STANDARD MODEL EXTENSIONS WITH AN
EXTRA HIGGS SINGLET:

One-Loop Renormalization and
Collider Phenomenology

Cyril Patrick Pietsch

ApByz2t

Max-Planck-Institut fiir Physik
(Werner-Heisenberg-Institut)

Miinchen 2018






Technische Universitat Miinchen
Max-Planck-Institut fiir Physik
(Werner-Heisenberg-Institut)

Standard Model Extensions with an
Extra Higgs Singlet:
One-Loop Renormalization and
Collider Phenomenology

Cyril Patrick Pietsch

Vollstandiger Abdruck der
von der Fakultat fiir Physik
der Technischen Universitat Miunchen
zur Erlangung des akademischen Grades eines
Doktors der Naturwissenschaften (Dr. rer. nat.)
genehmigten Dissertation.

Vorsitzender: Prof. Dr. Lothar Oberauer
Priifer der Dissertation: 1. Hon.-Prof. Dr. Wolfgang Hollik
2. Prof. Dr. Nora Brambilla

Die Dissertation wurde am 09.05.2018
bei der Technischen Universitat Miinchen eingereicht und
durch die Fakultat fiir Physik am 18.06.2018 angenommen.






Abstract

In this thesis, the extension of the Standard Model by an extra Higgs singlet (EHS) &, is
investigated. The singlet exclusively couples to the standard sector via a renormalizable
quartic Higgs-portal interaction term in the modified Higgs potential. Three scenarios
are studied which differ by the related non-standard symmetry group under which
®,, transforms. In the complex-®;, extension the scenarios are considered where ®;,
is charged under a local (EHSL model) or global (EHSG model) non-standard U(1)
symmetry group. In the ab-initio real-®;, extension the scenario is considered where
&y, transforms under a discrete non-standard Z; symmetry group (EHSD model). In
any case, the underlying non-standard symmetry is spontaneously broken by the non-
vanishing vacuum expectation value of ®y,.

A massive non-standard Abelian gauge field is part of the physical content of the
EHSL model. It does not couple directly to the standard sector owing to an additionally
postulated Z5 symmetry. In the EHSG model the imaginary part of @, is a physical
non-standard Goldstone boson. In each of the three considered models the real part of
®y, mixes with the real part of the neutral component of the standard Higgs doublet
due to the non-vanishing vacuum expectation value of @, in the presence of the Higgs-
portal coupling. It is assumed that one of the two associated scalar mass eigenstates
is responsible for the resonance detected around 125 GeV by the experiments at the
CERN Large Hadron Collider.

The Lagrangians of the three models are elaborated, full one-loop renormalization is
performed, and a complete list of corresponding Feynman rules is established. Within
the scope of perturbative unitarity theoretical bounds for the free model parameters are
derived. In order to test the models by means of experimental measurements precise
predictions for important observables accessible at collider experiments are calculated
including one-loop quantum effects. Explicit results are provided for the most sensitive
electroweak precision observables as well as for the significant Higgs observables: the
partial decay widths, the total decay width and the branching ratios of the standard-
like Higgs boson. With these, the free parameters of the three EHS models can be
considerably constrained by comparing with experimental data.






Zusammenfassung

Diese Doktorarbeit befasst sich mit der Erweiterung des Standardmodells mit einem
extra Higgs-Singlett (EHS) ®y,. Das Singlett-Feld wechselwirkt mit dem Standard-
sektor ausschliellich iiber einen renormierbaren biquadratischen Higgs-Portal-Term
im modifizierten Higgs-Potential. Es werden drei Szenarien analysiert, welche sich in
der zugehorigen Nichtstandard-Symmetriegruppe unterscheiden, unter welcher @y, sich
transformiert. In der Erweiterung mit komplexem &y, wird eine Nichtstandard-U(1)-
Symmetriegruppe mit den beiden Varianten einer globalen U(1)-Symmetrie (EHSG-
Modell) und einer lokalen U(1)-Eichsymmetrie (EHSL-Modell) betrachtet. In der Er-
weiterung mit einem ab-initio-reellen Feld &), wird das Szenario betrachtet, in welchem
®;, unter einer diskreten Nichtstandard-Z,-Symmetriegruppe transformiert (EHSD-
Modell). In jedem Fall wird die zugrunde liegende Nichtstandard-Symmetrie spontan
durch den nicht verschwindenden Vakuumerwartungswert von @, gebrochen.

Zum physikalischen Inhalt des EHSL-Modells gehort ein massives Abelsches Nicht-
standard-FEichfeld. Aufgrund einer zusétzlich postulierten Z,-Symmetrie koppelt dieses
nicht direkt an den Standardsektor. Im EHSG-Modell liefert das komplexe Feld ®, ein
physikalisches Nichtstandard-Goldstone-Boson. Wegen des nicht verschwindenden Va-
kuumerwartungswerts von ®; mischen sich in jedem der drei betrachteten Modelle
der Realteil von ®;, und der Realteil der neutralen Komponente des Standard-Higgs-
Dubletts in Anwesenheit der Higgs-Portal-Kopplung. Es wird davon ausgegangen, dass
einer der beiden zugehorigen skalaren Masse-Eigenzustéande fiir die an den Experimen-
ten am CERN Large Hadron Collider entdeckte Resonanz bei 125 GeV verantwortlich
ist.

Die Lagrange-Dichten der drei Modelle werden ausgearbeitet, die zugehérige voll-
stdndige Renormierung auf dem Einschleifen-Niveau durchgefiihrt und eine Liste der
kompletten Feynman-Regeln erstellt. Im Rahmen von perturbativer Unitaritit wer-
den theoretische Grenzen fiir die freien Modellparameter hergeleitet. Um die Modelle
anhand von experimentellen Messungen zu testen, werden prézise Vorhersagen fiir re-
levante Observablen einschliefSlich der Einschleifen-Quantenkorrekturen berechnet und
diskutiert. Fiir die sensitivsten elektroschwachen Prézisionsobservablen sowie fiir die
signifikanten partiellen Zerfallsbreiten, die Gesamtzerfallsbreite und die Verzweigungs-
verhéltnisse des standardartigen Higgs-Bosons werden explizit Ergebnisse bereitge-
stellt. Hiermit konnen die freien Parameter der drei betrachteten EHS-Modelle durch
Vergleich mit experimentellen Daten deutlich eingeschréankt werden.
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Chapter

Introduction

The ambitious and extensive search for a consistent theory of the fundamental inter-
actions between the elementary constituents of matter has led to the contemporary
formulation of the Standard Model (SM) of particle physics [1-10]. This renowned
relativistic quantum field theory (QFT) is based on the gauge theories of the strong
and electroweak interaction and incorporates spontaneous symmetry breaking in the
electroweak sector according to the Higgs mechanism [6,7,11-15]. As a renormalizable
QFT the SM allows to make precise predictions for measurable quantities. With re-
markable success it has been validated by many experiments from low to high energy
scales. After the discovery of a Higgs-like particle at the CERN Large Hadron Collider
(LHC) by the ATLAS and CMS collaboration [16,17] in July 2012 it soon became clear
that the observed state behaves like the SM Higgs boson [18]. This ground-breaking
discovery corresponds to a milestone step towards a deeper understanding of the mech-
anism providing masses to the fundamental particles. With the accurately measured
mass of the Higgs boson, M};” = 125.09 £ 0.24 GeV [19], the entire input of the SM is
determined and the sensitivity to physics beyond the SM is increased.

In fact, physics beyond the SM is required in order to address remaining unresolved
problems of crucial importance in elementary particle physics which subsist both from
a theoretical and an experimental point of view: the missing link to gravity, the size of
the observed baryon asymmetry in the universe [20], the strong C'P problem [21], the
origin of dark matter [22,23] and dark energy [24]. There are also some secondary issues
like e.g. a potential instability of the electroweak vacuum [25] in the SM with reference
to the measured values of the Higgs-boson and top-quark mass. In order to tackle these
issues theorists both seek for a more fundamental theory (which incorporates the SM
as an effective theory in the low energy limit) and investigate the phenomenological
impact of extensions of the SM.

Since the Higgs sector is currently the least understood part of the SM, even after
the discovery in 2012, extensions of the SM naturally go along with modifications of the
scalar sector still compatible with experimental data. The minimal extensions of the
SM with an augmentation of the Higgs sector are of the type “Higgs portal” and involve
an extra scalar field. The minimal Higgs-portal extensions of the SM just involve an
additional Higgs singlet [26-77]. In that context, it is assumed that the observed spin-
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2 1. Introduction

zero particle brings along modified couplings to the well-known standard sector and/or
new couplings to a hidden (non-standard) sector. The standard-like scalar might be
produced and decay in more involved ways but nevertheless pretend to be the SM
Higgs boson within the current limits of experimental accuracy. Precise predictions for
ongoing and future experimental investigations are required for testing the theoretical
concepts.

In this thesis, the minimal extension of the SM Higgs sector by one additional scalar
singlet field &y, is investigated up to the one-loop level in various classes of models with
different realizations of the hidden sector associated with the singlet ®;,. The extra
Higgs singlet (EHS) is assumed to be “hidden”, i.e. completely neutral with respect to
the symmetry group of the SM. The only coupling to the standard sector occurs via
a renormalizable quartic interaction term of the form (®J®,)(®,®y,), the portal, with
the standard doublet @ in the enlarged Higgs potential.

Three distinct scenarios are studied which differ by the underlying non-standard
symmetry group (the hidden symmetry) and the corresponding particle content. It
is assumed that the hidden symmetry is spontaneously broken by a non-zero vacuum
expectation value (vev) vy, of the scalar singlet ®,. The singlet field itself can be
complex or real; accordingly, the hidden symmetry is either continuous or discrete. For
these two settings the simplest non-standard symmetry groups under which &), can
transform are examined.

Regarding the version with a complex ®y,, the scenario is studied where vy, sponta-
neously breaks a hidden U(1) symmetry group U(1)y,. The hidden hypercharge Y} can
be considered the generator of either a global or a local U(1)y,. The scenario with the
global symmetry is denoted as EHSG model, the other one with the local symmetry
as EHSL model. In the version where the field ®y, is real, the hidden symmetry under
which ®;, transforms is restricted to be a discrete one. This third scenario is called
EHSD model and the related discrete hidden symmetry group is denoted as Z.

In the EHSL scenario, with a broken local U(1)y, gauge symmetry, an extra non-
standard gauge field Z’ appears which is neutral under the SM gauge group. Kinetic
mixing with the standard B-field is basically possible and would yield another connec-
tion to the standard sector. It is prevented when invariance of the Lagrangian under a
non-standard Z, symmetry group, labeled as Z¥, is imposed.

The three models have different physical contents. In the EHSG model the breaking
of the global U(1)y, symmetry leads to a massless Goldstone boson, described by the
imaginary part ¢, of ®,. In the EHSL model the field ¢}, is unphysical as it can be
gauged away by means of the local U(1)y,. It yields the longitudinal polarization state
of the Z’ boson by the Higgs mechanism, providing also a mass Mz which will be
treated as a free parameter. Finally, neither the Z’ nor the ¢y, boson exists in the
EHSD model where &, is real ab initio.

Still, there is a significant characteristic feature the three models have in common.
Due to the non-vanishing hidden vev vy, in each of these models the real part of ®, mixes
with the real part of the neutral component of ®4 in the case of a coupled hidden sector.
Therefore, the two associated scalar mass eigenstates H; and Hy with corresponding
masses My, and My, both consist of a standard and a non-standard field component.



The intrinsic mixing is parametrized by an angle a and vanishes in the decoupling limit
a — 0 which brings us back to the SM phenomenology. The field H; is chosen to be
the standard-like scalar found by the LHC experiments and consequently its mass is
fixed to My, = M;P. In each of the three models the non-standard parameters a,
My, and vy, are treated as free parameters.

At the cost of a few extra parameters these EHS extensions could solve some of
the open questions of the SM. This in particular holds for the EHSL model. By
absence of kinetic mixing it provides a stable dark-matter candidate, the Z’ boson
which is compatible with the established experimental constraints for dark matter [42].
The EHSL model is even capable of simultaneously generating a strong first-order
electroweak phase transition as required for effective electroweak baryogenesis [42] — an
especially promising explanation of baryon asymmetry in our universe. Furthermore,
the instability or metastability of the electroweak vacuum can be eliminated by the
EHSL model [43]. Consequently, the EHSL model is a paradigm of a promising minimal
SM extension by which future discoveries at collider experiments could also be related
to important aspects of cosmology.

In either of the three considered models the second (non-standard type) Higgs boson
H, does not represent a stable dark-matter candidate unless tiny mixing angles a are
considered. For such miniscule mixing, however, the models become less interesting
from a phenomenological point of view. Still, also in the absence of a gauged non-
standard sector the singlet extension of the SM remains attractive and may likewise
account for the stabilization of the electroweak vacuum [35,39], for improved fits with
the experimental data and for future discoveries. The respective models may also be
considered as part of more involved extensions of the SM. Hence, a comparison of the
EHSL, EHSG and EHSD model predictions for observables beyond the leading order
(LO) in perturbation theory is desirable for higher precision. In this work, we carry
out this task for the first time.

At LO in perturbation theory the EHSL and EHSD models have been studied earlier
with primary focus on constraints from perturbativity, vacuum stability, dark-matter
and collider phenomenology [27—43]. Models with a real singlet have been studied at

the one-loop level [51-53]. The one-loop renormalization of the EHSD model has been
addressed in [51].

Here, we work out the Lagrangians of the EHSL, EHSG and EHSD models with
particular focus on gauge invariance, respectively BRS invariance and quantization.
Furthermore, we derive corresponding exclusion bounds from tree-level perturbative
unitarity. In this thesis we establish new one-loop renormalization schemes for the
EHSL, EHSG and EHSD models which enable a convenient comparison of correspond-
ing next-to-leading order (NLO) predictions. Our renormalization schemes moreover
cover the associated unphysical sectors such that all the Green functions are properly
renormalized. The complete list of corresponding Feynman rules including counter-
terms is specified in the appendix. Related FeynArts [78] model files for automatic
calculations in the three models have been created.

The non-standard parameter space associated with an extended Higgs sector can of-
ten be constrained indirectly from experimental precision data by exploring the impact
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of associated non-standard quantum effects. In the EHSD model it has been shown
that the prediction for the W-boson mass My, is quite sensitive to non-standard one-
loop contributions of the extended scalar sector [52]. The related impact on further
electroweak precision observables (EWPOs) has been discussed in [53]. In that regard,
only the non-standard parameters o and My, play a role. At the one-loop level the
fields Z" and ¢}, do not contribute to EWPOs, hence the corresponding predictions
are the same in the three models under consideration. We improve the calculation of
EWPOs by taking into account the feedback on the standard contributions from the
shift in My, due to non-standard contributions in the loop terms. We furthermore take
into account the (so far neglected) non-standard one-loop effects in the couplings of the
Z boson to fermions. We perform a Ay? analysis which combines our non-standard
NLO predictions for the most sensitive EWPOs My, sin® Hﬁf (effective leptonic mix-
ing angle) and A%’g (forward-backward pole asymmetry of the Z decay into a pair of b
quarks) and hereby obtain bounds complementary to the constraints from unitarity.

Finally, we focus on observables related to the decays of the H; boson in the three
models and apply our renormalization schemes to calculate the one-loop contribu-
tions to the relevant decay rates that are studied by the LHC experiments. In this
way we obtain new NLO predictions for the significant fermionic two-body partial
widths T'(H, — bb), I'(H, — c¢) and I'(H, — 77) into b quarks, ¢ quarks and 7 lep-
tons. Moreover, we provide new predictions for the inclusive four-body partial widths
['(Hy — VV — 4f) into fermion pairs via the exchange of two standard gauge bosons
V = W,Z. A new (basically model-independent) formula is derived in order to in-
clude the dominant non-standard one-loop corrections which stem from the associated
renormalized H;V V-vertex corrections.

Besides these decay modes of the H; boson into SM particles, there are also decay
channels into non-standard particles, depending in detail on the specific type of the
EHS models. For masses My, < My, /2 the decay channel H; — HyH, is open in all
three model classes. For the EHSG model with a physical Goldstone boson the decay
Hi — pnpy is always possible for non-zero mixing. In the EHSL model with gauged
U(1)y, symmetry the hidden Goldstone bosons are unphysical, instead, the decay mode
H, — Z'Z" occurs for sufficiently low masses of the U(1)y, gauge boson Z'. For all
these cases we calculate the partial widths including the one-loop contributions in the
specific models for the first time.

