorization
and renormalization scales with up = pgr around p = (my + my)/2 from p/2 to 2u. 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 cp # ¢y is shown in Fig. [4.10
where o(pp — thj) for an LHC energy of 14 TeV, normalized to its SM value, is displayed as
a function of ¢ for three different choices of ¢y (very similar plots are obtained considering
8 TeV and/or the pp — thjb process). For example, for a standard hWW coupling, i.e.
cy = 1, a htt coupling with equal magnitude and opposite sign with respect to the standard
one (cp = —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). The right panel of Fig. clearly shows that after convolution
with the PDFs the contribution of the region v/5 > 1TeV, where v/5 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. demonstrates that the
relative contribution to the cross section from large values of v/§ is more sizable in the SM
than for cp # cy. This is compatible with the different behaviors of the partonic cross section
in the two cases, shown in Fig. 4.8

4.5.3 Signal and background study

Signal and background events were generated at the parton level using MADGRAPH 5 with
CTEQG6L1 PDFs, setting the factorization 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 pp
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Figure 4.10: (Left panel) Cross section for pp — thj at 14 TeV normalized to the SM one,
as a function of c¢p for three choices of cy. Solid, dashed and dotted lines correspond to
cy = 1,0.5 and 1.5 respectively. (Right panel) Histogram of normalized pp — thj cross
section as a function of the center of mass energy of the hard scattering process Wb — th,
at 14 TeV.

of the jets uniformly in 7 using a jet energy resolution defined by

olpr) _a o b c. (4.55)

pr pr +/PT
where the parameters are taken to be ¢ = 2, b = 0.7 and ¢ = 0.06. With these choices,
Eq. (4.55) is compatible with the results of the ATLAS jet energy resolution study of Ref. [120]
(see Fig. 9 there). The jet 4-momentum is then rescaled by a factor pim¢e™ed/pr. The

acceptance cuts reported in Table chosen following the ATLAS tth analysis [39], are
applied on the physical objects. We do not require any acceptance cut on the missing

transverse energy.

Cut | ph>  ph>  ph> < Ivl< AR >
Value | 25 GeV 25 GeV 30 GeV 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 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 the analysis, a semileptonically
decaying top is present. We assume a 100% efficiency for the reconstruction of this top, which

¥ The 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.
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implies an unambiguous identification of the b originating from its decay. This assumption
is of course idealized, however the use of a more realistic semileptonic top reconstruction
efficiency will only affect the overall normalization of both signal and background, and not
their relative values.

Concerning b-tagging, we assume the following performance: efficiency €, = 0.7, charm
mistag probability €. = 0.2 and light jet mistag probability €; ~ 0.008 [39]. Finally we
assume a lepton reconstruction efficiency ¢, = 0.9.

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 — bf*v) gives the
signature

3b+ 1forward jet + ¢+ + ERss, (4.56)

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 c or s are mistagged.
e tij, t — bes: also in this case, either the ¢ or s are mistagged while the other is missed.

As can be seen in Table for 8 TeV @ after acceptance cuts and efficiencies the last two
backgrounds are extremely large. In particular, their values are larger than those quoted in
Ref. |[108], mainly due to a larger charm mistag rate considered here (we use €, = 0.2, whereas
Ref. |108] adopted €. = 0.1) and to the fact that we increased the pr threshold for jets, which
results in a larger probability of missing a jet from ¢£j. 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 above, taken from Ref. [39].

After acceptance cuts and efficiencies, the signal is overwhelmed by the ¢t background
not only for the standard case cp = 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 Table [£.4] together with the cross sections obtained after their application.
The value of each cut is chosen by optimizing 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 acceptance 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 tf, 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,

9For the sake of readability we do not write the top decay t — blTv explicitly, as it is the same for all
processes.
20The tables for 14 TeV can be found in Ref. [4].
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Signal Backgrounds
Cuts cpP=1 cp=—1| Total | tZj tbbj tt ttj
Acceptance Cuts + ¢ 0.18 2.88 600.81 | 0.61 1.01 456.40 142.80
|mpy — mp| < 15 GeV 0.15 2.55 245.95 | 0.02 0.11 184.2 61.65
Mmpp; > 270 GeV 0.10 2.02 31.78 | 0.01 0.08 0. 30.68
7| > 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.

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 Table we present the number of signal and total background events
expected after 25 fb~! 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
o’s, e.g. 20 approximately corresponds to the 95% CL), while at 14 TeV it reaches ~ 4.

Final state with 4 b-tags

As suggested in Ref. [108|, 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+ 1 forward jet + £+ + EFss, (4.57)
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 ttbb, 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 ¢ or the s is mistagged, while either the other one
is missed (and one b is not tagged) or one of the b’s is missed.

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

Looking at Table 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 Table
together with the cross sections obtained after their application. The value of each cut is
again chosen by optimizing 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
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Signal Backgrounds
Cuts cr=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
|mpy — mp| < 15 GeV | 0.039 0.58 4.06 | 0.03 0.08 0.94 (0.40) 1.29 1.71
min mp, > 110 GeV 0.023 0.30 0.67 | 0.002 0.015  0.20(0.18) 0.44 0.
min msp; > 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 4.5: Cross sections in fb for the 4 b-tag case at 8 TeV. In the event line backgrounds
are summed. For ttbb, the contribution of tth is shown in parentheses.

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 ttj, where the mistagged
c and s, coming from a W decay, have an invariant mass around my. The last cut requires
all 3 bj pairs to have a large invariant mass. This efficiently suppresses the t£bb backgrounds,
for which in most cases at least one bj pair comes from a top decay and thus has an invariant

mass my; S \/mi —mé, ~ 150 GeV.

The exclusion limits obtained for ¢p = —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 sensi-
tivity of the proposed analysis to the tth process. As can be read from Table this process
makes up a sizable fraction of the t£bb cross section after the cuts. Moreover, after the first
three cuts, the rate for tth is comparable to the th signal for cp = —1. Being insensitive to
the sign of g,7,, tth production 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 tt 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%.

4.5.4 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 we performed, i.e. 3 and 4 b-tags, in
order 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. we
present the results of our analysis in the (cy, cp) plane, where a universal rescaling of the
Higgs couplings to fermions ¢; = ¢, = ¢; = ¢, = cp 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 favored by a fit to Higgs dataF_Tl As can be seen,

21The Higgs coupling fit displayed in Figs. and |4.12 is out-of-date, being based on the data reported
by ATLAS, CMS and Tevatron after ICHEP 2012 and collected in Ref. [121]. It is used only for illustrative
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Figure 4.11: 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.

already at 8 TeV parts of the preferred region with ¢ < 0 can be excluded. The current
best fit point with ¢ < 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 ¢z < 0 after 50fb~!. Notice that in addition to the th production
cross section (recall Fig. , also the branching ratio of the Higgs into bb depends on the
parameters (cy,cp). In particular, for |cp| < 1 the branching ratio becomes very small and
thus makes the h — bb channel ineffective, as can be clearly seen in Fig.

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
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. Excluded regions at 95% C.L. are displayed for
25 fb~! and 50 fb~! integrated luminosity. Superimposed are the regions currently favored
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 o exclusion of the best fit point
with negative ¢;).

Comparison with studies in other Higgs decay channels

Single top and Higgs associated production was studied also in Refs. [44}122], but focusing on
different decay channels of the Higgs, namely vy, WW™* and 77 . It is interesting to note that
the results obtained in those papers are partly complementary to ours: as we have discussed,
under the universal rescaling hypothesis the bb channel is not effective for |cp| < 1, because
the branching ratio is suppressed. On the other hand, in this region the bosonic decays v

purpose.
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Figure 4.12: 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 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. The
top Yukawa is assumed to be rescaled by c¢;, while we have set ¢, = ¢; = ¢, = 1.

and WW™* are effective, see Ref. [122]. Combining the constraints obtained in all final states
would allow to exclude the ¢; < 0 hypothesis in a reliable way already with 8 TeV data.
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Chapter 5

Phenomenology of spin 1/2: the
‘top partners’

As it was discussed in Chapter [2 one of the key ideas of ‘modern’ realizations of the composite
Higgs idea is partial compositeness, which arises from the choice of writing down linear
mixings between the elementary states and composite operators. In the fermionic sector,
these couplings have the form (taking for example the top-bottom doublet ¢r,)

L7V = X\g,0 + hec. (5.1)

where O is a fermionic operator in the strong sector which has definite transformation prop-
erties under the full global symmetry S O(5)D since the latter is restored in the UV. It follows
that we can formally uplift ¢z, to an incomplete representation of SO(5) (the so-called embed-
ding), g — Qr ~ ro, where ro is the SO(5) representation where the composite operator
lives. This raises the question of what embeddings should be chosen: limiting the analysis
to the top quark, one needs to specify those of g7, and tg.

In Section we worked out the details of the choice qr,tr ~ 59/3, and mentioned
that several other choices have been considered, for example qr,tr ~ 10y/3,145,3. The
choice of embedding has several consequences: most importantly, it fixes the structure of the
Higgs potential, which by assumption is generated only via loops of the elementary states, and
dominated by the fermionic contribution. Furthermore, the embedding also determines which
composite resonances are expected to be low-lying: for example, in MCHM;5 we expect two
SO(4) multiplets of resonances to be present, 45,3 and 15,3, which amounts to three states
with electric charge equal to 2/3, one bottom-like state and one ‘exotic’ fermion with charge
Q =5/3. In MCHMy4 we expect in addition a 95 /3, which contains among others one exotic
fermion with electric charge 8/3 and one with @ = —4/3. The spectrum of resonances is
important not only for the study of their on-shell production at the LHC, but also for assessing
the compatibility of the theory with EWPT, since loops of the new fermions contribute to
the electroweak observables, in particular to the T parameter and to the Z-b-b coupling.

In addition, the relatively small value of the Higgs mass implies that at least some of
the fermionic resonances should be light, roughly below 1= 1.5 TeV for a strong sector scale
f < 800 GeV, which corresponds to a naive fine-tuning of ~ 10%. This ‘light resonance
connection’ was quantitatively established for MCHMj5 in Section see Eq. for
f = 800 GeV, at least one SO(4) multiplet of resonances must be ligher than 1.2 TeV.

!We concentrate on the minimal coset SO(5)/SO(4) in this chapter.
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It follows that the LHC has the potential to fully explore the region of masses where the
heavy fermions should be found, thus confirming or confuting in a robust way the idea
of compositeness as a natural solution to the hierarchy problem. Therefore LHC searches
for heavy vector-like fermions should be regarded as crucial: in this sense, light fermionic
resonances in composite Higgs play a role not dissimilar to that of light stops in the context
of natural SUSY. Heavy vector-like quarks are a generic prediction of composite models, and
their LHC phenomenology has been subject to thorough studies in the literature [123-128],
also including the effects of the heavy partner for the gluon [129], which is expected in theories
with partial compositeness (see Chapter @

In the following we will focus on the fermionic resonances that appear in MCHMs5, as
described by Eq. (with y'L? r =0). We will discuss first the bounds from EW precision

measurementsﬂ and subsequently the LHC phenomenology.