The heavy-to-light Higgs partial width I'(H; — HyH>) has already been studied at
the one-loop level in the EHSD model [51]. Here, we complete the NLO contributions
by including the residual loops arising in the models EHSL and EHSG and show that
associated one-loop effects from the EHSL non-standard gauge sector are in general
non-negligible.

The new decay channels Hy — Z'Z" and H; — @n¢y occur only in the EHSL and
EHSG models. The partial width I'(H; — Z’Z’) in the limit of massless Z’ bosons turns
into the partial width I'(H; — ¢nen) as a consequence of the equivalence theorem. An
explicit calculation and comparison confirms this limit at the NLO level, and thus
underlines the consistency of our renormalization schemes.

Summing up all the individual decay channels yields the total width T2 of the



H, boson, including the respective one-loop contributions. Finally, we provide new
one-loop predictions for I'!! and the branching ratios BR(H, — X;) into the vari-
ous standard-particle final states (X; = ZZ, WW, AA, AZ, gg, 77, bb, c¢), including also
photons A and gluons g. Together with recent experimental bounds for the total width
and signal strengths of the standard-like Higgs boson [79] these results can be used to
considerably constrain the non-standard parameter ranges associated with the EHSL,
EHSG and EHSD models.

This work is structured in the following way: In Chapter 2 we recall the formulation
of the electroweak Standard Model. In Chapter 3 we describe the theoretical frame-
works of the EHSL, EHSG and EHSD models. Proceeding from the Lagrangian of
the EHSL model we emphasize the differences between the three models and highlight
their interconnection. In Chapter 4 we derive the bounds for the non-standard param-
eters from tree-level perturbative unitarity. The one-loop renormalization of the three
models is worked out in Chapter 5. We examine the impact of associated non-standard
one-loop contributions on the predictions for EWPOs in Chapter 6. The decays of H;
are presented and discussed in Chapter 7. Conclusions are given in Chapter 8. In
Appendix A we provide the full list of Feynman rules for the one-loop renormalized
EHSL, EHSG and EHSD models. A distinguished set of Ward identities from the
hidden U(1) is specified in Appendix B. It contains relations between scalar n-point
vertex functions and counterterms for checks of consistency in the EHSG model and in
the limiting case of a vanishing hidden gauge coupling in the EHSL model. Appendix
C collects further numerical results for the H;-decay observables in completion of those
discussed in Chapter 7.
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Chapter

The electroweak Standard Model

In this chapter the theoretical framework of the electroweak Standard Model (in the
following abbreviated by SM) is summarized. Here, we do not intend to describe
the latter in detail but rather want to illustrate the conventions we use in this work
with respect to the standard sector. For a more extensive treatment of the SM see
e.g. [80-83].

2.1 The classical Lagrangian

The SM describes the electroweak interactions within the framework of a QFT which is
gauge invariant under the symmetry group SU(2)w x U(1)y. This symmetry group is
spontaneously broken by the Higgs mechanism, which among others predicts a physical
massive scalar particle — the infamous Higgs boson. As a consequence of electroweak
symmetry breaking, the desired mass terms for the gauge bosons of the broken sub-
groups are generated, as well as mass terms for the fundamental fermions via Yukawa
couplings. The Lorentz- and gauge-invariant classical Lagrangian £, of the SM is
made up of a gauge part LS}, a fermionic part £E,; and a Higgs part £,

L= LS, + L5+ L3, (2.1.1)

which will be defined one by one in the following.

2.1.1 Gauge part

The non-Abelian gauge group SU(2)w x U(1)y is generated by the weak isospin op-
erators I* (a = 1,2,3) and the weak hypercharge operator Y.! For each of those
generators there exists a dedicated vector field which transforms according to the ad-
joint representation of the corresponding gauge group. Accordingly, we introduce a
triplet of vector fields W associated with I* and a singlet vector field B, belonging
to Y. In the following, g» and g; represent the gauge coupling constants of SU(2)w

'With I¢ and Y acting on a field X, the corresponding representation matrices I¢ and weak
hypercharge Yx are obtained.
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and U(1)y. Furthermore, ¢?¢ are the structure constants corresponding to the Lie al-

gebra of SU(2)w. The above-mentioned vector fields form the associated field strength
tensors, defined as

a a a abetr/bygrc

Wi, = 0Wy — W7 + goe™ W W,

(2.1.2)
B, =90,B,—0,B,,
such that the gauge part of the classical Lagrangian can be written as
1 a a,uv 1 14

ﬁgM = _ZW“VW M ZBWB“ . (2.1.3)

According to the principle of minimal substitution, the covariant derivative

- a a - Y

D, =0, —ig "W} +igi— B, (2.1.4)

2

determines the interaction of the gauge fields with fields corresponding to L£§,; and
L3, as shown in the following.

2.1.2 Fermionic part

The left-handed leptons (L!) and quarks (Q)}) of each generation i are doublets,

/L / VZ(L /L / U;L
L’i - (.UfLi - l/L 5 Q’L — wai — d/L y (215)
the right-handed fermions are singlets,
lgR = w+l'li7 u;R = (,U+'Ll,;, d’ILR = erd;a (216)

under SU(2)w. Here, wy = &% are the projectors on the right- and left-handed
fields. The fermion fields introduced in (2.1.5) and (2.1.6) are weak eigenstates, which
is marked by the prime index. The symbol v stands for a neutrino, [ for a charged
lepton, u for an up-type and d for a down-type quark. These fundamental fermions are
classified by the quantum numbers of the weak isospin I, its third component I? and
the weak hypercharge Y. The latter is chosen such that for each fermion the associated
electric charge can be derived from the Gell-Mann-Nishijima relation

Y
Q=r+3, (2.1.7)

which defines the generator of the electric charge (). The left-handed (right-handed)
fermion fields are related to the fundamental (trivial) representation of SU(2)w with
I* = 719/2 (I* = 0), where 7 are the Pauli matrices. Here, we consider the minimal
formulation of the SM in which no right-handed neutrinos are considered. Therefore,
all the neutrinos remain massless after electroweak symmetry breaking. The kinetic
terms of the fermions as well as the couplings of the fermions to the gauge sector are
comprised in the fermionic part L&, of the classical Lagrangian, which reads (Feynman
slash notation)

Lo =Y (LMDLY + QM ipQ! + LMiDUR + w™ipu + &™ipdR) . (91 g)

with D,, specified by (2.1.4).
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2.1.3 Higgs part

In order to obtain massless photons but massive W and Z bosons, we have to break
the SU(2)w x U(1)y gauge symmetry such that the electromagnetic subgroup U(1)ep
remains unbroken. In order to achieve this target one applies the Higgs mechanism,
which in turn also generates the masses of the fermions as soon as the above-mentioned
Yukawa couplings are introduced. Hence, the desired mass terms for the gauge bosons
and fermions are obtained by adding the Higgs part

L& = (D) (D'D) — V(@)
i,

ijYj 1j 7 (Y]
to the classical Lagrangian. At this point a weak-isospin doublet
¢*(w))
d(x) = 2.1.10
@) = (%l 2.1.10)

with hypercharge ¥ = 1 is introduced. The Higgs doublet ¢ is composed of two
complex scalar fields ¢+ and ¢°. The charge conjugated Higgs doublet ® is defined by
¢ = i72®*. More explicitly, the Higgs potential V' (®) in (2.1.9) reads

V(®) = —p*®'® + 2 (®'®)*, 42 A>0, (2.1.11)

In this parametrization, the coupling A must be positive in order to confine the energy
from below and the mass parameter p? has to be positive such that ® acquires a
non-vanishing vacuum expectation value (vev) by minimizing (2.1.11):

(®) = L (O) L = % (2.1.12)

This non-vanishing vev v is essential for the desired electroweak symmetry breaking.
Expanded around this ground state we can write ® as

B ¢"(z)
O(z) = (% ot Ho) H.W)]), (2.1.13)

where the component fields H(x), ¢ (z) and ¢(x) have a vanishing vev. In the follow-
ing, ¢~ (z) represents the adjoint of ¢* (). The fields ¢*(z) and ¢(z) are the would-be
Goldstone bosons — unphysical degrees of freedom, since these fields can be removed
by a gauge transformation. In contrast, the Higgs field H(z) describes physical scalar
particles that are neutral with respect to the electric charge and have corresponding
mass

My = V2. (2.1.14)

The scalar fields H, ¢ and ¢ have triple and quartic self-couplings determined by the
potential (2.1.11). The couplings of the fields H,$* and ¢ to the gauge fields are
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determined by the first term in (2.1.9), namely the kinetic term of ®, according to
minimal substitution. In the second line of (2.1.9) the Yukawa part of £3,; is specified.
It consists of terms involving the Yukawa-coupling matrices G/ (f = I, u,d) which
provide couplings of the scalar component fields to the fermion sector as well as mass
terms for the up-type quarks, the down-type quarks and the charged leptons.

2.1.4 Gauge invariance

The classical Lagrangian £g); as given above is invariant under the gauge transforma-
tions

Tw(x) = exp [ig@“(m)} : Ty (z) = exp {—%ey(x)} : (2.1.15)

with the local transformation parameters ¢ and #¥ corresponding to SU(2)w and
U(1)y. Under the (combined) transformations (2.1.15) the Higgs doublet behaves like

O(z) - Tw(z)Ty(x)P(z), (2.1.16)
and the left-handed and right-handed fermions transform according to

Ui (z) = Tw(@)Ty (@)W (x), (V] =L}, Q)),

2.1.17
V) = Ty @U@, (W= ). i
Finally, the vector bosons act as
Y Yy 1
Bula)y > Tr(o) | Bu(o)y — i2-0,| Th o),
o (2.1.18)

W;;(x)%a L Ty (a) [W;(:c)% + iéau] T, (2),

according to the rule of minimal substitution. In infinitesimal form (2.1.16), (2.1.17)
and (2.1.18) read

O(z) - |1- i%(seY(x) + z%aaea(m)} (),
Wh(z) - [1— %591“(;5) + i%aaea(x)] (),
@) 1 i 08 (@) v, (21.19)

Bu(x) = Bu(x) + glaM59Y<x),
1

1
Wi(z) = Wiz) + ;8#68“(:6) + €W (2)50°(x).
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2.1.5 Physical basis

As specified above, the classical Lagrangian £, depends on the following set of original
parameters: the gauge coupling constants ¢g; and g9, the Yukawa coupling constants
Glfj and the Higgs-potential parameters p? and A. This set can be replaced by an
equivalent set of physical parameters corresponding to the physical fields of the theory.
In order to identify the latter, the mass matrices for the gauge fields as well as for the
charged leptons, the up-type and the down-type quarks have to be diagonalized.

Mass-eigenstate basis of the gauge bosons

For the gauge sector we obtain the mass eigenstates Wj, Z, and A, as a linear com-
bination of the original gauge fields W (a = 1,2, 3) and B, from

1 .
wj:QEMﬁxmﬁ (2.1.20)

and

Zy\ [ costy  sinfy Wg
(A;) B (— sin Oy COSGW) (Bu : (2.1.21)

The resulting masses for the physical W bosons (Wj), Z bosons (Z,,) and photons
(A,) are

v v
Mw = 592> Mz = 5V 9% + 93, My =0. (2.1.22)

The electroweak mixing angle fy, introduced in (2.1.21) is related to the masses of the
W and Z bosons as follows,

M
cos Oy = 2g2 = = MW' (2.1.23)
V91t 95 Z
We also have
. a1
sin by = ———, 2.1.24
Vit g3 ( )

and for convenience the abbreviations sy = sin 8y and ¢y = cos by are used in the
following. Matching to QED), the elementary electric charge e = /47 ae,, can be related
to g1 and g9 as

9192

o ek 2.1.25
i+ B 212

e =
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Mass-eigenstate basis of the fermions

With the help of a bi-unitary transformation Ui};.’L/ " of the left /right-handed fermion
fields, the mass matrices for charged leptons I}, up-type quarks u; and down-type quarks
d; can be diagonalized. As a result, we obtain the fermion mass eigenstates

L fL oL R R R
=Y ubt o =Y U, (2.1.26)

J J

with corresponding masses
_ v fL f.RY
Mpi = EZU GRLUG™. (2.1.27)
j7

In order to denote fermionic mass eigenstates, we stick to the notation for the related
weak eigenstates introduced in (2.1.5) and (2.1.6) but drop the corresponding prime
index.

As already stated before, the neutrinos remain massless since no right-handed neu-
trinos are present in the minimal formulation of £g;. Due to this zero-mass degeneracy
in the neutrino sector we are free to choose the corresponding transformation UZ-’L such
that related charged-current interactions are diagonal. This defines the physical neu-

trino states
I,L /L
Z Uij v (2.1.28)

Transforming into the fermionic mass-eigenstate basis generates one remaining non-
trivial 3 X 3 matrix, the quark-mixing matrix V [10], given by

V = ywtyt, (2.1.29)

At the tree-level V only appears in the charged-current interaction between quarks and
the W boson. Tree-level interactions between fermions and the neutral gauge bosons
cannot trigger flavour-changing neutral currents since the unitary transformation ma-
trices U/R drop out in the associated vertices.

Gauge transformations of the mass eigenstates

For the sake of completeness, we also provide the infinitesimal gauge transformations
listed in (2.1.19) in the physical basis. Introducing the related fields and parameters as
specified above, we obtain the corresponding transformations of the scalar component

fields,

e
SWCW(p5¢9Z + ? [¢+597 - ¢7(59+] ,
[v 4+ H] 567 +

Swew 2 Sw
2,

OF — ¢t Fiegt [004 + W(SHZ j:—[v—l—Hj:zgo](SQi
2SWCW 28W

H— H
Jr2

o> [¢+59 +¢7507], (2.1.30)
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of the left- and right-handed fermion fields %L,i and 1} with associated electric charges
QwL . and szl.’w

) S 1
Li — @Dzlji —1e {Qw 664 + —W (Qw},i 52 ) (592}

00 vy, (V= (Y vr )T =LY, QY), (2.1.31)

\/_SW
UE o5 g e Qun (cseA i S—Wan) GR R = R R, IR,
1 CW

as well as of the gauge bosons,

Ay = Ay + 0,00 +ie [W, 66~ — W, 067]
Zy — Zy+ 0,007 — ie X [WHoo~ — W, 660"]

o Ve w007 (2.1.32)
WE = WE+9,60° F % (W (sw 860" — cwdb?) — (swA, — ewZ,) 56%] ,

with

50* = \1[9 (56" T i66%) ,
2
1 1

504 = —cw 00y — — sy 063, (2.1.33)
(51 g2
z 1 3 1 Y
00° = —cW(59 +—Sw(59 s
g2 a1

and (0;; is the Kronecker delta)

¢ L {VZ‘]’, for quarks, (2.1.34)

0, for leptons.

Equipped with (2.1.12), (2.1.14), (2.1.22), (2.1.25), (2.1.27) and (2.1.29) the original
parameters of £Z\;, namely g;, g2, A, p* and szj, can be replaced by the equivalent
set of physical parameters e, My, My, My, ms; and V;;. The latter ones can be
measured directly by suitable experiments.

2.2 Quantization

A characteristic feature of a non-Abelian gauge theory like the SM is that for proper
quantization a gauge-fixing term £, and a related Faddeev-Popov term L5 have
to be added to £, [84]. The gauge-fixing term L& is required in order to eliminate
unphysical degrees of freedom which originate from the invariance of £\, under the
gauge transformations specified in (2.1.19) and (2.1.30), (2.1.31), (2.1.32). However,
just adding £8%, to L&), still leaves some remaining unphysical contributions. This is
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why, additionally, the term £§R/?St has to be introduced. It cancels these remaining

unphysical contributions originating from the gauge-fixing term.

For higher-order calculations, choosing a renormalizable gauge is of importance. In
this regard, a convenient choice is the class of the R gauges in which the gauge-fixing
term of the SM reads

1 1 1

Ll = = (F4)* - o (F7)* - T (2.2.1)
with the linear gauge-fixing operators
FA=0rA,,
F? =07, — Mz, (2.2.2)

F* = 0"W F iMw&yo®,

and the five independent gauge parameters, namely &, (a = A, Z,+) and & (a = Z, %),
where fg_[) = ft(,(,). Introducing such a general linear gauge-fixing term leads to the gauge-
boson propagators

A Ve . Z T Zga L
/I/A'ulj (k) - _k2 _ MQ.gpz/ - kQ —_ faMQQHV’ (223)

which behave as 1/k? for large k*. The term proportional to

k. k,
Gw = I = 13- (2.2.4)
represents the transverse part; the term proportional to
Lo Rk (2.2.5)
pv L2

stands for the longitudinal part of the propagator, and we use the notation V¢ =
A, Z W* for a = A, Z,+, where My = My.

As mentioned above, additionally we have to consider the Faddeev-Popov part,
which reads

ghost _ 4,94 —a 0F"(x) 69°(2) | 0F"(x) 8V, (z)
e _/d syt [W(Z) 560(y) | SVE(z) 08°(y) u'(y), (2.2.6)

and introduces the Faddeev-Popov ghost and anti-ghost fields u®(x) and u*(x). Here,
we have a,b,c € {A,Z, £}, with ¢ = ¢ and ¢* = 0. As can be seen from (2.2.6),
the dynamics of the ghost fields including associated tree-level couplings to the vector
and scalar bosons is completely determined by the variation of the linear gauge-fixing
operators (2.2.2) under the infinitesimal transformations d¢, 6¢*, 64, 67, and 5Wj,
specified in (2.1.30) and (2.1.32).

Within the 't Hooft gauge [85,86], where £, = &, is chosen for a = Z, 4+, we do not
have to consider mixing terms of the form V9"¢". The latter generally stem from the
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kinetic term of ® in (2.1.9) as a consequence of electroweak symmetry breaking. These
terms, together with the corresponding mixing terms introduced by £5; in the t Hooft
gauge, form a four-derivative which leaves the action invariant. This is how we get rid
of such undesired terms in the Lagrangian. In the ’t Hooft gauge, the propagators of
the would-be Goldstone bosons read

1

InT k) = — M2’

(a=2,+), (2.2.7)

and similarly, the propagators of the ghost fields are given by

1

N0 = e

(a=A7Z+). (2.2.8)
The &,-dependence of the corresponding masses emphasizes that these fields correspond
to the unphysical sector. Generally, the ghost field u“ remains massless, since M4 = 0.
The would-be Goldstone bosons ¢ and ¢* as well as the other ghost fields u? and
u* have propagator poles which coincide with the poles we obtain for the longitudinal
parts of the associated gauge-boson propagators specified in (2.2.3). This is crucial for
a proper cancellation of unphysical poles in S-matrix elements.

For convenience, we mostly consider the 't Hooft-Feynman gauge, where all the
gauge parameters introduced above are set to unity ({4 = 1, and &, = £, = 1, for
a = Z,4). According to the considerations above, the 't Hooft-Feynman gauge provides
gauge-boson propagators which are particularly simple (in fact directly proportional
to the Minkowski metric g,,,) as well as masses for the unphysical fields o, ut, o, u?
and u”, which are equal to the related gauge-boson masses (2.1.22).

Altogether, the complete Lagrangian of the (quantized) SM can be written as the
sum

Loy = L3 + L8+ L8 (2.2.9)

A list of corresponding Feynman rules can be found e.g. in [82].

2.3 BRS invariance

Normal gauge invariance is destroyed by adding the gauge-fixing and Faddeev-Popov
part to the classical Lagrangian of a gauge theory like the SM. However, a wider sym-
metry of the Lagrangian can be reestablished by defining the transformation behaviour
of the ghost and anti-ghost fields appropriately. This symmetry is called BRS symme-
try [87-89], named after Becchi, Rouet and Stora. Regarding the introduction of the
ghost fields in (2.2.6), the BRS symmetry provides a deeper motivation. Furthermore,
the concept of BRS invariance is essential for the general proof of renormalizability
of non-Abelian gauge theories [85, 86,90-92]. This is because the continuous BRS
symmetry leads to the Slavnov-Taylor identities [93,94] between Green functions.
The BRS transformations of the scalar fields, fermions and gauge bosons in the SM
follow from (2.1.30), (2.1.31) and (2.1.32) by replacing the corresponding infinitesimal
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transformation parameters (2.1.33) according to
60 = oA u, 667 = S\ u?, 56% = oA u, (2.3.1)

where 0\ is a Grassmann-valued, infinitesimal constant which anticommutes with the
ghost and anti-ghost fields. Therefore, we can directly conclude that £g\, is BRS
invariant. In this context, it is convenient to introduce the BRS operator s which is
defined by the BRS transformation of a generic field X according to

Note that for the two generic products of fields A and B we have the product rule
s(AB) = (sA)B+ A(sB), (2.3.3)

with the plus (minus) sign for the case in which A contains an even (odd) number of
Grassmann variables. Taking into account (2.1.30), (2.1.31), (2.1.32), (2.1.34), (2.3.1)
and (2.3.2), we obtain the BRS transformations of the scalar component fields,

1e

H = Z +,— AT
5 2$WcW Ut 28W [¢ “ ¢ “ ] ’
(& e
— _ H Z _ +,,— —,,t
= ey TN S [T + 7], (2:34)

+ foa, s —cv 4 ie +
s¢T = Fie¢p™ |u” + F—u?| £ — [v+ H Lip|u™,
28WcW 2$W

of the left- and right-handed fermion fields,

, A Sw 1 ie
W W (2.3.5)
s
syt = —ie Qur (uA + —Wuz) B
1 CW
as well as of the gauge bosons,
sA, = O’ +ie [Wu™ — WiuT],

7 . Cw - -
8% = Ouu” — e D Wi = Wiw], (2.3.6)

Wy = 0uu” Fie {Wf (uA - C—Wuz) - (Au — C—WZM) ui} :
Sw Sw

The BRS transformations of u® and @* can be defined in such a way that £5, + L5

is BRS invariant:

. 1
su? =ieu ut, sut = —g—FA7
A
L cw _ 1
su? = —ie—u u", su? = ——F7%, (2.3.7)
Sw §z
. € _ 1
sut = +i—u* (SWuA — chZ) . sut=——FF.
Sw w

Consequently, the aim of a BRS-invariant total Lagrangian Lg); is achieved.



Chapter

The model with an extra Higgs singlet

As already pointed out in the introduction, in this work we investigate the extension
of the SM Higgs sector (see Subsect. 2.1.3) by one additional scalar singlet ®,. In
the class of models under consideration the extra Higgs singlet (EHS) &, exclusively
couples to the standard sector through a renormalizable quartic interaction term of
the form (®Jd,) (P} @) in the extended Higgs potential. From now on @, denotes the
standard Higgs-doublet field which as usually only transforms under the gauge group
SU(2)w x U(1)y of the SM. With respect to the latter, the scalar field ®y, is completely
neutral. The singlet @}, however, transforms under a symmetry group associated with
the hidden (non-standard) sector.! Depending on whether the complex-®;, or the real-
®,, extension is considered, the hidden symmetry under which &, transforms is either
continuous or discrete. In any case the underlying hidden symmetry is spontaneously
broken by the non-vanishing vev v, which corresponds to ®y,.

For the complex-®;, extension we study the case where vy, spontaneously breaks a
hidden U(1) symmetry group, which we denote by U(1)y,. The hidden hypercharge Y3,
either generates

e a global U(1)y,, denoted as scenario EHSG, or
e a local U(1)y,, denoted as scenario EHSL.

For the (ab-initio) real-®;, extension we examine the case where v}, spontaneously breaks
a discrete hidden Z, symmetry group Z2, which acts on the field ®), as

Accordingly, the last scenario is named EHSD model.

Only in the EHSL model with a spontaneously broken local U(1)y; the non-standard
gauge boson Z' appears. In order to prevent kinetic mixing with the standard sector
we impose the invariance of the EHSL Lagrangian under a non-standard Z; symmetry
group denoted as Z¥. The hidden vev vy, leaves the Z} unbroken. In the EHSL model

n this regard, the appended lower index s (h) of a given field marks the affiliation with the
standard (hidden) sector.

17
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’ model H Dy, \ vp # 0 spontaneously breaks \ A \ ©h ‘
EHSL || complex local U(1)y, v’ | unphysical
EHSG || complex global U(1)y, — | physical
EHSD real discrete Z3 — -

Table 3.1: Short overview of the models under consideration.

the degree of freedom which goes into the longitudinal polarization of the massive Z’
boson is given by the imaginary part of ®;, here denoted as ¢y, according to the Higgs
mechanism. Thus, in the EHSL model the field ¢y, is unphysical and plays the role of a
hidden would-be Goldstone boson. In contrast, in the EHSG model where the U(1)y;
is global, ¢y, is a physical massless scalar field. Finally, neither the Z’ boson nor the
field ¢y, exists in the EHSD model where @y, is real. In Tab. 3.1 we give a summary of
the three considered scenarios.

In this chapter we establish the theoretical framework of the three model classes.
We start with the EHSL model as the most general case. The theoretical framework of
the EHSG model is obtained by taking the limit of a vanishing hidden gauge-coupling
constant. Subsequently removing the imaginary part ¢y, of ®, by hand finally provides
us with the theoretical framework of the EHSD model.

3.1 The extended classical Lagrangian

In this section we survey the classical Lagrangian of the model with an EHS ®&;,. We
focus on the classification according to the EHSL, EHSG and EHSD models. While in
the EHSG model and in the EHSD model only the Higgs part of £g); is extended, the
EHSL model furthermore takes into account an extended gauge sector. Throughout this
work, it is assumed that fermions have no interactions with the hidden sector, hence
the fermionic part of £g\ is left untouched. Accordingly, the classical Lagrangian
corresponding to the extension of the SM by an EHS ®;, can be written as

c / D,
Lous = Lo + Liv + Loust + Lrnig» (3.1.1)

where the entire Higgs part is summarized in EE;{/Q and the non-standard gauge part

of the EHSL model is given by LZ;s;. Hence, the third term on the right-hand side
of (3.1.1) is absent in the EHSG and EHSD models. The gauge part £S,; and the
fermionic part £, of the SM are already defined in Subsects. 2.1.1 and 2.1.2.

3.1.1 Higgs and gauge part
In its compact form the Lagrangian of the extended Higgs sector reads
@
Lrits = (Du®) (D" ®y) + (D u®y)' (Difi0y) — V (@, By)
-3 (TG, + GG+ @GR b ), (B2
.3

1j7g ij g 157
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with the scalar fields 5 and @, introduced in the beginning of this chapter. The first
two terms on the right-hand side of (3.1.2) are the corresponding kinetic terms. The
standard doublet ®; is only charged under the gauge group SU(2)w x U(1)y of the SM
and carries the corresponding hypercharge Y = 1. Therefore, the standard covariant
derivative D,, is the one already given in (2.1.4). The kinetic term of ®;, contains the
non-standard covariant derivative

Y]
Dm:@+%§%, (3.1.3)

which is effective in the EHSL model according to the principle of minimal substitution.
The hidden gauge-coupling constant g; as well as the non-standard spin-one field Z),
is associated with the local U(1)y, of the EHSL model. In the following, we substitute
the hidden hypercharge Y}, into g, according to

Y,
g = ghy (3.1.4)

In the EHSG and EHSD models the field ®;, does not carry quantum numbers of any
gauge group and consequently the non-standard covariant derivative Dy, in (3.1.2)
then simply has to be replaced by the four-derivative 0,,.

With the third term on the right-hand side of (3.1.2) the renormalizable modified
Higgs potential
As
4

A
— pip Oy @y, + Zh(@ﬁq)hf +1 (00, (2 D)

V((I)Sa cI)h) = - Mg CI)STCDS + (Q)STCI)S)Q

(3.1.5)

is introduced, with the real-valued parameters p2, pi, A, A, and . We demand that
the modified Higgs potential provides the two non-vanishing vevs vy for &, and vy, for
®p,. Minimizing the potential (3.1.5) and requiring that both the standard vev v and
the hidden vev vy, is positive definite yields

2 _ 2 2 _ 2
4lus An 877,uh : vy = 4Mh/\s 877:“3 ) (316)
/\s)\h — 4772 )\s)\h — 4772

The last term in (3.1.5) is proportional to the Higgs-portal coupling n and gives rise
to the interaction between the standard and the hidden sector. Additional terms in
(3.1.5) are forbidden by the requirement of renormalization and the U(1)y, symmetry
of the EHSL and EHSG models, respectively the ZP symmetry of the EHSD model.?
Hence, it is important to note that in each of the three models under consideration the
modified Higgs potential is given by (3.1.5).

The fields &, and ®y, can be expanded around the respective vevs vs and vy, yielding

= gb*(x) = i ) T 1on(T
0.0) = (1 fo 4 Hoy s i) ) = 5 I () i)
(3.1.7)

2In the real-®), extension without the ZQD the hidden vev vy, becomes irrelevant as it can be shifted
away by means of a reparametrization of the Higgs-potential parameters [50].
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We write the Higgs doublet in analogy to the SM (cf. Subsect. 2.1.3) but attach the
lower index s to the corresponding vev and to the associated neutral would-be Gold-
stone boson in order to distinguish these quantities from the related counterparts in the
hidden sector. So, the component fields ¢* and ¢4 represent the charged and neutral
would-be Goldstone bosons of the standard sector. Since ®y, is real in the EHSD model
the component field ¢, is only present in the EHSL and EHSG models. Therefore, in
the EHSD model we set ¢, = 0. The role of the fields H, x and ¢y, in the ®; extension
of the SM is discussed in the next section where we introduce the physical basis.

The second line of (3.1.2) depicts the Yukawa part of Ezgg . Its structure is identical
to the Yukawa part of £3,; in the SM (cf. Subsect. 2.1.3). Only the doublet ®, couples
to the fermion sector via standard Yukawa-interaction terms where és = i72®%. Hence,
the hidden vev v, does not contribute to the generation of fermion masses. Couplings
of &y, to the fermions are forbidden due to standard and non-standard symmetry.

We still have to specify the non-standard gauge part £§£{SL corresponding to the
EHSL model. Relating to the above-mentioned Zi the fields of the standard sector are
neutral but the non-standard fields transform as

oy, — &, Z, - -7, (3.1.8)

Consequently, the term B*'Z), involving just one power of the non-standard field
strength tensor 7}, = 0,7, —0, 7], violates the Z} and therefore kinetic mixing between
the Abelian standard and non-standard gauge fields is forbidden (cf. Subsect. 2.1.1).
As indicated in [70] this also holds at higher orders. Kinetic mixing is not generated
radiatively in the EHSL model. With respect to the Z} the field @}, has to transform
as specified in (3.1.8) such that the kinetic term of @y, in (3.1.2) is allowed. Hence, the
non-standard gauge part in (3.1.1) is given by

/ 1
Linst = _ZZ/IU/Z/'LLV- (3.1.9)

Having specified the complete classical Lagrangian (3.1.1) we emphasize that in each
of the three models the Higgs-portal term proportional to the coupling 1 in (3.1.5) is
the exclusive source of interaction between the standard and the hidden sector. The
limit of a vanishing Higgs-portal coupling n — 0 inevitably leads to the decoupling of
the entire hidden sector and thus brings us back to the phenomenology of the SM.

3.1.2 Gauge invariance

At this point, let us have a closer look at the underlying symmetries of £%yg in the
three models under consideration. The classical Lagrangian L34 is invariant under
the gauge transformations (2.1.15) specified for the SM. Since @, only carries quantum
numbers of the SM gauge group we have

Oy(x) — Tw(z)Ty (2)®y(2), (3.1.10)

in analogy to (2.1.16). The singlet @, transforms trivially under SU(2)w x U(1)y and
the same holds for the non-standard gauge field Z),.
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In the EHSL model, the field @), transforms as follows

(IDh(x) — T)/h(l')@h(JT), (3111)
with v
Ty, (z) = exp [—z‘?hey“ (:E)} : (3.1.12)
whereas the Z), transforms as
Y Yo 1
Z,Q(:v)?h — Ty, (z) [Z,Q(:v)?h - zg—,@u] T, (), (3.1.13)
h

according to the convention of minimal substitution (cf. Subsect. 2.1.4). In infinitesimal
form, the gauge transformations (3.1.10), (3.1.11) and (3.1.13) read

O (x) — {1 — i%é&y(x) + z'%afwa(x)} O (),
Py (z) — {1 - i%é&yh(m)] Py (), (3.1.14)

Z(x) = Z(z) + gi,@é@yh(x).
h
In the EHSG model (where no Z, appears) the transformation of ®;, can be written as
in (3.1.11), (3.1.12) and (3.1.14) but with a global Ty, (i.e. in the EHSG model Ty, or
rather #™ has no space-time dependence). In the EHSD model with the discrete Z?
(3.0.1) there is no infinitesimal transformation of ®y,.

In each of the three models the associated transformations of the left-handed and
right-handed fermion fields as well as of the standard gauge fields are identical to those
of the SM. The corresponding expressions are already given in (2.1.17), (2.1.18) and
(2.1.19).