5.1 Constraints from EWPT

The strongest experimental constraints on composite Higgs models still come from the elec-
troweak precision measurements at the Z pole mass at LEP. A convenient description of
LEP precision data is given in terms of the parameters €1, €2, €3 and ¢, |[130]. In MCHMs3,
three BSM contributions to the e¢ parameters arise. The first effect is due to the modified
hVV coupling (V = W, Z), which in the MCHM is rescaled by a = /1 — €. This induces a
logarithmically divergent contribution to the oblique parameters T and .S, or equivalently to
€1 and €3, see Eq. . We assume the divergence to be cut off by the mass m, of the first
composite vector resonance, obtaining

At = TIR — log At = §IR — — 5.2
1 87T g mhv 3 24 5 g ( )
“w
The second effect is the tree-level contribution of spin-1 resonances to the S parameter.
Assuming for definiteness that the leading contribution comes from one vector p and one
axial-vector aq resonance, we find

2 m2
AV =W (1 + ,j) =1.36 mV;’ : (5.3)
m, m, my

where in the second equality we have used the relation m,, /m, = 5/3, which holds in the five-
dimensional realization of the model |18]. The third and last contribution to EW precision
parameters comes from the top partners, which contribute at one loop both to T" and to the
Z-b-b vertex, i.e. respectively to €; and €, [30-32,/131]. Computing the precise value of these
contributions requires the numerical diagonalization of the mass matrix of the top quark and
its partners, which depends on the parameters Ay, Ay, M, y and f. The constraint that
the top mass matches the measured value m; = 173.3 GeV allows, however, to express the
corrections to €1 and ¢, in terms of four dimensionless parameters,

AeFmmions — f1 (€ ér, ¢r, R), Aefermions — (¢ dr. dr, R), (5.4)

where &, ¢r, ¢r were defined previously, and R = (M +yf) /M = my/my is the ratio of
the composite masses (before mixing with elementary states). The function f; is computed

2See also Ref. [69] for a very recent discussion of EWPT in the MCHMj.
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Figure 5.1: Physical mass spectrum of the resonances for a sample of points passing the
electroweak precision tests, as a function of the left-handed top compositeness for £ = 0.25
(left) and £ = 0.1 (right). The blue points are top-like fermions (charge +2/3), the green
points are bottom-like (charge —1/3), and the red ones correspond to the exotic X (charge
+5/3). Gray points are excluded by present collider constraints.

exactly at one loop, while for f; only the longitudinal polarizations of the gauge bosons
are taken into account in the loop. The values obtained in this way are consistent with
the full one-loop result of Ref. . The agreement of the model with experimental data
is then assessed through a x? test, described in detail in App. The latest electroweak
precision data are used, including the 2012 update of the W mass. Fixing the Higgs mass to
myp, = 125 GeV, the model is completely determined by the five parameters &, ¢r, ¢r, R and
m,. After setting £ to one of the two benchmark values we chose, namely £ = 0.1 or 0.25, we
performed a scan in the parameter set (¢r, ¢r, R) and retained only the points which fulfill
the constraints from EWPT. By this we mean that there exists a value of m, € [1.5 TeV, 4r f]
such that the configuration (£, ¢r., ¢r, R, m,) passes EWPT at 99% CL.

In Fig. the spectrum of resonances is shown for a sample of points passing the EWPT.
The green points correspond to B, the red ones to X5/3, and the blue points for each set of
parameters denote the top partners 7', X2/3 and T, which cannot be properly distinguished
one from another once the rotation to the physical basis is performed. At leading order in
v/ f, however, composite fermions within an electroweak doublet have the same mass, so the
green points describe approximately the mass of the (7', B) doublet and the red ones the mass
of the (X5/3, Xy/3) doublet. The blue points far from the red and green regions in Fig. can
therefore be interpreted as singlets T. As can be seen clearly in the case of & = 0.25, there
are two distinct regions of the parameter space compatible with EWPT where in addition
at least one multiplet of resonances is light, as it is needed in order to have a light enough

Higgs (see Fig. [2.1)):

1. The first region corresponds to low values of the left-handed top compositeness param-
eter sin ¢y, |°l In this region the lightest top partner is typically the singlet T, whereas
the states in the 45 /5 ~ (2,2),/3 are heavier than 1.5 TeV and essentially decoupled. As
discussed in Refs. [31,[32], in this case the behavior of the EW observables is relatively
easy to understand: the light singlet contributes positively to T' , thus helping
to compensate the IR and UV contributions of Egs. . However, the contribu-

3Note that tz must then be largely composite in order to yield the correct top mass.
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tion to T is strongly correlated to the (also positive) contribution to €, resulting in a
delicate compromise between the two constraints.

2. The second region corresponds to large values of sin ¢r, for which the top-bottom left-
handed doublet becomes fully composite. In this second region, the ‘custodian’ doublet
X is very light, having a mass below a TeV, and the ‘exotic’ Xj5,3 turns out to be the
lightest new fermion in the theory. In this case, agreement with EWPT is achieved
through a rather involved interplay of different contributions, we refer the reader to
Refs. [31,132] for a discussion.

5.2 Collider phenomenology of top partners

Since the resonances have masses much larger than the weak scale, My > my , when
describing their on-shell interactions it is convenient to apply the Goldstone Equivalence
Theorem, which is valid at energies F > my, . Making use of the expression of the ¥ field
in the R¢ gauge,

1 at4n- - —xt 0
2_?( Sx 1zl oo f), (5.5)
where we kept only the leading terms in the 1/f expansion, we extract from the ‘composite
Yukawa’ coupling the interactions between one heavy fermion and two SM particles,

SR

t - —
\%(h — mo)) Tr + yEXQ/?,L (7% —ih)tr +h.c.
+ LSRCLTL (h — iTrO) tR + ySRCLELtRﬂ'_ - ySRY5/3LtR7T+ + h.c. y (56)

V2

where we have already performed the rotations oc ¢ g that diagonalize the mass matrix
in the top sector for v — 0. In particular, from Eq. (5.6) we can read the leading order
branching ratios of the heavy fermions

Ly =ysicr <bL7T +

- 1 - ~ 1
BR(T = Wb) =_,  BR(T— 7t) = BR(T > ht) = |
1
1
BR(T - Zt) =BR(T ~ht) = 53 BR(B— W) = 1,

valid in the limit My > my,z,m;, . Looking first at top-like states, we see that T (which
transforms as a 15/3 under the unbroken SO(4) x U(1)x) decays ‘democratically’ into all
three allowed final states, namely Wb, Zt and ht, whereas T, Xy/3 € 45/3 do not decay (at
leading order in v/f ) into Wb. The exotic X5/3 and heavy bottom B decay instead into Wt
with branching ratio equal to one.

Let us now turn our attention to the production of the resonances at hadron colliders.
Firstly, being colored, the heavy fermions are produced in pairs via QCD interactions. The
cross section for the process o (pp, pp — 1)), where 1) stands for any of the heavy fermions,
only depends on the mass of 1. In order to make contact with the experimental searches,
we obtained the cross sections for QCD pair-production at approximate NNLO [132] at the
TeVatron and at the LHC at 7, 8 and 14 TeV, see Fig.
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Figure 5.2: Cross sections for QCD pair production of heavy fermions at approximate NNLO,
at the Tevatron and at the LHC at 7, 8 and 14 TeV energy. The cross sections were computed
using HATHOR [132] and MSTW2008 PDFs. [94]

In addition, the top partners can be singly produced through the electroweak interactions,
via the process qg — jiuf , where 1) is a resonance, j indicates a jet, and f = b,t: an EW
gauge boson V', emitted from the initial quark, scatters with either a bottom or a top coming
from the splitting of the initial gluon to form the resonance 1. Because of the lower kinematic
threshold, single production is expected to be relevant for intermediate and large resonance
masses [125]. Single production of a charge-2/3 resonance in association with a b quark
is especially large, due to the contribution from the collinear region in the gluon splitting.
Looking at Eq. we see that neglecting small effects due to EWSB, the only state which
couples to Wb is the singlet T'. In Ref. [128] it was shown that for typical values of the
parameters, the single production process gg — jTb dominates over pair production even
when the resonance is relatively light. However, current LHC searches are tailored to pair
production and turn out to be insensitive to single production in association with a b [128].
The ATLAS and CMS Collaborations will hopefully fill this gap in the very near future, by
performing searches for singly produced top partners. However for the purpose of estimating
the current bounds on the resonances, which is our next subject, it is sufficient to consider
pair production.

5.2.1 Constraints from TeVatron and LHC direct searches

As we already discussed, combining constraints from EWPT with the requirement of at least
one light multiplet of resonances (as it follows from the lightness of the Higgs) selects two
distinct regions of the parameter space of MCHM; , with very different features. Here we
analyze the constraints that can be derived in each case from searches for vector-like quarks
at the TeVatron and at the LHC:

1. In the first region (small sin¢y) the lightest top partner is typically the singlet T,
whereas the states in the 4,/3 are heavier than 1.5 TeV and thus essentially irrelevant
for LHC phenomenology, at least in first approximation. As we already discussed, the
singlet T' decays with sizable branching ratio into three different final states, namely
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Figure 5.3: A sample of parameters passing the y?-test of electroweak precision observables,
displaying the compositeness of the left-handed top versus the mass of the lightest top partner,
for £ = 0.25 (left) and £ = 0.1 (right). The points in gray do not pass the direct collider
constraints. Points in orange pass the present constraints but have been tested by the LHC
in the 8 TeV run.

Wb, Zt and ht. The most constraining LHC search is in the TT — WbWb final state
(1 or 2 leptons), which gives a boun(ﬂ my 2,400 GeV with 7 TeV data, see Fig. H

2. The second region corresponds to large values of sin ¢y, for which the left-handed
doublet g7, becomes fully composite. In this second region, the ‘custodian’ doublet X
is typically below a TeV, and the exotic state X5,3 is the lightest new fermion. As a
consequence, the most relevant LHC search is the one for X5 /375 /3 — WitWi. We note
that the analysis of the WtWt final state, although intended by the experiments to be a
search for heavy charge —1/3 quarks such as the B, applies straightforwardly also to the
X5/3, which decays into the same final stateﬁ The bound obtained is m x /a 2 610 GeV,

significantly stronger than the one on the singlet 7'. This is partly due to the fact that
the X553 decays into W with unity branching ratio, while BR(7" — Wb) ~1/2.

The bounds quoted so far were obtained from LHC data at 7 TeV. In Fig. we show
instead an estimate of the reach of the LHC with the full 8 TeV luminosity. Our estimate,
which is based only on pair production, was derived as follows. The increase in energy
enhances significantly the production cross section of heavy fermion pairs (see Fig. ; on
the other hand, the present exclusion limits quoted by ATLAS and CMS will be modified due
to the changes in the background and to the additional integrated luminosity. Backgrounds
in searches for top partners are dominated by ¢t production, which is increased by 42%

4The bounds quoted in this section were obtained in Ref. by combining the results of a number of
searches in various final states, performed by CDF, ATLAS and CMS. For brevity, in each case we only
mention the most relevant channel.

°In Fig. a thin region of parameter space in the range ms € [300,350] GeV is present, which is not
directly excluded. This happens because the TeVatron only has enough sensitivity to exclude top partners
below 300 GeV, while the most stringent LHC constraints start at 350 GeV.

5Note that the decay products of BB and X5 /3Y5 /3 would have different spatial configurations. For
example, same-sign leptons necessarily stem either from X5 /5 or from its antiparticle, while in the case of BB
production each of the same-sign leptons arises from a different heavy particle. However, since in the current
searches only basic cuts on single objects are applied, this kind of kinematic differences is expected to give
negligible effects on the exclusion limits. This was confirmed by Ref. .

80



when going from 7 to 8 TeV. The search strategies typically rely on a cut on the tf invariant
mass, whose distribution is not significantly affected by the increase in energy, as we explicitly
checked using MadGraph 5 [115]. The upper limit on the top partner production cross section
is therefore softened in the Gaussian approximation by a factor v/1.42 = 1.19. The larger
luminosity collected at 8 TeV is nevertheless tightening the limit on the cross section, lowering
it by a square root factor of the luminosity in every channel ﬂ The resulting constraints are
my 2,450 + 500 GeV and mx, /3 2 700 GeV for cases 1 and 2 discussed above, respectively.

At the time of completing this thesis, the ATLAS and CMS Collaborations have per-
formed several searches for heavy vector-like quarks based on the full 8 TeV luminosity. An
inclusive CMS search for pair-produced top-like resonances [133], where the Wb, Zt and ht
final states were all considered, yields for the singlet (whose branching ratios are approxi-
mately BR(Wb) ~ 2BR(Zt) ~ 2BR(ht) ~ 1/2, see Eq. (5.7)) the bound mj > 700 GeV.
Because all the relevant final states were considered in Ref. [133], this bound is significantly
stronger than our naive estimate, which was essentially based on a projection of the sensi-
tivity in the TT — WbWb channel only. On the other hand, a CMS search dedicated to
the X553 [134] yields the constraint my, ;5 > 770 GeV, in reasonable agreement with our
simple estimate. Thanks to the significantly higher energy, the next run of the LHC will
fully explore the natural region for the top partners.