3.1.3 Physical basis

Rewriting (3.1.5) in terms of the scalar component fields introduced in (3.1.7) yields

ty .ty t 1 H
V(®,, @) =—tyH —t,x — —dtd — =02 — X2+ — (H 2
(D5, Py) H XX Uscb ¢ TRL 2Uhs%+2( ,X) M \

/\svs

Apv v v As.
R %Hzx + 5 HO gt

4 4 2
_ AsUs AhUh Ns MUK

+rnxd " + =S Hel + =X+ 5 Hen + 5xe]

A Ah n A _ n _

_5H4 7th 4 _H2 2 _SH2 + o 2 +
e X T X OO +2X¢¢

A 7 ] An As /a2

Mspep2  Mo22 g2 2 Moo o2 As +

A v o N, 9 A 4 N 99 An oy

(3.1.15)
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with the tadpole coefficients

1 1,

ty = plvg — ZASUS’ - Envsvﬁ, te = vy — A_L)\hvﬁ = 5, (3.1.16)
and the symmetric but non-diagonal squared-mass matrix
2 03y ,2 4 1.2
2 —Hs + Z)\Svs + 577Uh TJUsUn
M= ( NUsVy —pd + %/\hvﬁ + %m)s? (3.1.17)

of the fields H and x. The terms involving the field ¢y, in (3.1.15) are only present in
the complex-®), extension of the SM and have to be set to zero when considering the
EHSD model. In the last five lines of (3.1.15) the resulting cubic and quartic scalar
self-coupling terms are listed. Without exception the terms involving both standard
and hidden component fields are proportional to the portal coupling 1. The tadpole
coefficients ¢y and ¢, vanish at LO according to the minimum conditions (3.1.6). Con-
sequently, at LO the mass matrix (3.1.17) further simplifies to

1y ,2
Mio = (2ASUS msvh), (3.1.18)

1y .2
NUsVL 5 AR},

and the mass terms of ¢=, ¢ and ¢y, in (3.1.15) vanish.

Mass-eigenstate basis of the scalar fields

Due to the non-vanishing v, a mixing between H and x occurs in the presence of the
Higgs-portal coupling n in each of the three models; hence, neither the field H nor
the field x is a mass eigenstate. We switch to the related mass-eigenstate basis by
diagonalizing the symmetric squared-mass matrix (3.1.18). This is achieved by means
of the rotation

2 _
T MioT = (MHl y ) T = (CO‘ 3“), (3.1.19)

0 Mj, Sq  Ca

with the notation ¢, = cosa and s, = sin a and with the corresponding mixing angle
« which obeys the relation

Anvsvy

tan2q = —————.
Asv2 — Apvf

(3.1.20)

The physical scalar fields H; and H, for the mass eigenstates can be written as a linear
combination of the original scalar fields H and Y,

Hl o Ca Sa H
( HQ) _ (_Sa ) (X> | (3.1.21)
with corresponding mass eigenvalues

(2 + M) £ 7 (A = Maf) V1 + tan? 20 (3.1.22)

1
2 _
MH1/2 - Z
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Inversion of (3.1.21) allows us to rewrite the original scalar fields H and x as linear
combinations of the mass eigenstates H; and Hy. Therefore, e.g. the tadpole coefficients
ty, and ty, of the fields H; and H, are simply given by the linear combinations

tHl = CatH —+ Satx, (3 1 23)
tHQ = _SatH + Catxa o

and thus vanish at LO, too. The original Higgs-potential parameters A\, A, and 1 can
be replaced by the parameters a, Mpy,, My,, vs and vy, according to

— MI2{1 + M12{2 + (MIQﬁ B M1212) C2a

)\S /US2 bl
M? + M?, — (M?% — M? ) cop
Ay = (2 i, = Mi) 20 (3.1.24)
Uy,
n= (Ml%h _ Ml%fz) S2a

2vs0p

which follows from (3.1.20) and (3.1.22). Equipped with (3.1.15), (3.1.21) and (3.1.24)

it is straightforward to derive the cubic and quartic scalar self-coupling terms in the

mass-eigenstate basis. The corresponding Feynman rules are listed in Appendix A.
From (3.1.20) we can deduce that only the domain

T T 19

-y <a<ty (3.1.25)
has to be considered. With (3.1.25) there is no hierarchy of My, and Mpy,, i.e. we
take into account both My, > My, and My, < Mpyg,. From (3.1.21) it follows that
the limit o — 0 provides us with the situation in which the field H; is equal to the
standard Higgs field H and in which the field H, is equal to the hidden component
field x. Taking into account (3.1.20) and the positive definite vy, we see that the limit
a — 0 requires n — 0 which leads to a decoupling of the hidden sector as explained
above. Thus, without exception, the limit o — 0 brings us back to the phenomenology
of the SM. As already stated before, in this work we treat the field H; to be responsible
for the resonance detected around 125 GeV at the LHC [16,17] and we fix the mass
My, accordingly.

Non-standard couplings to the standard gauge bosons

With &g given in (3.1.7), expansion of the corresponding kinetic term yields

1 _ 2 1
(D) (D*0) = S0, )0 1) + MWW (14 211+ o1t
1 5 . ’ ° (3.1.26)
2 2
—|—§ 72,21 (1+U—SH+§H ) + ..,
where the dots summarize the remaining terms which appear analogously to the SM

and involve couplings with the standard would-be Goldstone bosons ¢ and g as well
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as the kinetic terms of the latter. Analogously to the SM (cf. Subsect. 2.1.5), for the
standard gauge bosons W/jt, Z, and A, we obtain the corresponding masses
Vs Vs

Sometimes in this work, we use the relation

(3.1.28)

QSwMW
Vs = ——

(&

which follows from (2.1.24), (2.1.25) and (3.1.27). Obviously, the hidden vev v}, does
not contribute to electroweak symmetry breaking in the standard sector.

Due to the mixing (3.1.21) of H and y both the physical standard-like scalar field
H; and the physical non-standard-like scalar field Hs couple to the massive standard
gauge bosons Wf and Z, at the tree-level. Analogously to the SM, there exist no
tree-level couplings of the standard Higgs field H to the photon field A,. Therefore,
the mass eigenstates H;/, do not directly couple to the photon either. The resulting
standard and non-standard couplings in the mass-eigenstate basis can be found in terms
of corresponding Feynman rules in Appendix A. Note that the non-standard fields Z’
and ¢y do not couple to the standard gauge bosons at the tree-level.

Couplings to the non-standard gauge bosons

With &, given in (3.1.7), expansion of the corresponding kinetic term in the EHSL
model yields

1 1 1
(Dug®@)! (D) = 2 (000 (0X) + 5 Guspn) (0 n) + 5 (gnan)” 22"

+ gnvnZy (0"en) — gn (Oux) Z™on + gn (Ouipn) Z%x (3.1.29)
1 1
+ gronx Z, 2" + 59121X2Z;QZ/“ + 59}%@%%2/#-
The first two terms in (3.1.29) are the kinetic terms of the non-standard component

fields x and ¢y,. According to the Higgs mechanism the third term on the right-hand
side of (3.1.29) generates a mass My for the non-standard gauge boson Z},,

MZ’ = GgnhUn, (3130)

as a consequence of the non-vanishing vev v, which spontaneously breaks the local
U(1)y, in the EHSL model. Accordingly, in the EHSL model the field ¢y, plays the
role of a hidden would-be Goldstone boson which constitutes the longitudinal degree
of freedom of the massive Z,.

The first term in the second line of (3.1.29) is a mixing term between Z, and its
corresponding would-be Goldstone boson ¢y,. Analogously to the SM, we get rid of this
term by a suitable gauge-fixing choice which is introduced in the following section.

The remaining terms in (3.1.29) are the emerging triple and quartic interaction
terms between the Z’ boson and the non-standard scalar fields x and ¢p,. Note that
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due to the mixing (3.1.21) in the third line of (3.1.29) the first term provides the tree-
level couplings H;Z'Z" and the second term provides the tree-level couplings H; H;Z'Z’,
where i,j € {1,2}. These couplings are of particular interest both in the context of
collider signatures of the fields Hy, H,, Z), and in the context of astrophysical topics
like e.g. vector dark-matter relic abundance in the EHSL model [42,43,70]. Relating
to collider signatures of the standard-like Higgs boson Hi, one may not forget about
the corresponding decay channel H; — Z’Z’ in the non-standard parameter region
My < Mg, /2. In Chapter 7 we give the first NLO prediction for the corresponding
partial width I'(Hy; — Z’Z’) and investigate its potential impact on further H;-decay
observables.

From (3.1.29) we can conclude that the limit g, — 0 provides us with the situation
of a decoupled massless Z’ boson and hence with the EHSG model where the field ¢y, is
the Goldstone boson of the spontaneously broken global U(1)y,. Recall that the term
quadratic in the field ¢, in (3.1.15) is proportional to the tadpole coefficient ¢, and
thus vanishes at LO according to the minimum condition (3.1.6). The zero-mass of
oy, is furthermore protected from radiative corrections as a consequence of the global
U(1)y, symmetry. The corresponding U(1)y, Ward identity is listed in relation (B.2.1)
of Appendix B. In the EHSG model (3.1.29) only consists of the two kinetic terms
corresponding to y and ¢y,. Additionally removing the component field ¢y, in the limit
of vanishing ¢y, provides us with the phenomenology of the EHSD model, where (3.1.29)
is only given by the kinetic term of the real component field .

Non-standard couplings to the fermions

From the Yukawa part of EE;{Q specified in the second line of (3.1.2) we obtain the
fermion mass eigenstates (2.1.26) and (2.1.28) already introduced in the context of the
SM. Analogously to (2.1.27) the masses for the charged fermion fields read

Us fLAf prfRYE
Mmyi = —7= Z Ui; ijUki : 3.1.31

The non-vanishing hidden vev v, does not contribute to the mass generation in the
fermion sector.

The resulting couplings of the scalar component fields H, ¢ and ¢ to the fermion
fields are identical with those appearing in the SM. Here, we obtain non-standard tree-
level couplings of the scalar fields H; and Hs to the massive fermion fields due to the
mixing (3.1.21) of H and x. The non-standard fields Z’" and ¢y, however, do not couple
to the fermion fields.

Gauge transformations of the mass eigenstates

Next, we provide the infinitesimal gauge transformations of the fields corresponding to
the extended Higgs and non-standard gauge sector of the EHSL model in the mass-
cigenstate basis. Taking into account (3.1.14) and (3.1.28), we introduce the physical
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fields and parameters as defined in this section and obtain

S S

M, My, Mz /
H, —>H1+ca< 2 03607 +i—L » [pt60~ — ¢~ 59+}) +Sa—Zg0h502,

M M ]\/[ / ,
Hy — Hy — s, ( Z 53607 + UW [pFo0™ — ¢—59+}> + ca— 2 o 6607,
oF — ¢F FiepT [(5«9‘4 CW 602} + zM (Vs + coaHy — 8o Hy % ipg) 667,
ZSWCW Vs

M2 ot oy — sut) 567 + 22 (000~ +¢=067]

S US

Ps = Ps —

M, y
©h — ©n — U—Z [Un + So Hy + coHs] 6607,
h

7, — 7, + 0,607,

(3.1.32)
with the infinitesimal local transformation parameter
, 1
567 (x) = g—,é@yh(x) (3.1.33)
h

corresponding to the hidden gauge sector of the EHSL model (cf. Subsect. 2.1.5).
The infinitesimal SU(2)w x U(1)y gauge transformations of ¢* and ¢, in (3.1.32) are
the same in the EHSG and EHSD models. For the three models the infinitesimal
SU(2)w x U(1)y gauge transformations of the fermion fields and of the standard gauge
bosons are already specified in (2.1.31) and (2.1.32).

The infinitesimal gauge transformations of the fields Hy, Hy and ¢y in the EHSG
model are obtained from the respective ones in (3.1.32) by taking the limit g; — 0
after a consistent reintroduction of the parameter g; according to (3.1.4), (3.1.30) and
(3.1.33), which yields

My M,
H, — H + Co ( Ps (592 +1 W [¢+50_ — ¢ (59+]) + SaQOh(SQh,
My My,
Hy — Hy — s, ( 00807 + i (o0 — ¢—59+}) beapndly, 5139
Vg Vs
@n = on — [0 + Sa ) + cotl2] 66k,
with the infinitesimal global transformation parameter
Y
56y = 7‘159%. (3.1.35)

In the EHSD model there are no infinitesimal non-standard transformations and the
infinitesimal SU(2)w x U(1)y gauge transformations of H; and Hj read

My My,
H, —>H1+ca< g05592+z ” [gb+50_ — ¢~ 59+})

S S

My My,
Hy, — Hy — s, ( s 007 +i—= » [p*060~ — ¢~ 59+}>

S S

(3.1.36)
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3.2 Quantization

In the EHSL model the gauge-fixing and the Faddeev-Popov Lagrangian of the SM
have to be extended due to the presence of the associated U(1)y; gauge sector.® There-
fore, in order to obtain the quantized Lagrangian for the @, extension of the SM, we
define a proper gauge-fixing term L& and a related Faddeev-Popov term £&193 in the
following.
A suitable gauge-fixing Lagrangian is given by
fix L A2 1 e Lo 1 Z'\2
EEHS__f(F) _E(F) _f_wF F —@(F )% (3.2.1)

where the first three terms are identified with the standard gauge-fixing operators
FA=0"A,,  F?2=0"Z,— Mz&p,,  F*=0"W; FiMyyo™, (3.2.2)

and thus correspond to the gauge-fixing part of the standard sector which is treated
analogously to the SM (cf. Sect. 2.2). In the EHSG and EHSD models alongside the
gauge symmetries of the standard sector no additional gauge symmetry is imposed.
Consequently, in the EHSG and EHSD models we do not have to extend the gauge-
fixing part of the SM and the corresponding gauge-fixing Lagrangian is just given by
the first three terms on the right-hand side of (3.2.1). The last term in (3.2.1) has to
be considered only in the EHSL model and introduces the linear gauge-fixing operator

FZ =017, — Mz&lpn, (3.2.3)

which is associated with the corresponding U(1)y; gauge sector. All in all we have seven
independent gauge parameters in the EHSL model, the five standard gauge parameters
& (a=A,Z, W) and £, (a = Z,W), and the two non-standard gauge parameters £z
and &,

Next, we specify the corresponding Faddeev-Popov part which reads

IF(x) 6¢°(2) N IF(x) 6VE(2)
09°(z) 60°(y) ~ 0V,i(z) 06°(y)

and introduces the Faddeev-Popov ghost and anti-ghost fields u*(x) and u®(x), re-
spectively, with a,b,c € {A,Z,+,Z'}. We have ¢* = 0, ¢ = s, ¢ = o and
Ve =AZW* Z fora = A,Z,+,7'". The structure of £%h£§t extends the structure
of L& specified in (2.2.6) by the hidden gauge sector with non-standard ghost and
anti-ghost fields u% () and %% (x). These fields cancel unphysical degrees of freedom
associated with the non-standard gauge sector and only couple via the trilinear vertices
Hyu?'u?,i=1,2 (cf. App. A.18). Compared to the SM (cf. Sect. 2.2), in the model
with an EHS @y, the ghost fields u, u# and u* (and their overlined counterparts) have
similar couplings. The only difference is that due to the mixing of the original scalar

et = [atsdywt) | ), (@324)

3Regarding the quantization of the standard gauge sector we closely follow the conventions estab-
lished for the SM in [83].
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fields H and y, in each of the three models under consideration couplings of the fields
H; and Hs to the ghost fields of the standard sector emerge.

The couplings involving standard and non-standard Faddeev-Popov fields are de-
rived from (3.2.4) with the variation of the linear gauge-fixing operators (3.2.2) and
(3.2.3) under the infinitesimal gauge transformations 64, 67, 5Wf, Sps, 00%, 67,
and 0y, specified in (2.1.32) and (3.1.32). The same holds for the propagators of the
Faddeev-Popov ghosts. Corresponding Feynman rules (’t Hooft-Feynman gauge) are
listed in Appendix A. Therein, furthermore the associated one-loop counterterms are
listed. We refer to Sect. 5.3 where we amongst others introduce the renormalization of
the unphysical sector.

Unless stated otherwise in this work we stick to the 't Hooft-Feynman gauge, such
that &, =1 (a = A, Z,W,Z") and &, = 1 (a = Z,W,Z’). Accordingly, the standard
and non-standard mixing terms Z,0" s, Wi@“gbi and Z;,0"¢y, from the kinetic terms
(3.1.26) and (3.1.29) are cancelled (cf. Sect. 2.2), the propagators of the gauge bosons
have the simplest form, and the masses of the would-be Goldstone bosons and ghosts are
equal to the masses of the related gauge bosons. Only in the context of renormalization
we treat the seven distinct gauge-fixing parameters as independent quantities.

Closely related to the associated non-standard gauge sector, in the EHSL model
the fields u# and %%’ decouple in the limit g, — 0. Note that according to (3.1.30) for
a fixed value of the hidden vev vy, the limit g, — 0 implies Mz — 0 which results in
M,, — 0. Hence, also at the quantized level the limit g, — O properly brings us back
to the phenomenology of the EHSG model, where ¢y, is a physical massless scalar field.

Finally, the complete Lagrangian of the (quantized) ®y, extension of the SM can be
written as the sum

Lens = Lins + Liirs + Lors (3.2.5)

with Liyg, Lie and L2829 specified in (3.1.1), (3.2.1) and (3.2.4).

3.3 BRS invariance

As already mentioned in the context of the SM, conventional gauge invariance is de-
structed once the inevitable gauge-fixing and Faddeev-Popov part has been added to
the classical Lagrangian. Therefore, in L5 we have lost the invariance under the local
transformations defined in (2.1.15) and (3.1.12) for the EHSL model, respectively in
(2.1.15) for the EHSG and EHSD models. The extended BRS symmetry can be found
in analogy to Sect. 2.3 and provides the fundamental framework for the derivation of
useful Slavnov-Taylor identities in the model with an EHS ®,. In the EHSL model
we have to treat the U(1)y, symmetry, which is broken by the introduction of £
accordingly. Therefore, we have to define a suitable transformation behaviour of the
associated non-standard ghost and anti-ghost fields u?" and @?'.

In the model with an EHS &, the infinitesimal SU(2)w x U(1)y gauge transforma-
tions of the fermions and standard gauge bosons are the same as in the SM. Conse-
quently, the BRS transformations of the fermions, standard gauge bosons and standard
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ghost and anti-ghost fields do not change compared to the SM and are thus already
given in (2.3.5), (2.3.6) and (2.3.7).

The remaining BRS transformations in the EHSL model can be derived from
(3.1.32), with the infinitesimal transformation parameters 664, 50% and 50* replaced
according to (2.3.1) and with 667" replaced according to

007 = s u”'. (3.3.1)

The Grassmann-valued, infinitesimal constant 6\ in (2.3.1) and (3.3.1) anticommutes
with the ghost fields of the standard and the hidden sector. We obtain the BRS
transformations

My
sH, :ca(
Vg

M My y
sHy = —s, ( 2 pu? + z'—W [otu™ — ¢u+}> + co—Zopu?,
Vs Uh

S

i_-iASIZ/VCI%VZ:l:M H H, + ol ut
s¢T = Fiedp™ |u —|—m ) ” [vs + ca H1 — so.Ha £ ipg] u™, (3.3.2)

u +Z [¢+ 7_¢ u }) +Sa?¢huz,7
h

M,
z (Vs + coHy — 8o Hs] u? + — [¢+u_ + (b‘u*] ,
S /US

M, /
Spn = —U—Z [vh + SaH1 + coH| u? ,
h

r zZ!
82, = Oyu”,

Spg = —

making use of the BRS operator s which is defined in (2.3.2). The BRS transformations
of the non-standard ghost v#" and anti-ghost @%" are defined such that the requirement
Oprs (L85 + L2195 = 0 is fulfilled. In this way, for general £z and &), we obtain the
BRS transformations

su? =0, su? = —LFZ/. (3.3.3)

z

The SU(2)w x U(1)y BRS transformations of ¢* and ¢ in (3.3.2) also apply to the
EHSG and EHSD models. In the EHSG model there is no BRS transformation for the
global U(1)y, symmetry and according to (2.3.1) and (3.1.34) the non-standard scalar
fields transform as

My My,
H1—>H1+ca< gpséAu +i—
Vs

S

[pT oAU wam*]) + 540006k,
(3.3.4)

My My
H2—>H2—sa< 2o o u? +i—% . [0 oAu™ — ¢~ A u }) + Copndby,

S S

©n = ©n — [Un + SaHi + coHs] 00y,

with the infinitesimal global transformation parameter 66y, specified in (3.1.35).

In the EHSD model the SU(2)w x U(1)y BRS transformations of H; and H, follow
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from (2.3.1) and (3.1.36) and read

My
8H1 :Ca(
Vg

st = —so (g + 2 (g = ] ).

Us

u? —I—z [gb+ B ¢_u+]),

(3.3.5)

The SU(2)w x U(1)y BRS transformations in the real-®), extension of the SM have
already been given in [51].

In Appendix B we utilize the global U(1)y, transformations in (3.3.4) in order to
derive a helpful set of Ward identities between scalar vertex functions from the global
U(1)y, invariance of the generating vertex functional (cf. App. B.1). These U(1)y,
Ward identities can be used for consistency checks, in particular with regard to the
one-loop renormalization of the EHSG model which is discussed in Chapter 5.

Slavnov-Taylor identities between Green functions

The Slavnov-Taylor identities between Green functions of spontaneously broken gauge
theories can be written in the generic form [83]

— 5BRS <TH‘1!II> —s <TH\1/Q>, (3.3.6)

where the Green functions are written as vevs (...) of time-ordered products of fields.
Here, a generic field ¥, (with the index I containing the possibly occurring indices)
stands for one of the fields W, Z,, A,, ¥py, QZiL,i, RN, Hy, Hy, 7., %, o,
¢n, u® and u®, or for one of the gauge-fixing operators F* (a = A,Z,+,7Z'). For
on-shell asymptotic fields we denote the corresponding physical components by \If%hys.
According to [95-97] the BRS variation of the latter must vanish, i.e.

ST = 0. (3.3.7)

In Chapter 7 we make use of (3.3.6) and (3.3.7) in order to confirm the Goldstone-boson
equivalence theorem in the limit of massless Z’ bosons at the one-loop level.
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Perturbative unitarity

In order to obtain a detailed overview over the regions of interest in non-standard
parameter space, i.e. about those regions where the model with an EHS &y, is reliable
on perturbative grounds, we study the related issue of (tree-level) perturbative unitarity
in this chapter. The EHSL and EHSD models have already been discussed earlier in
this context in [29] and [39]. The authors followed the guideline of [98] in which an
upper bound for the Higgs mass in the SM was derived from tree-level perturbative
unitarity for the first time. Here, we perform a similar analysis in order to obtain
bounds for the non-standard parameters a, My, and v,. We obtain more compact
and easy-to-handle expressions for the set of inequalities which represent the bounds
from tree-level perturbative unitarity in the complex-®; and in the real-®; extension
of the SM. This is achieved with the help of orthogonal transformation matrices which
convert the scattering matrices in the high-energy limit from the basis of the original
scalar fields H and y into the corresponding mass-eigenstate basis and vice versa.

4.1 Concept

The framework of [98] can be extended in order to obtain constraints for models with
more involved Higgs sectors.! For such an analysis several (model-dependent) bosonic
2 — 2 scattering processes have to be considered. Analogously to the SM, a partial
wave analysis shows that only the [ = 0 partial waves (angular momentum [) for the
scattering channels involving the associated physical scalar bosons and longitudinal
vector bosons in the external legs are relevant for unitarity considerations. According to
the Goldstone-boson equivalence theorem (cf. Subsect. 7.2.7), in the high-energy limit
the external longitudinally-polarized gauge bosons can be replaced by the associated
would-be Goldstone bosons. Thus, only pure scalar high-energy 2 — 2 scattering
processes have to be considered with regard to this analysis of perturbative unitarity.

For the EHS models the relevant processes can be summarized in terms of respective

In the same way e.g. the two-Higgs-doublet model has been discussed in [99]. Furthermore, we
refer to [60] where the real-®;, extension of the SM without ZP symmetry in the SM limit is examined
in a similar manner.

31
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scattering matrices. Propagator-suppressed processes can be neglected in the high-
energy limit. Consequently, each element of a given scattering matrix is determined
just by one of the tree-level quartic scalar self-couplings emerging from the modified
Higgs potential (3.1.5). We thus have to distinguish between two distinct sets of quartic
scalar self-couplings — the one corresponding to the complex-®;, extension and the one
corresponding to the real-®) extension of the SM. The high-energy scattering matrix
for the EHSL model is identical to the one for the EHSG model and from this analysis
we hence obtain identical bounds for these two models.? For the real-®;, extension of
the SM we obtain different bounds due to the absence of the imaginary part (y,.

Equipped with the two pure scalar high-energy scattering matrices for the complex-
®, and real-®;, extensions of the SM, we derive the bounds in the following way: for
each of the two-particle initial states we require that the probability of scattering
into the sum of accessible two-particle final states is less or equal to one. From this
requirement we obtain upper bounds for the eigenvalues of the two scattering matrices
which depend on the free original parameters \g, A, and n associated with the modified
Higgs potential (3.1.5). With the help of (3.1.24) these constraints can be translated
into corresponding bounds for the free parameters o, My, and vy.

For the numerical analysis in this chapter, the standard vev v is approximated
by the value 246 GeV, according to v? ~ 1/(v/2Gr) ~ (246 GeV)?, with the Fermi
constant Gy [100,101]. Throughout in this work, we fix the mass of the standard-like
Higgs boson My, to the current experimental central value of 125.09 GeV [19].

4.2 Calculation

Performing a partial wave decomposition of the matrix element M which corresponds
to the generic scalar scattering process 515y — S35, yields

M (s,0) = 167 i(% + 1)P(cosB)ay(s), (4.2.1)

=0

with the Mandelstam variable s (center-of-mass energy squared), the partial wave
amplitudes a; and the Legendre polynomials P, which depend on the cosine of the
scattering angle 6. In the center-of-mass system the corresponding differential cross
section can be written as

do 1 mp (4.2.2)
Q) 64n2s
Exploiting the orthogonality of the P;, we obtain the total cross section
ot do 167 «
- / / d(cos8) 2% = 1T ™ (91 4 1) fau? (4.2.3)
0 J-1 d s

=0

2This is because, similarly to [29], we desist from considering non-standard parameter regions in the
EHSL model where the corresponding (gn-dependent) transverse amplitudes might be non-negligible.
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of the generic scattering process S1.90 — 5354. With the help of the optical theorem
we can relate (4.2.3) to the imaginary part of the corresponding forward scattering
amplitude, which yields

lal* = Re (@)? + Im (a))* = Tm (a) (4.2.4)
and leads us to the unitarity constraint

Re (a;)] < (4.2.5)

N | —

for the partial wave amplitudes.®> The partial wave amplitudes a; in (4.2.5) can be
written as
1 +1
0 (s) = —— / d (cos 0) P, (cos 6) M (s, 0) | (4.2.6)
327 J_4
which follows from inversion of (4.2.1).

For an analysis of the significant scattering amplitudes in the limit s — oo it is
sufficient to restrict us to the [ = 0 partial waves and to neglect processes mediated by
internal propagators. Accordingly, the matrix element in (4.2.6) reduces to the generic
quartic scalar self-coupling Cgs, s,5,5, Which corresponds to the underlying tree-level
scattering process 5152 — 5354 and the constraint (4.2.5) can be converted into

|CS1SQS3S4| S 8. (427)

The constraint (4.2.7) already constitutes an upper bound for the quartic scalar self-
couplings Cl, 5,555, which stem from the modified Higgs potential (3.1.5). In the EHSL
and EHSG models we have Sy, Ss, S5, S, € {Hy, Hy, 05, &, on}, in the EHSD model
we have Sy, Sy, S3,Ss € {Hy, Ha, @5, ¢}, The couplings Cyg,s,5,5, Which are listed in
App. A.11 depend on the free parameters o, My, and vy,. Thus, (4.2.7) already puts a
constraint on the latter.

So far, we treated the distinct 2 — 2 scatterings separately. More stringent bounds
for the non-standard parameters o, My, and vy, are obtained by the requirement that
the probability of scattering into the sum of accessible two-particle final states is less
or equal to one for each of the two-particle initial states. This corresponds to the
requirement that the eigenvalues of the scattering matrices obey the constraint (4.2.7)
initially imposed on the individual quartic scalar self-couplings of the EHS models.

The 15 x 15 scattering matrix M1 for the complex-®;, extension of the SM is
defined in the basis

(¢+¢_7 stgps/ﬁ7 @h@h/\/ﬁa HlHl/\/ia H2H2/\/§7 H1H27
¢+Hl7 ¢+H2> ¢+§057 ¢+()0h> SOSHla SOSH27 (Pth (th% QOhQOs),

where the fields ¢* and ¢, stand for the longitudinal W and Z,, and the field ¢y,
either stands for the longitudinal Zj, (EHSL model) or for the physical non-standard

(4.2.8)

3We can also derive a less stringent bound |a;| < 1 from (4.2.4) just by exploiting the fact that
Im (a;) < |a;|- However, here we consider the stronger bound (4.2.5) which can be deduced by a
graphical consideration of (4.2.4).
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Goldstone boson ¢, (EHSG model). We take into account normalization factors 1/v/2

for identical fields in the initial and final states of the scattering processes. More

explicitly, the block-diagonal scattering matrix M ﬁlﬁ% can be written as

Aglg"
HyHy __ HyiH>
M15><15 - B4><4 o ) (429)
1Ho
C5><5
with the submatrix
C C C
Ca Cy2,2 $2¢f Hi$? H3$? C )
¢ 2 V2 V2 V2 H1Hz¢
Cy2,2 o C“Og“"ﬁ CHI ©5 CH% w2 Cnymye?
V2 2 2 2 V2
Ccﬂ«pﬁ Capgwﬁ Cwﬁ CH%wQ CH2so2 H1H2«pﬁ
Hy H V2 2 2 2 2 V2
Al _ 4.2.10
6x6 OH%QSQ Cchpg CH%L;;% CHil CH%H% CH%HQ ) ( )
NG 2 2 2 2 V2
Cr2.,2 Cr2. 2 Ch2 2 Cr22 Chra Coy 3
HZ¢ H232 HZp2 H2H H Hy H3
NG 2 2 2 2 V2
C , C 2 Cu3 Cy 3
C ) Hy Hopg Hy Havy HiHy Ll TG N
Hi1Hz¢ V2 V2 V2 V2 HiHj
the submatrix
CH%¢2 CH1H2¢2 0 O
BH1H2 — Cff]lI{Q(ﬁ2 CH22¢2 0 O (4211)
4x4 0 0  Cpp 0 |
0 0 0 Cpp
and the submatrix
Cizge  Ciier 0 0 0
CHle? CH%@? 0 0 0
HiHy __
C5><5 = 0 0 CHprﬁ CHlegoﬁ 0 (4212)
0 0 CHlHQSO%) CH%@% 0
0 0 0 0 Cup

As a short notation, we introduced the powers of multiply occurring fields in the index
of a quartic scalar self-coupling, with ¢ = ¢* having regard to conservation of electric
charge. A direct calculation of the eigenvalues of M52 is quite involved and results in
bulky analytic expressions which are unsuitable for our purpose. We therefore introduce
the transformation matrix U, which converts M 1252 into the related scattering matrix

M {?;15 defined in the basis of the original scalar fields H and Yy,

(670, psps/ V2, onion/ V2, HH/V2, xx/ V2, Hx,

(4.2.13)
OTH, X, 0 05, 0 o, 0sH, X, onH, OnXs ©nps),

according to
ML — T M U, (4.2.14)
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In other words, the real-valued block-diagonal matrix U, transforms the basis vector
(4.2.8) into the basis vector (4.2.13) and can thus be written as follows,

A3><3
U, = Bi;ys : (4.2.15)
C7><7
where A3z,3 = 1343 and the submatrices Bsys and Cry7 are given by
c? s2 —V280¢a 0 0
s 2 V2s4ce 0 0
Bsys = | V2500 —V250Ca Con 0 0 (4.2.16)
0 0 0 Co —Sa
0 0 0 Sa  Ca
and
10 0 0O 0O 0 O
o1 0 O 0 0 0
0 0 ¢, =54 O 0 0
C7><7 = 00 Sa Ca 0 0 0 (4217)
0 0 O 0 co —58o 0
0 0 O 0 s, ¢ O
0 1

o0 0 0 O

Equipped with (4.2.15)—(4.2.17) it is straightforward to verify that U, U, = 15415,
i.e. U, is orthogonal. Note that the normalization factors 1/ V2 for identical fields
in (4.2.8) and (4.2.13) are crucial in order to find an orthonormal U,.* Because U,
is orthonormal the eigenvalues of M {{5’;15 are identical to the eigenvalues of M1z
Therefore, we are free to calculate these from the considerably less complex scattering
matrix M1X .. More explicitly, we have

M = (A 4.2.18
15x15 — BHx | (4.2.18)
10x10

with the submatrix

Ciya Cozz Ca20f  Cmagz Cyago
¢ V2 C\/§ V2 V2
Co2,2 Cot w2ep  Cm2.2 Ch2p2
72 2 2 2 2
Hx _ | Ce202  Coz2 Cot Cm2g2 Cy2p2
AX = 24 it R A K (4.2.19)
Ch242  Cp2,2 CH%% Cpa  Cy2,2
V2 2 2 2 2
Cy2g42 szsog CX2“”E. Cu2,2 Oy
V2 2 2 2 2

and the diagonal submatrix
H .
B10>><< 10 = dlag(OH2X2, CH2¢2, CX2¢>27 C¢2¢§, O¢2@§,
Ch2g2, Cy22, CH2@E‘, C Cvzw}%)‘

X3¢

(4.2.20)

4As indicated in [60] these normalization factors are often ignored in the literature.