"In the estimate of Fig. taken from Ref. [3], we assumed 15 fb~! as an educated guess of the size of
the 2012 dataset for each experiment.
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Chapter 6

Phenomenology of spin 1: heavy
vectors

This chapter is devoted to the phenomenology of spin-1 fields. In Section we sketch the
main features of heavy vectors in the context of partial compositeness: in a nutshell, detecting
these states constitutes a serious challenge for the LHC experiments, for two reasons. On
the one hand, EWPT suggest that they should be rather heavy (above 2 +2.5 TeV). On the
other hand, they couple weakly to light fermions, and furthermore they typically decay into
heavy SM states, such as W, Z and top.

Subsequently, following Ref. [1] we focus on one case, an SU(2)r-singlet W’. As we
explain in Sec. a resonance with these quantum numbers is weakly constrained, and
could thus be relatively light. In Sec.[6.3we present our model-independent parameterization,
based on an effective Lagrangian where no assumptions are made on the theoretical origin
of the heavy particle, and in particular no underlying BSM gauge symmetry is imposed. In
Sections and several aspects of the W’ phenomenology are studied, including EWPT,
low-energy observables, and Tevatron and LHC searches. We identify one parameter in our
effective Lagrangian, labeled §p, which plays a particularly interesting role. In fact this
parameter vanishes at tree level if the W’ is associated to a spontaneously broken gauge
symmetry, but can be nonzero for a generic composite vector. Since the partial decay width
for the decay W' — Wr is o 5%, we conclude that observation of this decay at the LHC
would constitute a signal of compositeness, and perform an estimate of the reach in this
channel.

6.1 Spin-1 resonances in partial compositeness

The key features of the physics of resonances in partial compositeness can be understood by
introducing a simplified ‘two-sector’ picture [45], which describes the SM fields along with
their first composite partners (or KK excitations, in the warped picture). This simple setup
has some limitations, in particular the Higgs is not explicitly introduced as a pNGB, but as
an ordinary scalar. As a consequence, the properties that follow from its Goldstone nature
are hidden [20]; however, this fact has no consequence on the broad characterization we
aim to perform here. The elementary vector fields are assumed to gauge an ‘elementary’
copy of the symmetry Gsm = SU(3). x SU(2)r, x U(1)y, labeled [Gsm]e. Since all the
elementary gauge bosons need to mix with a composite partner, we are forced to introduce
in the theory at least a set of heavy spin-1 fields transforming in the adjoint representation of
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a G'sm group. However, in order to protect the T' parameter the symmetry of the composite
sector needs to be enlarged to include custodial symmetry, the minimal choice being G =
SU(3)exSU(2), xSU(2)r xU(1)x , which we assume here. The spin-1 resonances are taken
to be the gauge bosons associated to the ‘composite’ symmetry group [G)emp. Notice that
the heavy vectors need not be associated with gauge symmetries. Relaxing this assumption
leads to a faster growth of scattering amplitudes at energies above the mass of the resonances,
but can also have interesting phenomenological consequences. We will discuss this point in
detail in Sec. in the concrete example of a W’ that we will not assume to be a gauge
boson. Here for simplicity we assume the heavy vectors to gauge [G]emp. The Higgs field
transforms as a bi-doublet under [SU(2)r, x SU(2)R]emp -

In order to gain some insight on the properties of the vector resonances, it is useful
to consider a simple toy model describing one up-type quark, by introducing only g; =
(ur,dr)” and ug as elementary fermions, and one multiplet of elementary gauge fields W;jl
(for definiteness, we will assume they are associated to the SU(2); gauge group), plus the
composite states they mix with. The Lagrangian reads

Lpe = — MoQQ — M UU + (AquQ R MO g + h.c.)

2
~YQLHUR +hc. + %m% (ﬁ;} - gg’jw;“) +|D,H? (6.1)
where Q = (U, D)7 and U are vector-like composite fermions, and p,, denotes the multiplet
of gauge bosons associated to [SU(2)r]emp. The composite gauge coupling is denoted g, ,
while the elementary one is ge ; by assumption g, > g E| Kinetic terms for fermion and
gauge fields are understood. The Higgs doublet H only couples to other composites, and its
tree-level potential is assumed to vanish as a consequence of the Goldstone symmetry. As
already remarked, the Goldstone nature of the Higgs is ‘hidden’ in this description, and in
particular the nonlinearities due to the sigma model are absent. The ‘composite Yukawa’
coupling Y is of the same order of g,, Y ~ g, > ge E|

The Lagrangian in Eq. respects a gauge symmetry, which will be identified with the
SM one. The corresponding (massless) gauge bosons, denoted simply by W, are found by
diagonalizing the mixing between p, and Wﬁl

: el
W) — ((cost - sinf) (W) ang = 920, (6.2)
Pu —sinf cos6 Pu 9p

2 _
=
The mixings in the fermionic sector are diagonalized by means of the rotations

o SM o SM

(5)- (=) () =) (). oo
QL sin ¢y cos¢r Q7 Ugr singpr  coso¢r Ugr

with mixing angles defined by tan¢r = A;/Mq and tan¢r = A,/My. We have now all

the ingredients needed to write down the couplings of the physical p resonances to the SM

which also gives m m% / cos? 0. The SM gauge coupling is identified with g = 9pGel/ gg + ggl .

'The mass terms for the gauge fields might look unfamiliar, however it is easy to realize that this is the
form one obtains if the [SU(2)r]er X [SU(2)L]emp is broken down to the diagonal at scale f =m,/g, .
2Notice that for simplicity we assumed the composite sector Lagrangian to be invariant under parity.
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fermions, which play a crucial role in the phenomenology: the fermion kinetic terms in the
original Lagrangian contained interactions of the form

~ Ga@r " ot W + g,Q " 0" QL B (6.4)

because, as we already stated, the elementary fermions were taken to transform under an
‘elementary’ SU(2) 1 , whereas the composite fermions transform under a ‘composite’ copy of
the same group. In the physical basis, these interactions can be rewritten as

g (cotan 0 sin ¢ — tan 6 cos %) P Mot (6.5)
The first term in Eq. (6.5 is proportional to the degree of compositeness of the fermion,

whereas the second term arises from the W¢-j mixing. In addition, the mass of the SM

fermion reads v

\/5 )
with v ~ 246 GeV. From Eq. we read that the degree of compositeness of light
fermions is very small: it follows that the coupling of the p to light generations in Eq.
is ~ gtan® ~ g¢*/g,, which is parametrically smaller than the SM coupling by a factor
9/g, - As a consequence, the Drell-Yan process ¢q¢ — p, which is the main production mech-
anism for vectors at hadron colliders, is suppressed. On the other hand, the coupling of
the resonances to third-generation quarks, which have a sizable degree of compositeness,
is ~ gcotanf sin® ¢y ~ 9p sin? ¢;, and dominates over the coupling to light fermions. In
addition, the p couples strongly to the components of the Higgs doublet, i.e. to the longitu-
dinal polarizations of W and Z and the physical Higgs boson: the kinetic term of the Higgs
contains a coupling

my, =Y sin¢r sin ¢r (6.6)

a a —
goppiH - 0"H  —  geotanpliH' T 0" H, (6.7)

where the second expression is written in the physical basis. Using the Goldstone Equivalence
Theorem we thus obtain that the resonance couples with strength gcotan6 ~ g, to WLi, 49
and h. We conclude that the main decay channels of the vector resonances are to scalars
and heavy fermions. For example, the electrically neutral p° will decay to W; W, Zph, tt,
whereas the largest branching fractions of the electrically charged p™ are expected to be into
WE Zr, Wzr h, tb. The large coupling of the resonances to Wy, and Zr,, together with the
suppression of DY, suggests that production of the resonances via vector boson fusion could
become important. The production cross sections of the p at the LHC are shown in Fig. [6.1
taken from Ref. [135]. Indeed we see that in the high mass region m, 2 2 TeV, which as
we will see is favored by EWPT, DY is comparable to vector boson fusionﬂ In summary,
the spin-1 resonances that appear in partial compositeness have relatively small production
cross sections and decay mostly to heavy SM particles.

Another crucial piece of information comes from EWPT, which constrain the resonances
to be heavier than approximately 2.5 TeV. This is mostly due to the tree-level corrections to
the S parameter generated by heavy vectors. Generically, the T" parameter is also affected at
tree-level by spin-1 states, however if a custodial symmetry is imposed on the strong sector,
as we assumed, then the total tree-level contribution to 71" exactly vanishes. By contrast, no

3Notice, however, that in Ref. [136] the vector boson fusion cross section is found to be much smaller than
the DY one, see their Fig. 4(b). The reason for this difference needs to be investigated.
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Figure 6.1: Production cross sections for the p vectors at the LHC7 (left) and LHC14 (right).
pp — p indicates Drell-Yan production, whereas pp — pjj corresponds to vector boson fusion
and pp — pV to production in association with a V' =W, Z. Solid (dashed) lines correpond
to the neutral (charged) resonance. Taken from Ref. [135].

symmetry is known that can protect S'. It is instructive to compute explicitly the contribution
to S given by the p resonance we considered above. The relevant terms in the Lagrangian
are, in the original basis of Eq. (6.1)), E|

1 1
Ly == 1pwp™ "+ 5m; (ﬁﬁ - ijﬁla) * lgpPaHT “oH (6.8)

which we rewrite as

1
L;= 4ﬁﬁyﬁ“”a+ —m3 pup““—l—paJ"a+ 2m~gel Wel“W““ (6.9)
9o
I = 9pdr — ,%g wete, JHM—zHT o
o

We now proceed to integrate out the resonance. The equations of motion for p derived from
Eq. can be readily solved, obtaining (in momentum space)ﬂ

. 1 e g 1
e p—  p— Tk By (LN R R e A 6.10
Pu= g %<gu %> ( 7 %(quq q"9u )) ; (6.10)

where in the last expression we retained only the first two terms in an expansion in ¢2/ m%.

4To simplify the computation, in the expression of the coupling of the j to the Higgs current we simply
take the 0,, part instead of the full covariant derivative. We will restore explicit gauge invariance at the end.
5We neglected nonlinear terms in j in the equations of motion.
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Substituting back, we obtain the effective Lagrangian

v y 1, g2
Leg = =5 %Ja,]ua o g'q” — ¢ g" )J¢ + §m% ?ZZWEZQWQ“
M5 H 2

1 92 1
- Q%W Gty = )W + g Wi T = —ga T, (d"a" = a*¢" )W +
p p
(6.11)

where in the second line the dots stand for terms of dimension 6 or higher that are not relevant
for the current discussion. The first term in the second line of Eq. is a correction to
the kinetic term of W,;, and it adds to the canonical term that was already present in the
Lagrangian of the elementary sector. It follows that W,; is made canonical by the redefinition

9p
\/ 93+ 92

Applying this transformation to Eq. (6.11]) and going back to position space, we find (recall
that g cos@ = g)

Wi — WH = cos§ WH. (6.12)

1
Log = = WH W, +gW%HT (HT aa“H> dWH e (6.13)
p

where WH#”% contains only the terms linear in W# . At this point we can use the fact that
the effective Lagrangian must respect the SM gauge symmetry, and make the replacement
Oy — D, everywhere. The second term in Eq. is of dimension 4, it couples the
SM gauge field W, to the correspondlng Higgs current and is part of the kinetic term of
H in the low—energy theory, |D,H | , where the covariant derivative is now defined with
respect to the SM gauge group. The third term is the one relevant for S: in the SILH
basis [57] it corresponds to the operator Oy, with coefficient ey = 1 (see Sec. [3.4]). Using

m% = m,% cos? f ~ m,% , we find from Eq. (3.31))

S, =W (6.14)

which is our desired result. In a complete model, an analogous contribution will come from
the resonances associated to the [SU(2)r X U(1) x|emp invariance of the strong sector, which
is necessary to guarantee custodial protection. Assuming all resonances to have roughly the
same mass, the total contribution to S is simply given by twice Eq. (| - [45]. Requiring
that S < 2.3 x 1073 (as demanded by LEP data at 99% CL) we find m, > 2.3 TeV.