36 4. Perturbative unitarity

The quartic couplings which determine the non-trivial entries of the scattering matrix
M {?;1 s (summarized in the submatrices A? . and B %’;10) are derived from the quartic
interaction terms listed in the last three lines of (3.1.15). The entries of M1LX . thus
exhibit a very simple structure, in particular in terms of the original parameters \g, Ay
and 7. The corresponding submatrices (4.2.19) and (4.2.20) provide us with the five
distinct eigenvalues

A

c S c )\h c
€ = 7 €L = 5 €, =1,
2 2 ! (4.2.21)

1
el = 4 (3)\3 + 20 £ /3202 + (24, — 3)‘5)2> ’

where the upper index ¢ denotes the affiliation with the complex-®;, extension of the
SM. As already mentioned above, the bounds from perturbative unitarity are obtained
from the requirement

les| s lenl s ef]| e | < 8. (4.2.22)
The same procedure (4.2.8)—(4.2.22) can be performed for the real-®;, extension of the
SM. The two bases are then obtained from (4.2.8) and (4.2.13) by erasing the entries
involving the non-standard Goldstone boson ¢y,. Analogously to (4.2.14) we find an
orthogonal matrix which transforms the corresponding 10 x 10 scattering matrix from
one basis into the other. Following the same approach we obtain the four distinct

eigenvalues

A, , 1
=5 =10 et=g

S 2 Y
where the upper index r denotes the affiliation with the real-®;, extension of the SM.
Again, we require

(6)\S 43 £ /6472 + 90\ — 2AS)2) o (4.2.23)

legl, eyl lef| < 8 (4.2.24)

in order to obtain the bounds from perturbative unitarity.

Taking into account (3.1.24), the bounds (4.2.22) and (4.2.24) for the complex-®y,
and real-®;, extensions of the SM can be translated into appropriate constraints for the
non-standard parameters o, My, and v,. In the following, we survey these constraints
numerically within the non-standard parameter region |a| < /6 (cf. Sect. 6.1) and

1 GeV < My, <5 TeV.

4.3 Numerical results

In Figs. 4.1a,b the bounds (4.2.22) for the complex-®), extension (left side) and the
bounds (4.2.24) for the real-®), extension (right side) are depicted in the plane o and
My, for different vy,. The red (v, = 100 GeV), orange (v, = 280 GeV), brown (v, = 500
GeV), blue (v, = 1 TeV) and green (v, = 10 TeV) boundary lines represent the upper
bounds for My, (i.e. the maximally allowed My,).

The results for the complex-®;, extension (EHSL and EHSG models) exhibit the
same behaviour as those for the real-®y, extension (EHSD model). It becomes obvious
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Complex ¢;, (EHSL/EHSG model) Real @, (EHSD model)
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Figure 4.1: Exclusion bounds from tree-level perturbative unitarity for the complex-®y,
extension of the SM (left side) and for the real-®;, extension of the SM (right side) in the
plane a and My, for different vy,. Excluded regions lie above the displayed boundary
lines. The results on the left apply to the EHSL and EHSG models, the results on the
right apply to the EHSD model.

that smaller vy, lead to stronger bounds from perturbative unitarity. For large v, 2 10
TeV we obtain the weakest unitarity bounds. In this large-vy, region the variation of
the input parameter v, becomes irrelevant. This is because v, only appears in the
denominators of the quartic scalar self-couplings which involve fields carrying non-
standard components. The other non-standard parameters which enter the analysis,
namely a and My, , only appear in the numerators of the quartic scalar self-couplings
(cf. App. A.11). Our numerical results show that for v, = 10 TeV the hidden vev is large
enough to sufficiently suppress associated parts in the quartic scalar self-couplings such
that corresponding unitarity bounds are not anymore v,-sensitive. Consequently, the
green exclusion bounds furthermore can be interpreted as the bounds which depict the
maximally allowed My, for v, 2 10 TeV. Moreover, the consideration above explains
why the bounds from perturbative unitarity become stronger for smaller wvy,.

A comparison of the exclusion bounds for v, < 1 TeV in Figs. 4.1a,b shows that
stronger bounds from perturbative unitarity are obtained in the complex-®;, extension.
This is what we expect because compared to the latter fewer scattering channels have to
be taken into account in the real-®y, extension. However, comparing the green exclusion
bounds in Figs. 4.1a,b we conclude that in the v, 2 10 TeV region constraints from
perturbative unitarity for the parameters «, My, and vy, are in good approximation
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the same in the EHSL, EHSG and EHSD models. We can explain this observation
by taking a closer look at those quartic scalar self-couplings in the scattering matrix
M {212 which involve the hidden Goldstone boson ¢y, and which are thus responsible for
the extra scattering channels we have to consider in the complex-®, extension. These
couplings are always proportional to at least one power of v, I and hence negligible for
sufficiently large vy,.

We conclude that for v, = 280 GeV in each of the three models values of My, up
to about 1 TeV are allowed by perturbative unitarity for all a. For very small v, = 100
GeV we are even capable to put constraints on moderate My, way below the TeV scale.
For larger v, well above the electroweak scale, small mixing angles can compensate for
a non-perturbative blow-up of the quartic couplings such that very large My, up to
several TeV cannot be excluded by perturbative unitarity.



Chapter

Renormalization

Higher-order calculations are necessary in order to keep up with the precision of present
and future collider experiments. Moreover, the exploration of quantum effects con-
tributing to related physical observables often leads to significant indirect constraints
for the free parameters of a given model. For a meaningful prediction beyond the
tree-graph approximation the theory first has to be renormalized.

Renormalization is required because higher-order Feynman diagrams give rise to
ultraviolet (UV) divergences which, without a proper treatment, spoil the calculations.
The procedure of renormalization basically consists of a suitable redefinition of the
original parameters and fields such that in the end, all the UV divergences are elimi-
nated in the renormalized Green functions and S-matrix elements. In a renormalizable
theory this is achievable at all orders of perturbation theory. For the general proof of
renormalizability of gauge theories we refer to [91,102,103].

The SM is a renormalizable theory and the same holds for the extensions we con-
sider in this work. In the model with an EHS ®;, the renormalization of the extended
sector has to be established with care, such that all the UV-divergent standard and
non-standard higher-order contributions are properly absorbed without infringing the
symmetries of the theory. The one-loop renormalization of the EHSD model has already
been discussed in [51]. Furthermore, we refer to [54,56] where the one-loop renormal-
ization of the real-®) extension without the ZP symmetry has been constructed.

In this chapter we establish a new complete one-loop renormalization scheme for the
EHSL model such that the limit g, — 0 provides a smooth transition to the renormal-
ized EHSG model. From the latter the renormalized EHSD model is obtained just by
subsequently removing the component field ¢y,. Thus, the renormalization scheme we
construct in this chapter enables a convenient comparison of NLO predictions of these
three extensions of the SM. Within the context of Chapter 7 this feature among oth-
ers provides us with a test of gauge invariance regarding our renormalization scheme.
Moreover, our renormalization scheme treats the unphysical sector such that the entire
set of Green functions is properly renormalized.!

"We checked this analytically for every single one-loop vertex function with the help of the
Mathematica packages FeynArts [78] and FormCalc [104].

39
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5.1 Concept of one-loop calculations

In general, the LO relations between observables and the original bare parameters of a
gauge theory are changed by higher-order corrections. Furthermore, beyond the LO the
bare parameters become divergent. These divergent higher-order contributions either
have UV infrared or collinear origin. Collinear singularities emerge from the vanishing
momentum-squares of external legs which are directly coupled to two internal massless
propagators. Infrared singularities originate from the virtual exchange of certain mass-
less particles (like e.g. photons). At this point, we emphasize that the virtual exchange
of massless ¢y, in the EHSG model does not lead to infrared divergences due to the
structure of the corresponding scalar self-couplings. We do not further discuss infrared
and collinear singularities because mass singularities are not important in this thesis.
Here, we are concerned with UV singularities.

The four-momenta of the fields inside the loops of corresponding Feynman diagrams
are not determined by momentum conservation. Consequently, we have to integrate
over all these possible loop momenta — and this integration yields UV-divergent results.
In order to deal with that problem, we first have to make the divergent Feynman
integrals well-defined. This is achieved by adopting a suitable regularization scheme
which restores the original theory in a certain limit. In the following, we restrict
ourselves to the one-loop order for which the entire basis of master integrals is well-
known, together with corresponding analytic solutions.

In the model with an EHS &, the Lorentz- and gauge-invariant dimensional reg-
ularization scheme [103,105] is eminently suitable and used throughout this work. In
dimensional regularization we make use of the fact that the emerging UV-divergent
four-dimensional (space-time) loop integrals are convergent if the dimension is reduced
to D = 4 — 2¢. Therefore, the dimension of the loop integrals is changed according to

the transformation gt gD
q 4-D / q
. 7 5.1.1

where the arbitrary mass scale p is introduced in order to retain the original mass
dimension of the integrals. Furthermore, some identities have to be modified which
involve the dirac matrices, the Levi-Civita and the metric tensor, such that the Clifford
algebra is valid as well in D dimensions. In the dimensional regularization scheme we
work with the scalar n-point (n = 1,2,3,...) one-loop integrals Ay, By, Cp, ... and
with the scalar coefficient functions By, By, B11, C1, Ca, Coo, C11, Cia, Coa, ... of the
n-point (n = 2,3, ...) one-loop tensor integrals B,,, B,,, C,, C,., ... according to the
conventions of [82]. The emerging one-loop integrals are described by these functions
which can be split into terms independent of €, terms proportional to € and terms
proportional to 1/e. In the limit D — 4 the original singularities reappear as

1
A =— — g+ logdm, (5.1.2)
€

with the constant combination —vg + log4mr (Euler’s constant 7g) characteristic for
dimensional regularization. Renormalization consists of properly subtracting these 1/¢
terms by means of a suitable redefinition of the original parameters of the theory.
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We use the method of multiplicative renormalization, where the parameters ¢; and
fields ¢; of the original Lagrangian are replaced by the corresponding bare quantities
cio and ;¢ according to

Ci — Cio = Zcici = (]. + 6Zci)ci =c + 501‘, (513)

and
@ZJZ‘ — ’QZ)@O = \/ Ziﬁﬂvbl = 4/ 1+ 5Z¢1’l7bl (514)

The multiplicative quantities Z., and Z,, in front of the resulting renormalized param-
eters ¢; and renormalized fields ¢); introduce the associated renormalization constants
dc; and 07y, into which, finally, the 1/e terms are absorbed. After the transformations
(5.1.3) and (5.1.4) the bare Lagrangian can be separated into the original part, which
is now written in terms of renormalized ¢; and ;, and into the related counterterm
part, which collects the corresponding renormalization constants. The counterterm
part of the bare Lagrangian gives rise to counterterm vertices which extend our set of
Feynman rules and ensure that all Green functions and S-matrix elements are properly
renormalized, i.e. UV finite in the limit ¢ — 0. The advantage of multiplicative renor-
malization is that underlying symmetry relations, e.g. the Slavnov-Taylor identities
(3.3.6), also include the corresponding counterterms which provides a deeper insight
into the UV-divergence structure of the theory.

The finite parts of the renormalization constants still have to be fixed. There-
fore, suitable renormalization conditions are imposed on particular renormalized vertex
functions evaluated at specific momenta. Within the scope of this thesis two renor-
malization schemes are used, namely the modified minimal-subtraction (MS) scheme
and the on-shell scheme. In the MS scheme, in addition to the singular 1/¢ terms
of the bare parameters and fields just the terms proportional to the constant com-
bination —yg + log4n are absorbed in the renormalization constants. As a result,
MS-renormalized parameters and fields still depend on the regularization scale y intro-
duced in (5.1.1) and obey renormalization-group equations [106,107], which determine
the p running of couplings and masses. This is different in the on-shell scheme, where
further finite parts are absorbed in the renormalization constants such that the on-shell
renormalized fields and parameters are independent of the scale . Hence, an advantage
of the on-shell scheme is that it provides a direct relation between the renormalized
parameters and physical observables.

According to the LSZ reduction formula [108-111] (named after Lehmann, Symanzik
and Zimmermann) we furthermore have to take care about a correct normalization of
the involved external wave functions when calculating S-matrix elements beyond the
tree-level approximation. A properly normalized S-matrix element is obtained from the
related renormalized truncated Green function by multiplying the latter with a renor-
malized LSZ factor ZA%\lI,/ ? for each external field ¥ in the process. The wave-function
renormalization constant Ry is defined by the residue of the renormalized ¥ propagator
at the corresponding physical mass. While we require Ry = 1 for on-shell renormalized
U, these factors are non-trivial for MS renormalized .
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5.2 Standard on-shell conditions

The renormalization constants corresponding to the parameters and fields of the stan-
dard parts £S and L5 in £84¢ (3.1.1) can be directly adopted from the on-shell
renormalization scheme of the SM [82,83,112-123], following the conventions of [82,83].
We first introduce the renormalized physical parameters My, My, e, mys; and V;
with the corresponding bare parameters decomposed as follows,
Mgy = My + 0My,
M%,O = M% + 6M§7

(5.2.1)
eg = e+ de,
mf,i70 = mﬁi + 5mf,i,
and
V'L’j,O - Vij + 6VZ] (522)

Moreover, it is convenient to define the auxiliary renormalized quantities cy and sy,
as
cwo = cw + dew, swo = sw + dsw, (5.2.3)

with corresponding renormalization constants determined by
dew 1 (5M§V 5M%) dsw et dew
=5 7 W

M, M2

e i (5.2.4)

Cw Sw S%V Cw

according to a first-order expansion in the bare version of (2.1.23).

In first-order approximation the renormalized physical fields Wj, Z,, Ay, fF and
IR (cf. Subsect. 2.1.5) are related to the corresponding bare fields as follows,

1

Zuo\ (14 36Zz7z  16Zza Z,
Au,() o %6ZAZ 1+ %5ZAA AM ’
fio = (@-j + 52”) 13
1

In order to fix the renormalization constants introduced above, we specify first the
renormalized one-particle irreducible (OPI) two-point functions of the standard gauge
bosons and fermions ('t Hooft-Feynman gauge),

fZVVW(k;) = —igu, (K* — M) — ngZWW(kQ) z'gj;ying(k?),
19 (k) = —igu (k* — M2) 6ay — gy, S5 (k%) — igp, X1 (k?),
(a,b=A,Z and My = 0), (5.2.6)

(5.2.5)

DL (k) = i (= mi)
i (o S ) + o SHN ) + (mpaeo + my o) SHE 02
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from which the related renormalized propagators can be obtained by inversion. The
tensors g,, and gy, are already defined in (2.2.4) and (2.2.5).

In this work the “hat” on top of a given one-loop quantity denotes that it is properly
renormalized, i.e. that the corresponding one-loop counterterm is included. Thus,
e.g. a renormalized one-loop self-energy f](kQ) always can be split into the associated
unrenormalized part X(k?) and into the corresponding counterterm part Ycr according
to

2(k*) = B(k*) + Zor. (5.2.7)

In (5.2.6) the lower indices T and L denote the transverse and longitudinal parts of the
standard gauge-boson self-energies """ and 3%, whereas the upper indices L, R and S
characterize the left-handed, right-handed and scalar parts of the fermion self-energies
Z{J In each case the explicit form of X1 in terms of basic renormalization constants
can be derived from the Feynman rules specified in Appendix A.