The lower bound from the S parameter, combined with the small production cross sections
and the preferred decay into heavy SM states, makes the discovery of spin-1 resonances chal-
lenging: detailed studies have shown that the composite (or KK) vectors with EW quantum
numbers can be discovered at the LHC if their mass is smaller than about 3 TeV [136,/137].
The prospects are slightly better for the partners of the gluons, which have larger couplings
to light fermions compared to the partners of EW gauge bosons, if a common mass scale for
the resonances is assumed (this is simply due to gs > ¢g). It has been shown that the decay
of KK gluons into tf can be discovered at the LHC for resonance masses up to approximately
4 TeV |138]. In all cases the decay products of resonances are expected to be highly boosted
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and thus difficult to separate from the QCD background. The application of jet substruc-
ture techniques is therefore of crucial importance, and could allow the LHC experiments to
improve significantly the reach on spin-1 vectors in partial compositeness. For a review of
recent developments in the field of jet substructure, see Ref. [139).

So far we have described the general features that spin-1 resonances are expected to
display in models with partial compositeness (or equivalently in warped compactifications,
according to AdS/CFT). However, when studying the phenomenology it is very useful to take
an approach as model-independent as possible, and leave open the possibility of deviations
from the expected patterns. The most convenient way to proceed is to write down the most
general effective Lagrangian describing interactions of the new state with the SM fields and
invariant under the SM gauge symmetry (see, e.g., Refs. [140,|141]). Once the representation
in which the extra state transforms is specified, the Lagrangian is fully determined by a set
of free parameters, namely the mass of the heavy state and its couplings to the SM particles.
A specific gauge model, in which the vector is the gauge boson associated with an extra
symmetry, can then be recovered by taking some special values of these free parameters.
In Ref. [1] we applied this model-independent approach to a color-neutral resonance with
electric charge @ = 1, commonly called a W’. In the rest of this chapter we summarize and
partially update the results of that work.

6.2 A weakly constrained 1/': motivations and introduction

We apply an effective approach to study the LHC phenomenology of a W’ transforming in
the representation
(1,1), (6.15)

under the SM gauge symmetry Gy, where the notation (SU(3)., SU(2)1,)y has been adopted.
Our approach is similar to that of Ref. [141], where however the focus was on computing con-
straints from electroweak data. In Ref. [141], bounds from EWPT were discussed for all the
irreducible representations of GGgy which can have linear and renormalizable couplings to
SM fields. There it was shown that the only such representations containing a color-singlet
W' coupled to the SM fermions, in addition to that in Eq. (6.15)), are (1,3)o and (1, 2)_3/5-
The (1,2)_3 /2 multiplet does not have any renormalizable coupling to quarks or gluons, and
as a consequence its production at the LHC would be very suppressed: therefore, we do
not discuss it any further. The two remaining representations, (1,1); and (1,3), are both
present in many explicit models, and in particular they both appear in the partial compos-
iteness picture that was discussed in the previous section. Our choice to discuss the (1,1);
is motivated by the fact that in this case we can add to the SM only a charged resonance,
without any associated neutral state. This is in contrast with the SU(2)r, triplet (1,3)p: in
the latter case the W’ and Z’ masses are degenerate, apart from corrections proportional to
v, and as a result the strong bounds from neutral currents (including LEP2 data on four-
fermion operators) apply also to the W', pushing its mass well into the TeV range unless its
couplings to leptons are very small. On the other hand the isospin-singlet W', because its
only couplings to leptons arise through W-W' mixing and are therefore strongly suppressedﬂ
is only constrained by hadronic processes (except for the oblique T' parameter), making this
type of resonance relatively weakly constrained.

5Since we only consider the SM field content, we do not include right-handed neutrinos; or, equivalently
for our purposes, we assume them to be heavier than the W', so that the decay W’ — £rv% is forbidden.
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We note that the isospin-singlet W’ also appears in ‘left-right’ (LR) extensions of the
SM [142], based on the SU(2)r, x SU(2)r x U(1)x gauge symmetry, together with a neutral
7' which is a complete singlet under Ggy; . The mass splitting between the W’ and Z’ can be
large, without violating EWPT constraints, if one takes gx > gr, where gx and ggr are the
couplings of U(1)x and of SU(2)g, respectively [143,|144]. If my» < my/, constraints from
the Z’ become negligible and in first approximation one can study the phenomenology of the
W’ only, by using an effective theory for a (1,1); state. While the partial compositeness
picture and LR models provide specific examples of W’ that are described by the effective
theory we consider, we stress that our approach is completely general and encompasses any
composite state, whose properties could depart significantly from those of a gauge boson.

The outline of our discussion is as follows. After introducing the effective Lagrangian in
Sec. we briefly review in Sec. the pre-LHC constraints on the parameter space of
the model. Then we move to an analysis of the LHC phenomenology, which is the subject
of Sec. We discuss first the prospects to discover the W’ in the dijet channel, which,
together with the tb final state, is the main avenue to look for the ‘leptophobic’ W' we are
studying. Then we point out that the subleading decay W’ — W is particularly interesting,
since it is extremely suppressed if the W’ is a gauge boson. This implies that observation of
resonant production of a W and a photon at the LHC would point to a composite resonance.
In this light, we discuss the LHC reach in the W’ — W+ final state. We also present the
prospects for observing W/ — W Z at the early LHC, and compare the reach in this channel
to that in the W+ final state. For other related work on the phenomenology of a W’ at the
LHC, see Refs. [145-147].

6.3 Effective Lagrangian

We consider, in addition to the SM field content, a complex spin-1 state transforming as
a singlet under color and weak isospin, and with hypercharge equal to unity, according to
Eq. . The resonance is therefore electrically charged, with unit charge. We do not
make any assumption on the theoretical origin of the extra state, and in particular we do
not assume it to be a gauge boson associated with an extended gauge symmetry. Taking
a model-independent approach, we write down all the renormalizable interactions between
the new vector and the SM fields which are allowed by the SU(3). x SU(2)r, x U(1)y gauge
symmetry. Higher-dimensional operators would be suppressed with respect to renormalizable
ones by the cut-off of the theory; we neglect them in our analysis. Within this framework,
we write down the Lagrangian

L=Lsy+Ly+Lyv_sm, (6.16)
where Lgps is the SM Lagrangian, and|Z|
Ly =D,V D'V — DV,  DFV* + MV TV,
2
g _ y _
- ?4\H]2V+“Vu +ig' (1= 0p) BV, IV, (6.17)

Ya_
V2
"To be general, we should also include the operators Vlf VTV V™" and Vij“VJLV*”; however, these

operators only contribute to quartic interactions of vectors and can thus be neglected for the scope of this
study. On the other hand, a cubic self-interaction of V), is forbidden by gauge invariance.

Lv_sypy = VrH <’L'gHHJr(Duﬁ) + (VR)U’LLZR’)/#CH‘%> + h.c., (6.18)
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where we have denoted the extra state with Vﬂi, and defined H = ioo H*. We remark that we
have not introduced right-handed neutrinos, in order to avoid making any further assumptions
about the underlying model. The coupling of V), to left-handed fermionic currents is forbidden
by gauge invariance. The covariant derivative is referred to the SM gauge group: for a generic
field X, neglecting color we simply have

DyX = 0,X —igT*WiX —ig'Y B, X, (6.19)

where T'* are the generators of the SU(2), representation where X' lives, and we have denoted
the SU(2)1 gauge bosons with a hat, to make explicit that they are gauge (and not mass)
eigenstates. In fact, upon electroweak symmetry breaking the coupling gz generates a mass
mixing between Wui and V“i. This mixing is rotated away by introducing the mass eigenstates

W cosf  sinf\ (W
B = A . By 6.20
<W/ﬁ> (— sinf  cos 9) <V/j'> (6.20)

The expression of the mixing angle is

. 2A?
w
where - ) -
2 gV o gHgUV 2 _ a2, 94
m =L Ao M2 =82+ 1 (6.22)

2v2 4
We assume that Eq. is written in the mass eigenstate basis for fermions. We have
written the heavy vector mass explicitly: the details of the mass generation mechanism
will not affect our phenomenological study, as long as additional degrees of freedom possibly
associated with such mechanism are heavy enough. We assume that the standard redefinition
of the phases of the quark fields has already been done in Lgps, thus leaving only one C P-
violating phase in the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix Vogas. The
right-handed mixing matrix Vi does not need to be unitary in the framework we adopt here:
it is in general a complex 3 x 3 matrix. This is a relevant difference with respect to LR
models, where Vi must be unitary as a consequence of the gauging of SU(2)r. We normalize
gq in such a way that |det(Vg)| = 1 (a generalization of this condition can be applied if Vg
has determinant zero).

In the mass eigenstate basis both for spin-1/2 and spin-1 fields, the charged current
interactions for quarks read:

Ll =w/ T’ (Y'vij + P ysaig) &+ w,* X (v vij + M sai;) & + h.c., (6.23)

where u', d are Dirac fermions, and the couplings have the expressions

vij = (gq siné(VR)ij + gcosé(VCKM)ij) ,

[\
SH
[\

aij = gqsme VR)ij —gc0s9 Verm)i

é VR ” +981n9 VCKM ”

7 i)
(gqc —gsm& Vorxm ”)
7 (00 )

%\ %\%
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We note that in general, g7 is a complex parameter: for example, it is complex in LR models,
see Eq. . However, the transformation gy — gge @ (with a an arbitrary phase) on
the Lagrangian only results, after diagonalization of W-W’ mixing, in Vg — €'*Vp,
therefore its effects are negligible for our scopes. Thus for simplicity we take gz to be real.
The charged current interactions for leptons have the form

¢ 5 9 —i j 49 i i
L. = WJ CoS 9—21/},7“62 — W;ﬁ sin —=v7 e} . (6.24)

V3 V2
The trilinear couplings involving the W', the W and the Higgs and the W’ and two SM gauge
bosons read

(Lo a6 9HO a5 oh 014 ]
Lwiwn = [ 59 sin # cos 6 + ﬂ(cos 0 —sin“0) + 5 sin 6 cos
x vh (WHHW, ™ + W™ HW, ), (6.25a)

Ly = —iedp sin 6 cos éFW(W+“W’7” + WYY (6.25b)
Lwiwz = isinécosé[(g cos 0, + ¢’ sin Gw)(W_“W,ﬁ:[ + W’_“W,L - W"“‘WV_M

— WHRW)ZY — (g cos by + g sin 0, (1 — 65)) (WHHW' =Y 4 W/ Hry—") Z,W} ,
(6.25¢)

where 6,, is the weak mixing angle. Partial widths for decays into two-body final states are
collected in App. A of Ref. [1] ﬂ In summary, in addition to the W’ mass, four couplings
appear in our phenomenological Lagrangian: g,, g (or equivalently the W-WW' mixing angle
é), 53 and gq4.

We conclude this section by commenting on the expected size of the couplings in concrete
realizations of our effective theory. In partial compositeness the coupling of spin-1 resonances
to light quarks (in our language this is given, for example, by (V)11 X gq) is expected to
be small, because the latter are mostly elementary statesﬂ Nevertheless, in models where
the strong sector is assumed to be flavor-symmetric, so that MFV can be implemented [59],
one of the chiralities of all SM quarks needs to be sizably composite and thus significantly
coupled to the resonances. On the other hand, regardless of the flavor structure the coupling
of the W' to heavy SM fermions ((Vzr)ss X gq) and to longitudinal W, Z and to the Higgs
(gm) is expected to be large, typically leading to sizable branching ratios for the decays
W' — tb, WZ, Wh.

Our framework also describes the low energy limit of a LR mode]@, provided the following
identifications are made (see App. C of Ref. [1] for the notation)

IX9R kk/efial
9=49L; g’:ﬁ’ 99 = 9R 9H=—2\/§QRT,
\VIx T 9r
. G202
op=0, gi=gk, MP=SEE, 0t =2(k 4K, (6.26)

8The correspondence with the notation of Ref. isép=14cs.

9Notice that because the SM does not contain any gauge boson with the quantum numbers of the iso-singlet
W', in partial compositeness the latter does not mix with any elementary state in the limit of unbroken EW
symmetry. It follows that the coupling of the resonance to light fermions is entirely proportional to their
degree of compositeness. In other words, the analog of the second term in Eq. is absent.

0Here we are assuming the Z’ to be sufficiently heavier than the W’, and neglecting effects coming from
the different scalar spectrum.
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Notice that g = 0 is not special of LR models, but rather holds at tree level in any theory
where the W’ is a gauge boson. This makes the W/-W-v coupling in Eq. especially
interesting, as we will discuss below.