In the on-shell scheme we require that on-shell fields do not mix and that the cor-
responding renormalized masses match the physical ones. Accordingly, the squared
renormalized masses are set to the real parts of the poles of the corresponding renor-
malized (diagonal) propagators and the real parts of the residues of these renormalized
propagators are set to unity. Translating the on-shell renormalization conditions into
corresponding conditions for the fermionic and bosonic OPI two-point functions in
(5.2.6) provides us with the explicit form of the related mass and field renormalization
constants,

omys = “LERe [BfHm3,) + £ m3,) + 25050,

0Z" = —Renft(m2)

s 0 Re [2{;%#) + 2R () + 22{;5(#)]

~Miige kgzm%i?
0Z5" = —Resf"(m3,)
_ m;%ﬁe [SE0) + SERE) + 2505 ()] o (5.2.8)
ozl = ﬁﬁ e [m?, S m?) + mpgm = md )
(2 ) SR ] it
075" = ﬁf{ [meZfR(mfj> g2 (md)

_|_27/n‘fZTn'f]XJf7 ( f,])] ) Z%]v
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and -
My = RSy (MY), (V. =W,2),

~32VV<]€2)
0Zyvy = —Re————— V=WL2A
vV R P ( 2, A), (5.2.9)
_ ZAZ(MQ) EAZ(O)
5ZAZ:—2R T%’ 5ZZA:2 ?w% .

Here, Re means that the real part of the one-loop integrals in the self-energies is
taken leaving the quark-mixing matrix elements V,; unchanged. As a consequence of
transversality the longitudinal gauge-boson self-energies in (5.2.6) do not play a role in
the fixing of the renormalization constants. According to (5.2.4), with (5.2.9) also the
renormalization constants dcy and dsy, are determined.

A further renormalization condition is needed in order to fix the renormalization
constant de. For this purpose, it is convenient to define the renormalized electric charge
e by the full electron-electron-photon vertex for on-shell external fields in the limit of
vanishing photon momentum (Thomson limit), which results in

0 1 10244 (k2 y44
—62——5ZAA——S—W5ZZA 0 (~%) _ Swar go)
€ 2c Cw 2 81{72 k2—0 Cw MZ

(5.2.10)

For completeness we mention that the renormalized quark-mixing matrix V is de-
fined in analogy to (2.1.26) and (2.1.29) by the unitary transformation matrices relat-
ing the renormalized fermionic weak eigenstates to the renormalized fermionic mass
eigenstates. This fixes the renormalization constants 0V;; in terms of fermionic field
renormalization constants

3V, = [(52;;} 52;;5“) Vi — Vi (52;3} 52‘1”)} (5.2.11)

Note that most of the one-loop renormalization constants specified above depend on
the free non-standard parameters o and My, due to the tree-level mixing (3.1.21)
in the scalar sector. As there exist no tree-level couplings of the fields Z/ and ¢y
to the standard gauge bosons and fermions the explicit expressions of the one-loop
renormalization constants specified within this section are the same for the EHSL,
EHSG and EHSD models.

5.3 Extended sector

In this section we perform the renormalization of the remaining fields and parameters,
s/h

which are associated with the Higgs part Lpjis (3.1.2), with the non-standard gauge
part LZuq (3.1.9), with the gauge-fixing part £ (3.2.1), and with the Faddeev-
Popov part £§}§§t (3.2.4). This completes the renormalization of the physical and

unphysical sectors of the three EHS models.
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5.3.1 Renormalization transformations
Extended scalar sector

We introduce the entire set of renormalization constants corresponding to the fields
and parameters in EE;@ before rotating to the mass-eigenstate basis via (3.1.21).

According to (5.1.4), both &g and ®;, obtain multiplicative field renormalization
constants,

(I)S,O = Z<I>SCI)S = 1+ 5ZH(I)87
q)h,g = 1/ Zq;hq)h = 1/ 1 + 5ZXCI)h.

Hence, in first-order approximation the renormalized scalar fields H, ¢=, ¢s, x and ¢y
are related to the bare fields by

(5.3.1)

1 1 1
HO = (1 + 5(52}{) H, 9253: = <1 + §5ZH> ¢i, (,05,0 = (1 + §5ZH) Ps,

: 1 (5.3.2)
Xo= |1+ §5Zx X; o= |1+ §5Zx ©h.

Regarding the EHSD model, the last relation in (5.3.2) involving the field ¢}, has to be
dropped.

The renormalized Higgs-potential parameters A, A, 12, p# and n are related to
the corresponding bare parameters according to

Moo = As + G,
Ao = A+ O,
Hyo = 15+ 0p3, (5.3.3)
Hio = His + 04,
no = 1+ 01.

The minimum of the potential (3.1.5) is shifted by one-loop corrections. In order to
compensate this shift, we introduce the renormalized vevs vs and vy, according to

Us,0 = Vs + 5US7 (5 3 4)
Vh,0 = Un + Ovy,. s

Similarly to (5.3.4) we treat the related one-loop corrections contributing to the tadpole
coefficients of the fields H and x, specified at lowest order in (3.1.16). Corresponding
renormalization constants are introduced in order to compensate for these one-loop
effects and the renormalized tadpole coefficients ¢y and ¢, are related to the respective
bare coefficients via

tio =ty + otm, tyo =ty + 0ty (5.3.5)
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Performing the renormalization transformation in (3.1.16) according to (5.3.3) and
(5.3.4) in first-order approximation yields

1 1
Sty = ——VUE6n — US(D\S + V62 — VROV — = A2,
2 2
1 1 (5.3.6)
oty = —§vhv§577 - ZvﬁéAh + vhé/,cz — VUMV — iAhvﬁévh.
The renormalized tadpole coefficients ¢ty and ¢, again vanish due to the renormalized
minimum conditions (5.3.4).
Next, we consider the bare squared-mass matrix M3 of the fields Hy and x, which
follows from (3.1.17) after the related renormalization transformation specified by

(5.3.3) and (5.3.4). According to
MG = M? + M2, (5.3.7)

it is split into the renormalized squared-mass matrix

1y .2
M? = <2A5“s ”Usvg) (5.3.8)

1
NMUsVL 5 AL}

(simplified by means of the renormalized minimum conditions) and into the corre-
sponding squared-mass counterterm matrix

o [OMG OM3,
SM? = <5 M oad ) (5.3.9)

with the first-order entries

3 3

SM3y = 1usdun + nondvs + veond, (5.3.10)

1
Vs A0V + 571121577 + NULOUL,

3 3 1
SIM3y = —bpp + Uh(”\h + vh)\h5vh + 122577 + vgnvg.

At this point, we transform the renormalization constants §Zy, 67y, dty, ot,, M3,
dM?3, and M3, into the related renormalization constants in the mass-eigenstate basis
of the scalar fields. This is simply accomplished with the help of the rotation (3.1.21).
After performing the renormalization transformation in (3.1.21) according to (5.3.2)
the renormalized mass eigenstates H; and Hs can be separated from the corresponding

bare fields as . )
Hio\ _ (1+50Zmm  50Zmm, Hy (5.3.11)
Hsp 07y, 14 30Zmm, ) \Hz)’ o

Zmm\ _ [ 2\ (6Zu
<5ZH2H2>_(83 ) \dZ, )" (5.3.12)

5ZH1H2 = —S8aCq (5ZH — 5ZX) . (5313)

with

and
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Inversion of (5.3.12) yields

07w\ 1 ci —si 07 H, H,

((SZX) B 1- 28?)4 (_53 ng 5ZH2H2 ’ (5314)
and hence it is straightforward to replace the original field renormalization constants
0Zy and 67, by the related field renormalization constants 0Zy, g, and 0Zy,m, in the
mass-eigenstate basis. Equipped with (5.3.13) and (5.3.14) we obtain

SaCa
0Zmm, = 02—2 (5ZH2H2 - 5ZH1H1) ) (5315)

« «

i.e. the non-diagonal entries of the matrix-valued field renormalization constant in
(5.3.11) are determined by a linear combination of the corresponding diagonal en-
tries. Moreover, it follows that the renormalization constants 0y, P associated with
the renormalized tadpole coefficients ¢y, , are given by the linear combinations

5tH1 = CadtH -+ saétx,

5.3.16
5tH2 = —Soé(stH + Ca5tx. ( )

The squared-mass counterterm matrix M2 in the mass-eigenstate basis is determined

by

9 SM% SME 4 Co S 9 [ Ca —Sa

v = (S0 ) (e e (s ) e
Taking into account (5.3.6), (5.3.10), (5.3.16) and (5.3.17) the original renormalization
constants 6 \g, dAn, dp, du? and 6n can be translated into the renormalization constants
OM3 , OME py,, OM7,, 0ty, and dty, in the mass-eigenstate basis. Note that in this
scheme the mixing angle « is not explicitly renormalized because it is introduced after
renormalization.

Non-standard gauge sector

Next, we specify the renormalization transformations associated with the non-standard
gauge sector of the EHSL model. Analogously to (5.2.5) and (5.3.2), in first-order
approximation the renormalized field Z’ is related to the corresponding bare field by

1
1= (1 + 55ZZ,Z,> 7z (5.3.18)

The associated renormalized physical parameters, namely My and gy, are separated
from the related bare parameters as

M3 o= Mz + 0MZ,, (5.3.19)

and
Gh,0 = G + 0. (5.3.20)
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Performing the renormalization transformation in (3.1.30) according to (5.3.4), (5.3.19)
and (5.3.20) in first-order approximation yields

5Uh B 1(5M§/ . 5gh

Uh _2M%/ gh.

(5.3.21)
The transition to the global model EHSG is described later.

Gauge-fixing and Faddeev-Popov sector

Finally, we specify the remaining renormalization transformations, namely those of the
gauge-fixing parameters in £ and those of the ghost fields in £&93" (cf. Sect. 3.2).
The renormalized gauge-fixing parameters &, (a = A, Z, W, Z') and &, (a = Z, W, Z")
are related to the corresponding bare parameters as follows,

Ea0=ta (1+06,),
g/),o =&y <1+5§W>
fg)oz Z/ (1+5fz/>7
Do=€0 (1+00),

(5.3.22)

and the field renormalization of the Faddeev-Popov ghosts is introduced in first-order
approximation by

( ) 1+5ZZZ (5ng (UZ)
5ZAZ 1+(SZAA UA ’ (5323)
i_(1+5z ) £ _(1+5z,,) /
0 Ww ) 0 YA/

Due to ghost-number conservation we do not have to renormalize the corresponding
anti-ghost fields. The renormalized gauge-fixing parameters are again fixed according to
the 't Hooft-Feynman gauge. Regarding the EHSG and EHSD models, the last relation
n (5.3.22) and in (5.3.23), involving the non-standard gauge-fixing parameters and the
non-standard ghost field, respectively, has to be dropped.

A proper renormalization of the unphysical sector is needed to render all Green
functions described by Lgyg (3.2.5) UV finite and to realize the correct form of renor-
malized Slavnov-Taylor identities.

5.3.2 Renormalization conditions

As mentioned in the beginning of this chapter, our aim is to establish the renormal-
ization scheme of the EHSL model such that the limit g, — 0 directly leads us to
the renormalized EHSG model. Note that according to Mz = gpuy, for fixed vy, the
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S Z Z u?
B, A A Q L A U T N
N S v = N (p_h % i
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N S A | o _
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Figure 5.1: One-loop self-energy diagrams in the EHSL model contributing to LHi
i,7 € {1,2}, with non-standard fields only in the internal lines, generic for scalar bosons

S = Hq, Hs, . The remaining diagrams only contain pure standard-sector fields in the
internal lines (analogously to the related SM self-energy ##). In the EHSG (EHSD)
model we have to ignore the diagrams involving the fields Z’ and u?" (Z’, u?" and ¢y,).

limit M, — 0 corresponds to the limit g, — 0.2 In the following, the renormaliza-
tion constants introduced above for the three EHS models are fixed by appropriate
renormalization conditions.

Extended scalar sector

In order to fix the renormalization constants corresponding to the fields and parameters

in sz{/g we define the renormalized OPI two-point functions of the mass eigenstates
Hyjy by

DI (|?) = i (K — M},) 6 + 0™ (k?), .5 € {1,2}, (5.3.24)
with the diagonal renormalized self-energies

and the non-diagonal renormalized self-energy

. M + M3
SHUH: (2) = pHH (k2) 4 |32 % 62t 1, — OMy gy, (5.3.26)

The diagrams contributing to X#i are depicted in Fig. 5.1.

The diagonal entries of the squared-mass counterterm matrix dM? (5.3.17) are
fixed according to the on-shell scheme, i.e. we require that the squared renormalized
masses MIQ{ are equal to the real parts of the poles of the corresponding propagators,
which leads us to

SM%, = Rex (M2 ). (5.3.27)

2A proper replacement of Mz by means of the parameters g, and vy, according to (3.1.30) is
implied whenever we take the limit g, — 0.
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Next, we consider the case ¢ # j in (5.3.24). In order to fix the non-diagonal entries of
dM? we require vanishing mixing for on-shell standard-like Higgs bosons Hj, i.e.

P (02 ) 20, (5.3.28)
which according to (5.3.26) implies

2 HiHs (2 Mp, — M

SM% py, = M2 (M2,) _,_#521{1}12. (5.3.29)
For k* = M}, the field renormalization does not drop out in (5.3.26). Thus, we initially
have to fix the field renormalization of the extended scalar sector in order to completely
determine the squared-mass counterterm matrix §M?2.

For on-shell renormalized 0 Zy, g, threshold effects of Hy would appear in one-loop
matrix elements with external H; bosons (and vice versa) due to the underlying mixing.
Therefore, it is more convenient to choose the MS scheme for §Zy, 5, which provides
us with the renormalization conditions

O (12)

5ZH2HZ = — |Re 8]{72

A
. (5.3.30)
K2=M3

The symbol with the outer bracket [...]2 denotes that only the A-dependent part of
the expression inside is taken, where A is specified in (5.1.2). With (5.3.15), (5.3.27),
(5.3.29) and (5.3.30) for each of the three models both the matrix-valued field renormal-
ization constant in (5.3.11) and the squared-mass counterterm matrix JM?2 in (5.3.17)
are determined.

According to (5.3.4), the renormalization of vs and v, generally is treated inde-
pendently of the associated field renormalization in (5.3.1). As a consequence, in the
three models we are free to fix dty, by demanding that corresponding one-loop tadpole
contributions vanish, i.e. we require

Ty, = Ty, + Oty =0 (5.3.31)

for the renormalized one-point amputated Green functions Ty,

From the corresponding renormalization conditions above it is straightforward to
check that in the limit g, — O the renormalization constants dMz , 0Mg y., 0Zu,n,,
0Zp,u, and dty, of the EHSL model smoothly turn into the respective ones of the
EHSG model. The explicit expressions of these renormalization constants furthermore
change when switching to the EHSD model since then related virtual-p; contributions
have to be dropped. However, since Ay(0) = 0 the tadpole renormalization constants
0ty, in the EHSG model are identical to those in the EHSD model.

From (5.3.14) and (5.3.30) we obtain (fermion generation index i)

aem

g = ——
H 8 M3, s%,

S [3(m2, +md,) +md] — (ME4+2ME) | A, (5.3.32)
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Le. In each of the three models 0Zy is just given by the Higgs-field renormalization
constant of the SM in the MS scheme. In the EHSL model we furthermore obtain

g2
67, = 8—7‘;2 A (5.3.33)

in an analogous manner. Hence, we have

Jim 0Zy =0, (5.3.34)
and we find that the field renormalization constant 67, is not required in the EHSG
and EHSD models. This is because in the absence of the non-standard gauge sector
no tensor integrals appear in the related x self-energy which thus has a momentum-
independent UV-divergent part. In the EHSG model the corresponding U(1)y, Ward
identities (B.2.2)—(B.2.9) specified in Appendix B furthermore show that 67, = 0 is
implied.

The renormalization constant dvg is already determined by standard on-shell renor-

malization constants,
dvs  dsw  1OME,  de

Z 5.3.35
Vg sw o 2 Mg, e’ ( )
which follows from the first-order renormalization transformation of (3.1.28) according
to (5.2.1) and (5.2.3). Therefore, the explicit expression of Juvs is the same for each
of the three models (cf. Sect. 5.2). The renormalization constant dvy, is related to the
non-standard gauge sector of the EHSL model discussed next.

Non-standard gauge sector

In order to fix the renormalization constants related to the non-standard gauge sector
of the EHSL model, we first specify the renormalized OPI two-point function of the Z’
boson by

P27 (k) = —igu (K — M3,) — igp, S57 (k) — igh, 577 (K), (5.3.36)

j2%

with the transverse (lower index T) and longitudinal (lower index L) part of the renor-
malized Z’ self-energy,

SZ7(k2) = SE7(K) + (K2 = M2) 6 Z 0 — SM,

A rzlrzl 171 (5337)

SEZ(K?) = SEZ () + k? (6 Z 150 — 66) — M 26 Z 3100 — OM .