Finally, we wish to mention that ¢-channel exchange of a W' was proposed [148] as an
explanation of the anomaly in the forward-backward asymmetry of ¢ pairs (A% ;) observed by
the Tevatron experiments. To solve the puzzle, the W’ should couple only to ¢ and d quarks:
for example, in Refs. [149] it was shown that the observed asymmetry can be reproduced
with the introduction of a right-handed W’ with mass in the range 200 <+ 600 GeV, and
coupling W'-t-d of magnitude 0.85 + 2.1. Such W' is described by our framework, where
the right-handed mixing matrix does not need to be unitary, and as a consequence it can
accommodate a large W’-t-d coupling, while having the remaining entries tuned to evade,
e.g., the strong bounds coming from meson mixing.

6.4 Pre-LHC bounds

6.4.1 Indirect bounds

The indirect bounds on the couplings that appear in our Lagrangian can be summarized as
follows:

e The main indirect constraints on g, come from AF = 2 transitions. K-meson mixing
gives the strongest bound, which however is very sensitive to the assumed form for
the right-handed quark mixing matrix Vi (we remark that Vi does not need to be
unitary in our effective approach). It was shown in Ref. [150] that for some special
choices of Vi the constraint from K mixing is weakened significantly. We choose for
our phenomenological analysis the least constrained of these special forms, namely

Vel =13, (6.27)
for which the bound reads at 90% CL [150]

My > 99300 GeV. (6.28)
g

We note that in specific models, the bound can be much stronger: for example, if a
discrete symmetry (P or C') relating the left and right sectors is imposed in LR models,
then the bound reads approximately My > (2—3) TeV [151]. This happens because
the discrete symmetry forces Vi to be close to Vog s, implying a mixing of the order
of the Cabibbo angle between the first two generations. The bound in Eq. is
negligible with respect to the constraints coming from Tevatron direct searches (see the
next paragraph). Also notice that, as discussed in Ref. [150], this bound still holds if
each (Vg);; is varied of € = 0.01 from its central value, so that extreme fine tuning is
avoided. In addition, the form in Eq. automatically satisfies constraints from B
mixing.

e 0 is constrained by the electroweak T parameter and by u — d,s transitions. The
W-W' mixing generated by Eq. (6.18) breaks custodial symmetry and gives rise to a
tree-level, negative contribution to 7'. We find

A A?
Ty = —
2012
M-=m=.

— ‘QMH‘ <0.17Tev (6.29)
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at 95% C We can translate the constraint on |gz /M| into an upper bound on 6: the
resulting limit becomes stronger when the mass of the W’ is increased, and varies from
0] < 8x 1073 for My = 300GeV to |6] <1x 1073 for My =2 TeV. An independent
bound on the mixing angle 6 comes from the precise low-energy measurement of u — d
and u — s transitions (i.e. from the measurements of the corresponding entries of
the CKM matrix). Integrating out both the W and the W', we obtain a four-fermion
effective Lagrangian that can be used to compute constraints from such measurements.
The operators relevant to semileptonic processes, which give the strongest bounds, are
4G F _ 7 0
Leg=——=uv"|(1+er)VormPr + eRVRPR] d(lryuvy) + hee., (6.30)

V2

where, neglecting O(v*/M},,) terms, e;, = 0 and e = g, 0/g. In Ref. [152] the bound
€R Re(Vﬁd) = (0.1£1.3) x 1073 was obtained, which assuming small C'P phases implies
at 95% CL

—2x 1073 < erVET <3 x 1073, (6.31)

On the other hand, such bound is strongly relaxed if C'P phases in VR are large: in the
limit where the phases are maximal, only a milder second-order constraint survives,
leading (assuming V34 & 1) roughly to |eg| < 1072+ 1 as discussed in Ref. [150].

e The parameter dp is weakly constrained by Trilinear Gauge Couplings (TGC). The
WWVy vertex (Vo = v, Z) can be described, assuming C' and P conservation, by an
effective Lagrangian containing 6 parameters (see for example Ref. [153]):

. _ _ _ AV, _

LY = igwwy |10V (W W =W W ™)k W W Vi + S v wew, |
w
where gww, = e, gwwz = gcos b, and the SM values of the parameters are given by
g'ly’Z = kyz = land A\, z = 0. Assuming SU(2);, x U(1)y gauge invariance reduces the
number of independent parameters to three, which can be taken to be Aglz = glz —1,
Ak, = ky—1, and \,. In the case under discussion, the expressions of these parameters
read

Agé = —sin?0(1 +tan?0,,), Ak, =—sin?665, A\, =0. (6.32)

Thus we can use the fits to LEP2 data, performed by the LEP experiments letting
Ag?, Ak, free to vary while keeping fixed A, = 0, to constrain the values of our model
parameters (85, 6). By combining this limit with the upper bound on the mixing angle
0 presented in the previous subsection, we can in principle constrain dg. However,
since as discussed above the mixing angle is required to be very small, in practice
TGC constrain only extremely weakly the value of 5. For example, using the analysis
performed by the DELPHI Collaboration |154], we find that even considering a very
large mixing angle \é] ~ 107!, the wide range —19 < 6 < 12 is allowed by TGC
measurements at 95% CL.

e g, is essentially unconstrained, and it plays a marginal role in our analysis: it only
affects (in a subleading way) the partial width for the decay W' — Wh, see Eq. (6.25al).

" The bound quoted here was obtained using the EW fit in Appendix [B| It is slightly less stringent than
the one given in Ref. [1], which read |gu /M| < 0.12TeV~".
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Figure 6.2: (Left panel) W’ width over mass ratio as a function of g,/g for negligible mixing,
0 ~ 0, for My = 300 GeV (dashed, red) and 1.5 TeV (blue). (Right panel) Branching ratios
of the W’ as a function of its mass, for the following choice of the remaining parameters:
99 = 9, 6 =103, 65 = —2, g4 = ¢g. From top to bottom: ud, tb, WZ, Wh, W, lv (the
latter includes all the three lepton families).

6.4.2 Tevatron bounds

Data collected by the CDF and DO experiments at the Tevatron in the dijet and tb final
stateﬁ can be used to set an upper limit on the coupling to quarks of the W' as a function
of its mass. In this section, we assume negligible W-W’ mixing, 6 ~ 0, so the only relevant
parameters are the W’ mass and the coupling g4, and we obtain an upper bound on g, as a
function of Myy. If W-W’ mixing happens to be sizable, then the branching ratio into quarks
is reduced, and the upper bound on g, gets relaxed accordingly. For instance, taking the
relatively large value 6 = 1072, the upper bound on g, is relaxed by approximately 10% for
My 2 1 TeV, and less for lighter W’. The dependence of the ratio I'yy/ /My, on the coupling
gq is plotted in the left panel of Fig. while the branching ratios as functions of My are
shown in the right panel of the same figure, for representative values of the parameters.

e Searches for resonances in the invariant mass spectrum of dijet events at CDF and DO
are sensitive to the W’ we are discussing, which decays into quarks with branching
ratio close to unity. The most recent dijet search, based on 1.13 fb~! of data, has
been performed by the CDF Collaboration [155]. Since no discrepancy with the SM
prediction was observed, upper limits on the product o(pp — W' — jj) x A, where
A is the geometrical acceptance for having both jets with |y| < 1, have been set in
Ref. |155] for several types of resonance, including a W’. Therefore, we can compute
o(pp — W' — jj) x A using our phenomenological Lagrangian, and extract an upper
bound on g, for each value of My, which is reported in the left panel of Fig. 6.3
We compute cross sections at Leading Order (LO), using the CalcHEP matrix element
generator [156], and make use of the CTEQ6L set of parton distribution functions [116].

The acceptance A is 36% at My, = 300 GeV, reaches a maximum of 51% for My, ~ 800
GeV, and decreases for larger masses, being 34% at 1.4 TeV. The decreasing behavior
of the acceptance at high resonance masses is due to a threshold effect: for a W' mass
around 1TeV and above (that is, close to the kinematic limit of the Tevatron, which
had a center of mass energy of 1.96 TeV), the probability that the on-shell production

2By tb we will always mean the sum tb + #b.
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condition x1zo ~ MI%V, /s is satisfied is so small that the off-shell contribution to the
pp — W' — jj cross section becomes relevant, making the acceptance behave differently
from what we would naively expect for an on-shell production mechanism. As discussed
in detail in Ref. [1], for My 2 800 GeV the Narrow Width Approximation (NWA) is
not reliable anymore, so we take into account off-shell effects when computing our limits
at high masses.

The method we used to compute limits is valid for a resonance width smaller than the
dijet energy resolution, which for the CDF experiment is of the order of 10% of the
dijet mass. The W' we are studying has a width of ~ 10% of its mass for g, ~ 2g;
for larger couplings, the resonance width cannot be neglected, and the analysis would
need to be corrected for this effect.

e Another final state which is relevant to our model is tb. The CDF and D0 Collaborations
have searched for narrow resonances decaying into tb, with the W coming from the top
decaying into a lepton and missing transverse energy. The most recent search is from
DO, based on 2.3 fb~! of data [157], and gives as result an upper limit on o (pp — W’ —
tb). Therefore we compute the latter quantity using our phenomenological Lagrangian,
and extract an upper bound on g, for each value of the W’ mass, which is shown in the
left panel of Fig. [6.3] Similarly to what happened for the dijet final state, also in the
th channel threshold effects become relevant for My = 800 GeV, and correspondingly
the NWA cannot be trusted.

6.5 LHC phenomenology

6.5.1 Dijet final state

Here we outline our strategy for estimating the reach of LHC dijet searcheﬁ on the W’.
Following CMS [159], we assume kinematic cuts on the pseudorapidity |n| < 2.5 of each jet,
and on the pseudorapidity difference |An| < 1.3. For values of My between 300 GeV and 2.6
TeV, in intervals of 100 GeV, we compute as a function of the coupling g, the integral of the
signal differential invariant mass distribution dog/dMj; over the region Mj; > My (1—¢€/2),
and compare the result with the integral of the background distribution over the same range,
to obtain 95% CL exclusion contours in the (M, g,/g) plane. Here € is the dijet mass
resolution, which following Ref. [159] we assume to vary from 8% at My = 500 GeV to
5% at 2.5 TeV. We choose to compare the integrals over M;; > My (1 — €/2) of the signal
and background differential dijet mass distributions rather than their integrals in a finite
interval centered on the W’ mass, because the former method is less sensitive to smearing
effects generated by hadronization and jet reconstruction, which we cannot take into account
in our parton-level analysis. In this way, we expect our parton-level estimate of the reach
of the LHC to be closer to the actual experimental results than it would be if we compared
signal and background in an interval centered around the W’ mass. The results are shown
in the left panel of Fig. for two different integrated luminosities, namely 1 and 5fb~1, at
LHCT7. In the same figure we also show the exclusions obtained from the ATLAS and CMS
dijet resonance searches based on 1fb~1 [160]. Our estimate is found to be in fairly good

131n addition to those in the dijet final state, also LHC searches in the tb channel are relevant to the W’ we
are studying. We do not discuss them here, and refer the reader to the extensive analysis of Ref. [158].
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Figure 6.3: (Left panel) Current bounds in the plane (Myy, g4/g) from Tevatron searches in
the tb (blue) and dijet channel (red), from LHC searches for resonances decaying into dijets
(green and pink), and from the CMS search for quark compositeness (dashed straight line).
The exclusion expected from LHC dijet resonance searches after 1 and 5fb~!, computed in
Ref. , are also shown as dashed lines. (Right panel) Discovery luminosity as a function of
the W’ mass, assuming a coupling g, = g, at LHC7 and LHCS.

agreement with the exclusion bounds extracted from real data, confirming the reliability of
our simple method.

In addition, we compute the bound coming from the CMS search for quark compositeness
in dijet angular distributions : by integrating out the W’ and applying Fierz identities,
we find the effective four-quark operator
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urY*urdryudr , (6.33)

leading to the bound
MW/ 2.2 TeV
> )
9q V2

which is shown in the left panel of Fig. [6.3] as a dashed line. As expected, the bound from
searches for contact interactions is more relevant for strongly coupled resonances.

In the right panel of Fig. we show the integrated luminosity needed for 5o discovery
of a W’ with coupling to quarks equal to that of the SM W (g, = g), both for the 7 and 8
TeV LHC, as a function of My~ . We see that after the bound from 1fb~! of 7 TeV dijet
data is taken into account, a discovery at 8 TeV would be possible only in the narrow range
1.8 < My < 2.2 TeV.

(6.34)

6.5.2 W + photon final state

We now move on to consider decay channels of the W’ which have partial widths proportional
to the W-W' mixing angle 6. These include WZ, Wh and W~ final states. We will focus
first on the last channel, which is of special interest since it is very suppressed if the W' is a
gauge boson, as we will discuss. It follows that observation of W/ — W+~ would point to a
composite nature of the W’. The partial width for decay into W~ reads, for My > my
M3,

6% 62
B 2
61 miy

62

LW — Wr) =~ 9

(6.35)
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where 0 ~ —/2 (g5 / g)(mé, /M2 ,) Since the width for decay into this channel is controlled

by 6 and § B, it is interesting to estimate which values of these parameters have been tested
by the LHC in its first runs. To assess the discovery potential, we focus on one benchmark
value for the W’ masﬂ My = 800 GeV, and we assume two representative values of the
integrated luminosity, namely 1 and 5 fb~!, at a center of mass energy of 7 TeV. As for the
coupling to quarks, in Ref. [1] we had set it to g; = 0.84 g, which is however now excluded,
the maximum allowed value beingjﬂ gq ~ 0.58 g, see Fig. 6.3, However we note that, since
the total width of the resonance is dominated by the decay into light quarks, the scaling

L T(W = W)

olpp = W' = Wr) ~g; p
q

(6.36)
holds, which implies that the analysis in the W+ channel (and in any other rare channel as
well, for example WZ) is only weakly sensitive to the value of g,. As a consequence, we
expect the results of Ref. |1] to hold also for the slightly smaller g, we need to take to comply
with current bounds.

We select decays of the W into an electron and a neutrino, and apply the following
cuts on the eyF, final state: pl. > 250 GeV, p5 > 50 GeV, B > 50 GeV, |ne4| < 2.5,
and |[M(W+~) — My| < 0.05 My . We note that, even though the neutrino longitudinal
momentum p? is not measured experimentally, it can be reconstructed by imposing that the
lepton and neutrino come from an on-shell W: a quadratic equation for p? is thus obtained.
It follows that a criterion must be chosen to unfold this ambiguity. The assessment of the
effects of such choice on the cuts on £ and on the total invariant mass M (W) goes beyond
the scope of this exploratory study, and we leave it to the experimental collaborations. We
neglect the interference between W and W', which is due to the O(6) coupling of W' to
left-handed quark currents. The main background process is the SM W+ production, which
we included in our analysis, while we left out the W + j production with the jet misidentified
as a photon. We have checked that applying the rejection factor for misidentification into a ~
of very high-pr jets, which is of the order of 5 x 103 if photon identification and isolation cuts
are applied (see, e.g., Ref. [161]), the W + j background contribution is roughly one order
of magnitude smaller than the irreducible W+ process. This estimate suffers from the fact
that we are not including NLO corrections to W + j, and from the fact that requiring photon
identification and isolation has an efficiency of ~ 80% on ‘real’ photons [161], which would
slightly reduce the number of signal events detected. Other possibly relevant instrumental
backgrounds that we do not include in our study are ee . with e misidentified as a photon,
and QCD jets faking e + F',.. We leave the proper treatment of such detector-dependent
backgrounds to the experimental analyses.

Our main results are shown in Fig. As can be read from the left panel, assuming
6 = 6 the interval 5 x 1073 < § < 1.25 x 1072 is accessible for a discovery with 5 fb1.
For comparison, the bound from T reads |é\ < 3 x 1073. This tension could be relaxed by
extra new physics contributing positively to T (such as, for example, a heavy Z’). On the
other hand, from the right panel of Fig. we see that setting the mixing angle to the value
6 = 1072, discovery of a W’ with mass 800 GeV is possible with 5 fb~! for 6z > 3. For

Notice that T(W’ — W) is suppressed by a factor m¥, /Mg, compared to T(W’' — W Z): the latter has
an extra enhancement due to the longitudinal polarization of the Z.

5In Ref. [1] a second benchmark was also studied, with My = 1.2 TeV.

Notice that the upper limit on gq from Tevatron searches in quark final states was computed for 6= 0;
when the mixing is introduced, the bound on the coupling weakens, due to the smaller branching ratio of the
resonance into quarks.
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Figure 6.4: 50 discovery prospects of the 7 TeV LHC for the W/ — W+~ — evy process, for
Myyr = 800 GeV. Neyents is the number of signal events after applying the cuts described in
the text. The red curves show the expected number of events as a function of the parameters
of our phenomenological Lagrangian (cg + 1 = dp), whereas the blue flat lines represent the
number of events needed for a 50 discovery, taking into account the SM background. The
signal cross sections, after all cuts, are simply given by s = Neyents/L; the background cross
section after all cuts is o = 9.6 x 1072 fb. The region shaded in grey is excluded at 95% CL
by Tevatron searches for resonances decaying into W Z, see Ref. [1].

5B Ns Nbckgr No’
0.6 | 57 102 5.7
0.5 | 40 102 4.0
04| 26 102 2.6

Table 6.1: Sensitivity on dp at the 14 TeV LHC with 300 fb~!, for My = 800 GeV and
6=10"2.

illustrative purposes, we also give in Table an estimate of the sensitivity on dg of the 14
TeV LHC after 300 fb~!. Background events are due to the irreducible SM W process only.
Cuts on the final state kinematics are the same as for the early LHC case discussed above.

Clearly, it is crucial to understand what are the predictions for the strength of the W/W+~
coupling in explicit theories described by our parameterization. To this extent, it is useful to
write down the expression of the W’-W'-v coupling

Ly = ie [AL WL W/# — Wi W) 4 KB WHW ] (637)

where k'7 =1—cos206p. From Eq. (6.37) we can extract the expression of the magnetic
dipole moment of the W’

Ly = 2]\/-6IW' aw gw =1+k =2— cos?06p, (6.38)

where gy is the gyromagnetic ratio of the resonance. Now the g of any elementary particle
of mass M (of any spin) coupled to the photon has to be equal to 2 at tree level in order
for perturbative unitarity to be preserved up to energies E > M /e [86]. As a consequence,
in any theory where the W’ is associated to a (spontaneously broken) gauge symmetry, at
tree-level one finds gy = 2, since unitarity is preserved up to scales much larger than Myy.
From Eq. it thus follows that if the vector is a gauge boson, dp = 0 holds at tree

98



level. Indeed, in the ‘minimal’ gauge model containing an isosinglet W', namely a LR model,
we find that §p = 0 at tree level. Corrections to this equality will be loop-suppressed, so
observation of the decay W/ — W+ is likely to be out of the reach of the LHC.

On the other hand if the W' is a composite state, then significant departures from dg = 0
can be envisaged. The only condition that needs to be satisfied even in the composite case is
that the scale of violation of perturbative unitarity be sufficiently larger than the W’ mass,
in order to retain control on the theory at the scales E ~ My that are relevant for the LHC
phenomenology. To verify that this is indeed the case, and since dp only appears in the BVV
vertex (see Eq. ), where B is the hypercharge gauge boson and V is the extra vector,
we compute the amplitude for BB — V'V scattering. The two independent amplitudes that
grow the most with energy are BL By — ViV, where By are the two transverse polarizations
of the B, and V7, is the longitudinally polarized V. The leading term of these amplitudes in
the high-energy limit reads

) 9/25
Bymz-

9/25

S (6.39)

Aii L~ 60B(2—6p) Al =0
Notice that for dp — 0 the dangerous high-energy behavior is removed, as it was anticipated
above. Requiring the amplitudes in Eq. not to exceed 1672, we find the cut-off A at
which perturbative unitarity is lost, as a function of d5: taking the maximum value we used in
the phenomenological analysis, namely ég ~ 10, we find A ~ 5M; for smaller values of §g, the
cut-off is obviously larger. This result guarantees that we can safely study the phenomenology
at scale M with relatively large values of d g, without encountering any perturbative unitarity
violation issues. We conclude that, since the size of the W/W+~ coupling is expected to be
very small if the W’ is a fundamental gauge boson, observation of W/ — W+ at the LHC
would be a hint of the composite nature of the WW’. The situation is completely analogous for
the other phenomenologically relevant type of W/, the one belonging to a (1,3)g: the W/W~y
coupling vanishes at tree level if the heavy vector is a gauge boson, but could be sizable for
a composite statﬂ

As a concluding remark, we wish to note that a similar situation could in principle have
been faced in the early days of the SM, when trying to build a theory of the weak scale.
In fact, in the 1950s or early 1960s, having established beyond any reasonable doubt the
correctness of a gauge theory based on U(1)¢q at low energies, one could have tried to couple
new hypothetic heavy states to the known particles (the light fermions and the photon) by
assuming only the electromagnetic gauge invariance. For a vector with electric charge Q@ =1,
the Lagrangian would have reas

Lw = My W, W~ F+D, W, D'W*F—D, W, DFW " +ie(1—6g) F*WiW, + ... (6.40)

with dg a dimensionless parameter. F*” is the photon field-strength, and the covariant
derivative has the standard expression D, = 0, — ieQA, . Equation leads to gy =
2 — dq: if the W is associated to a beyond-QED gauge symmetry, then g = 0 and the g
is equal to 2 (at tree level). One could thus have suggested to use the measurement of the
gyromagnetic ratio of the W as a handle to infer whether the vector was a gauge boson or
not, much in the same way we are now suggesting to search for the decay W/ — W+ to

Despite the close similarity, however, the results of our phenomenological study do not directly apply to
the triplet W', because the constraints on the latter are different (and stronger) than those for the iso-singlet
W/

®The dots stand for couplings to fermions, which are not relevant for the goal of this discussion.
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Figure 6.5: 5o discovery prospects on the mixing angle 0 via the W — WZ — evjj process
at the 7 TeV LHC, for My = 800GeV. The results are essentially independent of dp.
The interpretation of the curves is analogous to Fig. after all cuts, the background cross
section is o = 3.5 fb. The region shaded in grey is excluded at 95% CL by Tevatron searches
for resonances decaying into W Z.

uncover the true nature of a W’ . While this is certainly not the path the history of the SM
has followed, the analogy is nevertheless amusing.

6.5.3 W <+ Z final state

We briefly discuss the W/ — W Z decay, which is complementary to W/ — W+ because its
measurement would allow one to estimate the size of the mixing angle 6 (the rate for WZ
production is only very weakly dependent on ép). Since we consider the early LHC reach,
where the available luminosity is < 5 fb~!, the most promising final state is W2 — (B9,
which has a larger rate with respect to the purely leptonic channel; on the contrary, selecting
leptonic decays of the Z together with a hadronic W has been shown to be less promising [162].
Therefore, we implement simple cuts on the erjj final state (we only consider W decays into
an electron, in analogy to what we did for the W’ — W+ process) to enhance the ratio of
signal over background, namely: p3’ > 50 GeV, F. > 50 GeV, |1, ;| < 2.5, and in addition we
require the invariant mass of the dijet system to reconstruct a Z, |M(jj) — Mz| < 20 GeV.
Finally, we select events which have an invariant mass compatible with My, as follows:
|M(evjj) — My| < 0.10My . The background we consider is the SM pp — erjj, which
includes a large contribution from W + jj. The tt background can be efficiently reduced
to roughly one order of magnitude less than the QCD background by applying a central jet
veto [162], and we do not consider it here.

Our results are shown in Fig. for the same choices of the W/ mass and couplings that
we already discussed when studying W’ — W+, so that a direct comparison between the
two searches can be made. We can see that with 5 fb~!, a mixing angle ]é] >4 %1073 is
accessible for discovery; this result is to a very good approximation independent of the size of
dp. We also notice that the number of signal events can be sizable, which is the main reason
why this channel is more favorable than the purely leptonic one for limited LHC luminosity.
We remark that the size of the cut on the total invariant mass of erjj agrees with Ref. [162],
where it was chosen to retain most of the signal in the presence of jet energy smearing. In
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Figure 6.6: Comparison of the current experimental bound on o x BR(W' — WZ) from
W' — 3¢ + v searches [163] (black solid line) with the theoretical predictions for gy = 3,
representative of the partial compositeness scenario. The branching ratio BR(W' — W Z7) is
~ 50% for g4/g in the range 0.01 +0.5.

addition, the cut we set on the invariant mass of the jj system is even looser than the one
adopted in Ref. |162]. Therefore we believe our results to be reasonably stable with respect
to jet smearing, which was not included in our parton-level analysis.

The most recent search for resonances decaying to WZ is the one performed by the CMS
Collaboration in the fully leptonic (34 v) final state, based on ~ 201b of data at 8 TeV [163].
For our benchmark point, namely My = 800 GeV and g, = 0.58 g, we obtain a bound on the
mixing angle |é| <3 x 1073, It is also interesting to consider a choice of parameters roughly
representative of the partial compositeness scenario: in this case gy is expected to be large,
since both the W’ and the Higgs are composites. Therefore we set gy = 3, and vary g,/g in
the wide range 0.01+-0.5. Notice that a large value of gy can be compatible with constraints
in this case: thanks to custodial symmetry, the contribution to the T parameter of the W' is
automatically canceled by the associated Z’, and the bound from the CKM matrix elements
in Eq. (6.31) can be satisfied for small enough g,. The comparison of the theoretical cross
sections{ with the CMS bound is shown in Fig. for example, for g, = 0.5 g ~ 0.3, which
could be realized in models with MFV, the lower bound on the mass of the W’ is about
2 TeV.

Finally, we do not discuss the W’ decay into Wh, and we refer the interested reader to
Ref. |74].

9Notice that W’ production via vector boson fusion, which is not considered here, can be relevant for very
small gq.
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Chapter 7

Conclusions

The discovery of a new particle with mass mjy ~ 125 GeV and properties compatible with
those of the Standard Model (SM) Higgs boson marked a milestone in the quest of the
LHC to unveil the dynamics of electroweak symmetry breaking. If the electroweak scale is
natural, then two broad scenarios can be envisaged for physics at the TeV: supersymmetry
and compositeness. In this thesis we focused on the second possibility, and discussed several
topics in the LHC phenomenology of theories where the Higgs is a composite state, bound
by a new strong interaction. We studied possible signals from each sector of the theory,
namely from scalars, fermions and vectors. In all cases, an approach as model-independent
as possible was employed, as it is appropriate given our relatively limited knowledge of the
strong dynamics.

In Chapter [2] we introduced models that concretely realize the Higgs as a composite
state. A broad feature is that the Higgs emerges as the pseudo-Nambu Goldstone Boson
associated to a spontaneously broken global symmetry of the strong sector, in analogy to the
QCD pions. In addition, partial compositeness (which arises from linear mixings between
elementary and composite states, and is automatically implemented in extra-dimensional
‘holographic’ models) leads to the so-called RS-GIM mechanism: effects from the light quarks
are suppressed by the corresponding small mixings. Partial compositeness leads to a fairly
satisfactory flavor picture in the quark sector, although some tension remains, as we briefly
discussed. Another broad feature is that naturalness and the small observed value of the
Higgs mass imply the presence of light (~ TeV) fermionic resonances. These colored states
should be observed at the LHC in the upcoming 14 TeV run. We concluded the chapter by
a short discussion of Little Higgs models, which realize the hierarchy v <« f in a natural
way by means of the collective breaking mechanism, and commented on the compatibility of
these models with the Electroweak Precision Tests (EWPT) of the SM.

We started Chapter [3| by presenting the electroweak chiral Lagrangian, where the SM
gauge symmetry is nonlinearly realized, and we immediately applied it to discuss bounds
from EWPT on composite Higgs models. Together with flavor, agreement with precision
data is one of the long-standing issues of strongly coupled models. Indeed we found strong
constraints: & = v?/f? < 0.08 must be satisfied, corresponding to a tuning at least worse than
10% . This bound can however be relaxed, if a positive contribution to 7' is generated from UV
physics. Motivated by early LHC data, which hinted at an enhancement of the hZZ coupling
over the hWW one, we investigated the consequences of giving up custodial symmetry in
the Higgs couplings. This has a dramatic effect on T, which now receives quadratically
divergent corrections. We concluded that extra light degrees of freedom would be needed
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to restore agreement with EWPT. We presented our methodology for taking into account
custodial breaking when fitting to Higgs data, and discussed the current determinations by
ATLAS and CMS of the parameter \yyz = a/(a + acp) , which measures custodial breaking.
The custodial-preserving point Az = 1 is currently within the 95% allowed region for
both experiments. We concluded the chapter by presenting the Strongly Interacting Light
Higgs (SILH) Lagrangian, where the physical Higgs is assumed to be part of a doublet
together with the longitudinal W and Z. New physics effects are described by a set of
dimension-6 operators, with coefficients dictated by a power-counting that takes into account
the Goldstone nature of the Higgs.

Chapter [4] was entirely dedicated to several aspects of the LHC phenomenology of a
composite Higgs. First we focused on the radiative couplings to gluons and photons, including
by means of the Higgs Low-Energy Theorem (LET) the effects of fermionic resonances, the
‘top partners’, which are expected to be light by naturalness arguments and could thus give
sizable effects. In most models, however, the effects of top partners are known to cancel out
exactly in the amplitudes for gg — h and h — . We reviewed the symmetry reason behind
this result, and verified that the latter is not altered by corrections to the LET.

Then we extended the LET to double Higgs production, and found that the cancellation of
the effects of resonances holds even in this case. However, comparison with the literature (in
the case where only top loops are considered) showed that the LET approximation fails by up
to 50% in double Higgs production. Thus we undertook an exact computation of gg — hh,
focusing for definiteness on the well-studied MCHMs5, where double Higgs production is
enhanced compared to the SM. We found that the cross section does depend (altough not
dramatically) on the spectrum of resonances. Therefore a measurement of double Higgs
production could complement the information coming from other processes, notably from
direct searches for vector-like quarks and from EWPT. We also briefly discussed the prospects
for detecting hh production at LHC14.

Although the htt coupling (gx;) has not been directly measured yet by ATLAS and
CMS, it can already be determined indirectly by means of a fit to Higgs data, thanks to the
important contribution of the top to the 1-loop hgg and h~vyvy couplings. This determination
is however plagued by an ambiguity in the sign of the coupling. We first discussed why
Higgs fits in ‘standard’ channels cannot robustly lift the degeneracy. Then we argued that
single top production in association with a Higgs is suitable for excluding the g;;; < 0 option,
thanks to a striking enhancement of the cross section for nonstandard couplings (a factor
~ 13 for gp;; = —1). We performed a thorough phenomenological study of this process and
of its main backgrounds at the LHC, selecting the decay of the Higgs into b quarks, and
estimated the impact on the parameter space of Higgs couplings. We found that part of the
‘negative sign’ region could be excluded already with 8 TeV data. Following our proposal,
the ATLAS Collaboration is currently performing a preliminary investigation of the th — tbb
process.

In Chapter 5| we discussed the phenomenology of top partners in the MCHM;. We
considered first EWPT, by including the three main effects that are expected in composite
Higgs models: the IR divergences in S and T due to the ¢ model, the UV contribution to
S from tree-level exchange of spin-1 resonances, and the radiative contributions of heavy
fermions to T and to €, (to compute the latter one needs to specify some UV dynamics,
represented by a ‘two-site’ version of the MCHMj5 in our case). We found that two types of
resonance spectra are singled out as most viable. Region I features a relatively light SO(4)-
singlet fermion, 7', while the fermions in the 4 are heavy. This is not suprising: the singlet
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gives a positive contribution to 7', which as already said is welcome, since it helps to ‘jump
back’ into the allowed ellipse in the (S, 7)) planeﬂ Region IT has a light 4, implying that the
exotic Xj5/3 is the lightest strong sector resonance.

With these results in the back of our mind we turned to study LHC searches for fermionic
resonances. We discussed the bounds that ATLAS and CMS have placed with the full 8 TeV
statistics, by performing only searches for pair-produced vector-like quarks. In region I the
singlet T is constrained to my 2, 700 GeV, whereas in region II we find mx, ;5 > 770 GeV
for the charge-5/3 exotic. These results imply that the exploration of a sizable region of the
natural parameter space (which extends very roughly up to < 1.5 TeV) will be possible only
at LHC14. Notice, however, that the current bounds could likely be improved (in particular
for the singlet) if the single production mechanism were considered.

The last topic in our discussion was the phenomenology of heavy composite vectors,
which we considered in Chapter [6] As an introduction we outlined, by means of a simplified
‘two-sector’ framework, the basic properties of spin-1 fields in partial compositeness. These
states couple to light fermions with a strength ~ g2\;/g,, where g, is the coupling in the
strong sector; instead their couplings to longitudinal W, Z and to the Higgs is ~ g,. On the
other hand, EWPT suggest that g, > gsm, which leads to a peculiar phenomenology: the
Drell-Yan production is suppressed (with VBF being competitive), and the preferred decays
are, for example, Z' — WW, Zh or W/ — W Z . Also decays into 3rd generation quarks can
be important, due to the sizable degree of compositeness of the latter.

Then we focused on one specific type of resonance, an SU(2)-singlet electrically charged
W’. A resonance with these quantum numbers is weakly constrained (in particular, it does
not contribute to the S parameter), and could thus be relatively light. We studied the W’
phenomenology, including EWPT, low-energy, Tevatron and LHC observables, by adopting
a fully model-independent approach. We wrote down an effective Lagrangian which respects
only the SM gauge symmetry, and did not assume the resonance to be associated with a
spontaneously broken local invariance. We pointed out the particularly interesting role of
one coupling (denoted dp), which controls deviations from the gauge-symmetric limit. We
observed that for a generic resonance dg # 0 can be realized. This opens up a novel subleading
decay channel, W/ — W+, which can thus be interpreted as a signal of compositeness. We
performed an exploratory study of the LHC discovery reach in this final state. Deviations
from the gauge-symmetric limit also lead to a faster growth of the yy — W] W] scattering
amplitudes at high energies, which can cause a perturbative unitarity loss at a scale £ ~ My
and thus invalidate the theory in the energy range relevant to LHC phenomenology. We
verified that this does not happen: the cutoff is A 2 5 My in the entire range of parameters
considered.

!The caveat is that the singlet also generates a positive €, , and the interplay of the two constraints is
delicate [31}32].
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Appendix A

The one-loop effective potential

In this appendix we collect some useful formulas for the one-loop effective potential [11],
which is used often in our discussion. The general expression of the potential is

4
Vi(H) = %STr / (%’ L log [p* +m?(H)] , (A.1)

where STr = (—1)*Tr, p is the Euclidean momentum, and m?(H) is the squared mass of
each particle in the Higgs background H. Notice that the potential was derived assuming
canonical kinetic terms for all fields in the loops (scalars, fermions and vectors). The counting
of degrees of freedom in the trace goes as follows: Tr = 4N, for a colored Dirac fermion,
Tr = 3 for a massive vector and Tr = 1 for a real scalar. Cutting off the integral at p? = A2
and neglecting terms that vanish for A — oo we find

1

Viltl) = 553

1 2(H) 1
STr |m?(H)A? + 5 (H) (log m A(2 ) _ 2)] . (A.2)
In the SM, writing the Higgs doublet as H = (my +imy, H + h+img)’ /v/2 with H an
arbitrary background, we find the masses (the background-dependence is understood)

92H2

(> +¢'*)H? s yH?
4 ] - mt .

A ’ -

my =

T

m2i = m?4AH?, m% = m? 43 \H?, m%/v = 5
(A.3)
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Appendix B

The electroweak fit

We present here the x? test used to compute the constraints from EWPT on the parameters
of the models discussed in the thesis. The best experimental determination of €1, €3 and ¢,
still comes from the precision measurements at the Z pole mass performed at LEP [164]:

&) = (5441.0)-1073, 1 060 086 0.00

) (894 1.2) 1073, o060 1 040 —0.01 81
Eéea:p) = (5.3440.94)- 1073, P=1 086 0.40 1 0.02 (B.1)
Elgexp) (_50 + 16) . 10—37 0.00 —0.01 0.02 1

Here p is the correlation matrix between the ¢; obtained from the App. E of Ref. [164],
marginalizing over the three parameters my, as(myz) and Aai)d(m Z) The status of elec-
troweak precision observables did not change since then, except for the mass of the W boson.
The latter was recently updated based on Tevatron results, and the current world average
is [165]

my = 80.385 + 0.015 GeV. (B.2)
The parameter €, is the only one depending on the mass of the W boson, through the term
2
€2 = 7 802 5 Ary, + [terms independent of my/] | (B.3)
— 282

where 3(2) = 0.23098, and the measurement of Ar,, is related to my, through

2 2
\;ago) (1 Aa— Ary) =T ( _ mW) . (B.4)
2m 7 Gr my

Here a(0) is the fine-structure constant and Gp the Fermi constant, both known to high
accuracy. Furthermore, A« accounts for the running of the electroweak coupling between
the low energy limit and the Z-pole mass. The uncertainty associated to it is important, but
the shift in Ar,, induced by the new value of myy is independent of Ac. The change of my
and consequently eo between the LEP data of 2006 and the present value is then

2006 2012
my | 80.425 £ 0.034 GeV | 80.385 & 0.015 GeV (B.5)
e | (-894+1.2)-107% | (-7.94+0.9) 1073

! Alternatively, we could set the three extra parameters to their experimental best values. This would give
slightly more stringent constraints.
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The experimental values for the ¢; used in this paper are therefore

&P~ (5.4+1.0)-1073, 1 0.80 0.86 0.00

Egeafp) = (=7.9+0.9)-1073, | 0.80 1 0.53 —0.01 B.6
egexp) = (5.34+0.94) - 10—3’ P= 0.86 0.53 1 0.02 ’ (B.6)
61()6{17])) (_50 4+ 16) . 10—3’ 0.00 —-0.01 0.02 1

where we took into account the fact that €; 35 and their covariances with €3 are not affected
by the new measurement of the W mass. On the theoretical side, in the SM the ¢; are
predicted to be?]

™ = [4+5.66 — 0.86log (mp/mz)] - 1073,

M = [=7.11 4 0.16log (mp/mz)] - 1073, (B.7)
™ = [4+5.25 + 0.541og (mp/mz)] - 1073, '
M= _6.48.1073,

where we used m; = 173.3 GeV. The BSM contributions, which will be functions of a set of
parameters x , should be summed to the above expressions. The x? is then defined as

h ex _ h ex
%) =D (4 ) = ) ot (M ) - ), (B3)
,J
where C~1 is the inverse of the covariance matrix

Cij = Aegezp)pij AeleP), (B.9)

J

?We thank A. Strumia for providing us with these values.
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Appendix C

Derivation of the hgg, hhgg and h~y~y
couplings in the SILH formalism

In this appendix we derive the expressions of the couplings hgg, hhgg and hyvy in the SILH
formalism.

C.1 The hgg and hhgg couplings

Our starting point is Eq. (4.5). We also recall that since we chose to work in a general basis
where ¢, # 0, see Eq. (3.26), the relation between (H) and v is non-trivial, as can be read
off the W boson mass term

mZ =20 with o? = (H)? <1+C’”<H>2> . (C.1)

We assume for definiteness the presence of one or more vector-like top partners, which upon
integration contribute to ¢4, and identify the light mass eigenstate of the heavy fermion mass
matrix M with the top quark, whose mass reads

2
_ oyl w2
mt(H) = W (]. — Cy Tf2 s (02)
where cz(f) parameterizes the correction to the SM top Yukawa coupling. The coefficients A1 o
in Eq. (4.6) can be related to cg,t) and ¢, by separating the contribution (to the hgg and hhgg
coupling, respectively) of the top quark, which involves cgf), from that of top partners, which
is parameterized by ¢, . The results are

o 2
— _ (t)i .2
(H) Ay <8logH log ]detM(H)\)HZU 1— v + 3cg % , (C.3)
(HY? Ay = 0 log |det M (H)| — 1= 43, 02,
d(logH)?> 0logH Hew f2 g m2
(C.4)

where we work at O(1/ f2)E] Note that the ‘implicit’ expressions containing the determinant

(t)

are in practice more useful than the explicit ones written in terms of ¢;” and ¢4, because

'Tn the second and third term of each of Egs. (C.3) and (C.4) we have used the fact that the distinction
between (H) and v expressed by Eq. (C.1) is higher order in & there.
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using the former avoids diagonalizing the heavy fermion mass matrix, a rather complicated
task in presence of multiple top partners.

In Eq. we have assumed that h has a canonical kinetic term. However, in the SILH
Lagrangian the operators proportional to ¢y and ¢, correct the Higgs kinetic term as follows

Alniin = g (en + ) ((H) + hY0,h0%h, (C.5)

272
which also contains Higgs derivative interactions. At first order in £, these can be eliminated
by the nonlinear redefinition [57]

¢ e B2
h—>h—§<cH+Z) ht =t ) (C.6)

which leaves h canonically normalized. Notice that in a nonlinear o-model, the Higgs is
canonically normalized at all orders, which corresponds to the relation ¢y = —¢,./4. Per-
forming the transformation in Eq. , we arrive at the effective coupling of the Higgs to
one and two gluons, Eqgs. and , respectively. The invariance of these expressions
under the reparameterization in Eq. can be easily verified by using Egs. and

(C.4])), respectively.

C.2 The hyy coupling

Starting from Eq. (4.12)), recalling the expression of the W boson mass in Eq. (C.1]) and taking
into account the rescaling needed to make the Higgs kinetic term canonical, see Eq. (C.6)), it

is straightforward to obtain Eq. (4.13). Similarly to Eq. (C.3), A1 can be related to cyt and
¢y (assuming that all contributions to ¢, come from the fermion sector)

2

0 g 1
H) A, = 1 H —1—“)* A - .
(H) Ay (310gH og |det M( )|>HU c v —I—cwmzv 2 (C.7)

Plugging Eq. (C.7) into Eq. (4.13)), the invariance under the reparameterization in Eq. (3.27))
becomes explicit.
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Appendix D

The Littlest Higgs

In this appendix we give a short description of the Littlest Higgs [71], and compute a sub-
set of the SILH coefficients in the model. The Littlest Higgs model is based on the coset
SU(5)/SO(5). We consider here a variation where only one U(1) group is gauged, as this
eliminates one source of custodial breaking and thus relaxes the tension with EWPT suffered
by the original model. In Ref. |72] it was shown that a scale as low as f ~ 1.2 TeV is allowed
in this case. This, however, leaves an extra singlet Goldstone boson in the spectrum, whose
effects will be ignored in the followingE] The ¥ field reads

n/(2v5)  H/V2 @ 1y
S(x) =My, 1= Hi/V2 —29/v5 HT/V2|, %= 1 :
A HVE n)eVB) 1,

(D.1)
where H is the Higgs doublet, ¢ is a complex triplet and 7 is a singlet. An SU(2)1 x SU(2)2 X
U(1)y subgroup of the global symmetry is gauged and is spontaneously broken at the scale
f to the diagonal SU(2)r x U(1)y. In Eq. we omitted the GBs that get eaten by the
heavy SU(2) triplet of vectors. The two-derivative Lagrangian reads

f2 . a a a .
L= ST [(DME)TDNE} L DE=05-0 Y gWHQIE+3Q!T) —ig By(YS+EY),
j=1,2

(D.2)

with the gauged generators given by

o®/2
Q4 = , Q% = , Y =diag (1/2,1/2,0,-1/2,-1/2) .
_O.a */2

(D.3)

The SM fermions are taken to transform only under SU(2); x U(1)y.
The SILH coefficients ¢y and ¢, receive contributions of three different kinds. The first
arises from the nonlinear ¢ model structure. Using

miy, = 192f2 sin? < (H) ) , g= 92 (D.4)

2 V2f VAE+G

we find ¢, =1/6 and ¢ = —4¢§, = —2/3.

! Additional sources of symmetry breaking are needed in order to give 7 a potential.
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The second contribution comes from integrating out the heavy vector triplet. The pro-
cedure has been described in detail in Ref. [81], and we simply apply it to the case under
study, obtaining ¢, = 1/4 and ¢} = —1, in agreement with Ref. [34].

The third and last contribution arises from integrating out heavy scalars. Since we also
need to compute cg, we write down the scalar potential up to order H®. Neglecting ¢’, the
relevant terms are

V=) {f2

+)\_{f2

where the coefficient Ay receives contributions from g;, whereas A_ from g and from the
top Yukawa sector. In general, starting from a Lagrangian of the form

a a
Lo = —0V* 00— (M2— By H|?) D 3+ <ﬁf<1>“*HTeU2H + h.c.> + <i4<1>“*HTeU2H|H|2 + h.c.)
(D.5)
(e = i0?) and integrating out ® one obtains c¢§; = $2f4/(2M?) and ¢ = 28%2f4/M*. In
addition, there is a contribution to cg,

1 (BBaf*  B°Baf’
=3 (i)

, 2
i
wij + E(HZHJ + H;H;)

7
(Pz'j_g

J

- GTtg’H’ﬁ + ﬁ\HP (¢ Hf Hy — i HiH;) — g\%j’Q\H\Q
2

(HZHJ —|—H]HZ) j

1 6 1 2 * TT% * 4 2 2
—GTQIH! —ﬁ\H! (¢iH H; —%'HiHj)—g\wj! |[H|" ¢,

(D.6)

where X is the Higgs quartic coupling (after the triplet has been integrated out). In the
Littlest Higgs case we make the identifications

1 4 1
M= Ou AP, B= 2O =A), B=gOa A, Bi= s - ).
(D.7)
Therefore we find ) )
1 /A2 =y Al — Ay
s _ T SN [ D.
H 4</\_+A+> @ (A_+)\+> (D-8)
On the other hand,
__ T —_Z D.
w=-3 (F) + e =-3, (0.9)

where we have used the expression of the quartic coupling A = Ay A_ /(A +A_). Notice that
in general the neutral component of ¢ gets a nonzero VEV, which is strongly constrained
by EWPT. Small values of f ~ 1TeV in fact require the approximate condition Ay ~ A_ to
be satisfied, which makes the triplet VEV very smal]ﬂ [72]. We assume this condition to be
realized, and therefore neglect effects due to the triplet VEV in our discussion.

Concerning the top sector, in addition to the doublet q;, = (t, by, )T and to the singlet
tg a pair of SU(2)-singlet fermions Ty, Tr with electric charge Q = Y = 2/3 is introduced.
The Yukawa Lagrangian then reads

AN —
— Ly = Elf tREjk€abXiXja Sk + A2 fTRTL + h.c. (D.10)

2When A; = A_ the potential does not contain any tadpole for ¢ .
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(i,j,k =1,2,3 and a,b = 4,5). Here y is an SU(3) triplet, x = (bz,, tz,, 7). The fermion
mass matrix in the Higgs background

0
"= (H/\/§> (D.11)
reads
_ ; ey
— Ly = (fR TR) M (%Z) +h.c., M = <_ﬁ)\1fsoln (%) >\1f60:, f<‘[f)>
2
(D.12)
implying

1
det MTM = §A§A§f4 sin

in? \/fCH (D.13)

This allows us to write the amplitude for gg — hh in the Littlest Higgs, in the low-energy
theorem limit as

3m . —ei\? & o —cp\?
C h 112 == —1-=>101 . . (D.14
Hh(e) = mh[ s( H(E22) )] 4( H(E32)) o
We also note that in this case it is easy to diagonalize explicitly the fermion mass matrix at
O(1/f?), obtaining

— L, = mt(H) trtr + mT(H) TRTL + h.c. (D.15)
where

ma(iy = 2 [y 22 1er—? (D.16)

SEURNC R R E w3 )] |

H? v
H) =f\ -7 D.17
() =p (1- 120 (D7)
with y; = f)q)\g/\/)\Q—l—)\% and Ay = \/)\2—1—)\2 In the notation of Eq. -, we have
2 2 2

t _ = _ Y _ Yt D.18
G T3z T e (D-18)

Thus cg(f) — 2ap = 2/3 which is independent of the couplings, as it must be since the factor-
ization in Eq. (4.24) holds.
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