The one-loop diagrams contributing to 4% and $#%" are shown in Fig. 5.2.
For the Z’ mass renormalization only 4%  is needed. Requiring that the squared

renormalized mass M2, is equal to the real part of the pole of the renormalized trans-

verse Z' propagator yields

SM2, = Rex4?(M32). (5.3.38)
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®h VA
Ve § N Zl - N Z/ Z/ Z/
VAN /7 N N
AT NN Hl-,HZ ];11’}12

(a) (b) (c)

Figure 5.2: Self-energy diagrams contributing to 4% and ©#%" at the one-loop level,
with scalar bosons S = Hy, Hs, .

Furthermore, requiring that the real part of the residue of the renormalized Z’ propa-
gator is equal to unity provides us with

NazZ’Z/ k2
6L gz = —Re# : (5.3.39)
ok k=02,
From the expressions explicit for E%’Z/ we obtain
oMZ1% _ 13g2 A 9
[ M2, } rrch g 4872 7 ( )
as well as the limits
. o . 2 _
g£1g0 0L g1z =0, g£1g0 oMz =0, (5.3.41)
and 2 2 772 2 /2
lim Mz _ el + CalMi, (5.3.42)

m—0 M2, 32r22
for the transition to the global model EHSG.

Next, we discuss how to fix the renormalization constants dvy, and d¢g,. In com-
pliance with (5.3.4) the renormalization constant dvy, also appears in the EHSG and
EHSD models. We intend to obtain a proper definition of dvy, in the EHSG model
just by taking the limit ¢, — 0 in (5.3.21). Thus, in the EHSL model it is convenient
to fix dv, according to the MS scheme such that the renormalization constant duvy, in
the EHSG model does not contain the UV-finite remnant of dM2, /M2, in (5.3.42).
Accordingly, in the EHSL model we fix duy, via

dun _ 1 [‘W%l R ) {%r (5.3.43)
M%/ gnh ’ gn gh ’

Uh 2

and in order to get dgh'® the UV-divergent part of the three-point vertex I'XZ% is
calculated at one-loop order from the Feynman diagrams depicted in Fig. 5.3, yielding

171 A 3M4
zZ'Z _ 4
|:F;>ju :| - _871'21)1?; Guv A. (5344)

The Feynman rules specify the counterterm 5Fi§flz " of the corresponding renormalized
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Figure 5.3: One-loop diagrams contributing to the vertex I'XZ?’, generic for scalar
bosons Si,Ss € {x, ¢n}-

vertex as follows,

-~ lezl o XZ/ZI XZ/ZI
Lo =057+l
2 2

1
v | —= — — + 025y + =02, | .
o u Mg, o +04ziz +2 X

7 (5.3.45)

The requirement that f‘l’jflz/ has to be UV finite together with (5.3.33), (5.3.40) and
(5.3.43)—(5.3.45) yields

MS 2
N (5.3.46)
I 9672
and 5 )
Th A (EHSL model) (5.3.47)
Un 2
such that .
gl}}glo oy, = 0. (5.3.48)

This result indicates that the renormalization constant dvy, is not necessary for the
renormalization of the EHSG and EHSD models.

According to the general discussion on vev renormalization in spontaneously broken
gauge theories [124] the introduction of the independent renormalization constant dvy,
is necessary for non-vanishing ¢, and &, # 0 in the EHSL model, since then the
non-standard part of the gauge-fixing Lagrangian (3.2.1) breaks the associated global
U(1)y,. For vanishing g, however, the global U(1)y, of the Lagrangian is restored and
then, dvy, is not required anymore. We confirmed that dv;, is not needed to restore the
U(1)y, Ward identities specified in Appendix B. Finally, we have checked analytically
that with the choice

dop, =0 (EHSG/EHSD model) (5.3.49)
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all the corresponding renormalized one-loop vertex functions are UV finite, both in
the EHSG and in the EHSD model. Therefore, we conclude that the renormalization
conditions (5.3.47) and (5.3.49) are very convenient allowing a smooth transition from
the renormalized EHSL to the renormalized EHSG model.

Gauge-fixing and Faddeev-Popov sector

The bare gauge-fixing part Lijg  is obtained from (3.2.1) by introducing the renormal-
ization transformations for the fields and parameters. The bare gauge-fixing operators
F§ (a= A, Z,+,7") are defined such that these absorb all the corresponding one-loop
renormalization constants in LY, in first-order approximation. Additionally taking
into account the renormalization transformations of the ghost fields (5.3.23), the bare
Faddeev-Popov part ﬁ%‘;;’gfo is defined analogously to (3.2.4) but with the replacements
OF(x) — 0Fg(x), ub(y) = ud(y), 6¢°(z) — 6¢(z) and 0V,S(z) — dV,5o(2). The in-
finitesimal gauge transformations of the bare fields 0V, and d¢f are obtained from
(2.1.32) and (3.1.32) by introducing the corresponding renormalization transforma-
tions. Accordingly, the renormalized vertex functions involving the ghost fields as well
as the renormalized ghost-field propagators are determined as listed in Appendix A.

In linear gauges the gauge-fixing operators and parameters are protected from one-
loop and higher-order corrections as a consequence of the Slavnov-Taylor identities.
Therefore, we do not have to renormalize the gauge-fixing part of the Lagrangian (see
e.g. [83]) and it is convenient to require that £ is equal to (3.2.1) written in terms
of renormalized fields and parameters. This ensures that the usual form of Slavnov-
Taylor identities is realized and fixes the renormalization constants of the standard
gauge-fixing parameters as follows,

0y = 02y, (V=A2ZW),
1 16M2 1 (5.3.50)
68, = =0Zyy — =—> — =62 V=2zZW
é-V 9 4% 9 M‘% 9 H, ( ) )a
and those of the non-standard gauge-fixing parameters as
1 1oMZ, 1
(552/ = 5Zlel’ 56%/ — §5ZZIZ/ - §M—%l - §6ZX (5351)

With (5.3.50) and (5.3.51) the poles of the would-be Goldstone-boson propagators
coincide with the corresponding ones of the related gauge bosons also at the one-loop
level.

It remains to determine the field renormalization of the Faddeev-Popov ghosts as
introduced in (5.3.23). According to the on-shell scheme, the related field renormaliza-
tion constants are fixed such that the ghost fields do not mix at k% = 0 and k* = M3,
and such that the real parts of the residues of the corresponding renormalized prop-
agators are equal to one. The counterterm parts of the associated renormalized OPI
two-point functions can be obtained from App. A.6. With the respective u®u® self-
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energies denoted as X% we hence obtain

~ — OxVV(k? 1

(SZVV = —Re# + —5ZV\/, (V = A, Z, :|:),
ok KR=M2 2

- ~3%4(Mz) 1 ()

0Lz = —RGT% + §5ZAZ, 0Zz4 = M% )
and _

~ — ONZ7 (|2 1

5ZZ’Z’ = —Re% + iézZ’Z’a
k2=M2,

where 5Zii = (SZWW and (SZii = 5ZWW

95

(5.3.52)

(5.3.53)

Now that we have introduced and fixed all the one-loop renormalization constants
of the EHSL, EHSG and EHSD models, we refer to the associated list of Feynman rules
which can be found in Appendix A and includes the entire set of one-loop counterterm

vertices.
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Chapter

Electroweak precision observables

In order to gain further information about the allowed non-standard parameter space
we here focus on a distinguished set of precision observables which is affected by non-
standard one-loop contributions of the extended Higgs sector. It is commonly known
as the set of electroweak precision observables (EWPOs).

EWPOs are given by the My, — M, interdependence via Gy and the set of ob-
servables at the Z resonance, i.e. line-shape observables like the total Z width 'y
and partial widths 'y = I'(Z — ff) as well as various asymmetries which contain
the effective electroweak mixing angles. More details on EWPOs can be found e.g.

in [81,125].

Due to associated one-loop contributions of the fields H; and Hy the EWPOs depend
on the non-standard parameters o and My,. At the one-loop level neither Zj, nor ¢y
contributes to EWPOs and therefore, the remaining non-standard parameters v, and
Mz (or gy) do not appear in this context. The one-loop predictions provided within
this chapter thus apply to the EHSL, EHSG and EHSD models which are here referred
to as EHS models.

For the Z line-shape observables o}, 4 (hadronic cross section at the peak), I'yz,
R, = Fh“d (hadronic width I'h.q) and R, = T it turns out that related non-standard
one—loop effects are negligible (considerably smaller than the size of corresponding
experimental 10 bounds) in the treated range of a and My, (specified in Sect. 6.1).
This is why we do not further discuss these insensitive Z line-shape observables.

It appears that the W-boson mass My, and the effective leptonic mixing angle
sin? 9(1;? are the EWPOs which are most sensitive to the non-standard one-loop contri-
butions of the EHS models, and in this chapter we provide the corresponding results.
Moreover, we provide the non-standard one-loop prediction for the forward-backward
pole asymmetry of the Z-boson decay into a pair of b quarks A%’g, for which the SM pre-
diction shows about 2.40 deviation from the corresponding experimentally measured
central value (cf. Tab. 6.2).

Non-standard one-loop contributions to My, have already been studied in the real-
®y, extension of the SM [52]. Here, we perform a similar analysis but take into account

57
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parameter H experimental central value \ reference ‘

My = My, [GeV] 125.09 [19]
My [GeV] 91.1876 [79]
my [GeV] 173.5 [79]
my [GeV] 4.93 [79]

Gr [GeV 7] 1.1663787 - 10~° [100,101]
(Cemn) 137.035999139 [79]
as (Myz) 0.1182 [79]

Adten 0.05907 [126,127]

Table 6.1: Relevant input parameters we use in our calculations. My denotes the mass
of the SM Higgs boson. For the quarks the pole masses are listed.

an improved implementation of corresponding higher-order SM contributions.! In [53]
bounds for the parameters o and My, have been derived from the full set of electroweak
precision data by taking into account related non-standard one-loop effects in the
propagators of the W and Z boson, but with the associated non-standard one-loop
effects in the couplings of the Z boson to the fermions neglected. Here, we take into
account the complete non-standard one-loop corrections.

At the end of this chapter we present the result for a Ay? analysis which takes into
account our predicted My, sin? 9;’? and A%’g in terms of the model parameters and
depicts associated exclusion bounds of 68% and 95% confidence level in the o — My,
plane.

6.1 Technical aspects and current experimental status

In order to obtain accurate analytical and numerical results for the observables listed
above, numerous Feynman diagrams have to be calculated. For the generation and sim-
plification of the corresponding analytical expressions we make use of the Mathematica
packages FeynArts [78] and FormCalc [104]. The Mathematica output is then con-
verted into a FORTRAN code which, together with the LoopTools [104] package, allows
us to obtain the numerical results in an efficient way.

Up to now, quantum effects of the extended models beyond the one-loop level have
not yet been calculated. We therefore combine one-loop standard and non-standard ef-
fects with all SM higher-order terms so far known. As there exist no tree-level couplings
between the non-standard scalar fields and the massless gauge fields (cf. Chapter 3)
corresponding one-loop and higher-order QED and QCD contributions can be directly
adopted from the SM.

The important input parameters which are used in our calculations are specified in
Tab. 6.1. Here, m; and m; denote the pole masses of the ¢ and b quark, Gy represents
the Fermi constant, a, the strong coupling constant and Aa., stands for the shift

'For large o and large My, this improved implementation has a non-negligible effect such that the
deviation from the related SM prediction for My, becomes furthermore increased by a few MeV.
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’ observable H SM pred. \ A, \ ANV \ Ang \ experiment ‘
My [GeV] 80.363 | £6-1073 | £5-10~* | £2-107° 80.385 £ 0.015 [79]
sin? 0P [ 023151 | +£3-107° | £4-1075 | £4-107° | 0.23153 & 0.00016 [131]
ATY 0.103 | £2-107* [ £2-107° [ £2-10~* | 0.0992 + 0.0016 [132]

Table 6.2: Summary of EWPOs investigated in this work. Current experimental central
values and associated 10 bounds are listed as well as corresponding SM predictions.
The quantities A,,,, Ay, and A, point out the particular change in the predicted
observables which stems from a variation of the input parameters m; and My by
+1 GeV and Adaey, by £0.0001.

in the electromagnetic fine-structure constant e, induced by QED photon vacuum
polarization. The masses of the remaining fermions are taken from [79] and the entries
of the quark-mixing matrix are set to the FormCalc-8.3 default values.

The current experimental measurements of My, sin’ Hﬁf and AOF’]Z are summarized
in Tab. 6.2 together with the corresponding SM predictions. The latter incorporate
the input parameters specified in Tab. 6.1 and include the established one-loop and
higher-order contributions. The SM prediction for My, is taken from [128] whereas
the predicted values of sin? 92“}’ and A%’g are obtained by using the program ZFITTER
[129,130].

6.1.1 Constraints from Higgs signal strengths

Recent measurements of the various Higgs signal strengths at the LHC can be used to
get a quick estimate for the restriction of the mixing angle o to a smaller range than
in (3.1.25).

Here, the Higgs signal strength /i; is defined by the total cross section of the process
pp — Hy — X; (protons p, decay product X; € SM) predicted by the EHS models,
normalized by the related total cross section predicted by the SM. Hence, we have

~

olpp — Hy —X;)  o(pp— Hi) BR(H = X;)
’ U(pp — H — Xz)SM U(pp — H)SM BR(H — Xz’)SM’

(6.1.1)

which in LO approximation simplifies to

ﬂ- _ CQ ‘ BR(Hl — Xi)LO (6 1 2)
‘ « BR(H — Xi)SM,LO‘ o

From (6.1.2) we can furthermore deduce that

-1

) an §§ Xia (613)

R I'H; — X
— 2 1+ ( 12 — )LO
Cartot,LO
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where I'(H; — X,;5) generically summarizes the potential impact of kinematically al-
lowed non-standard decay modes (cf. Chapter 7) on the total H; width

igt = Z [(Hy = X;) + D(Hy = X)), (6.1.4)

and T'H, denotes the total width of the SM Higgs boson. In the limit T'(H; — X,5) — 0
we have BR(H; — X;)r.o = BR(H — X;)sm.Lo and thus ji; = ¢2. Here we assume that
experimentally measured deviations from fi; = 1 can be related to this factor 2.
Taking into account the combined Higgs signal strength analysis of the ATLAS [133]

and CMS [134] collaboration this approach approximately leads us to ji; = ¢2 2> 0.75.
Therefore, we restrict the angle o to the range

T <a<4- 6.1.5

g Sas + 5 (6.1.5)
For the second Higgs we assume My, > 70 GeV in the numerical analysis of EWPOs.?
Moreover, we do not consider My, larger than 1 TeV. Note that according to (6.1.3) the
mixing angle a becomes even more constrained by ji; measurements once non-standard
decay modes of H; become kinematically allowed.

6.2 WW-boson mass and muon decay

6.2.1 Theoretical framework

Originally, the muon lifetime 7, has been calculated in the Fermi model. In this
context, the corresponding fermions interact directly at one four-fermion vertex and
the theoretical result can be written as [81]

1 Gm m?2

Ty 19273

a (6.2.1)

2

Kqep = 1+ 1.810@ + (6.701 £ 0.002) (@) ,
including the established QED corrections within that model. Here, m, and m, denote
the masses of the electron and muon. Nowadays, the Fermi model is considered to
describe the effective limit of small momentum transfer in the SM. Still, (6.2.1) serves as
the defining equation for the Fermi constant G which represents the coupling strength
of the effective four-fermion interaction. Including the established QED corrections
specified by Kqrp we obtain the numerical value listed in Tab. 6.1.

Comparing (6.2.1) with the theoretical result for 7, calculated in the SM (or in its
EHS extensions) and just retaining terms of first order in perturbation theory provides
us with the relation

GF 62

2The LEP exclusion limit of Mg > 114.4 GeV [135] does not apply to non-standard Higgs bosons
with smaller couplings.
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\571 i Fy U,
(e) (f) (2)

Figure 6.1: Generic gauge-boson self-energy diagrams, with gauge fields Vi, V5, V5, V, €
{A, Z, W*}, scalar bosons Sy, Sy € {Hy, Ha, s, ¢F}, fermions Fy, Fy € {v;, 1, u;, d;},
and ghost fields Uy, U, € {u?, u?,u*}.

The finite quantity

5 2 M2 5M2 EWW _ M2
AT = 2_6 - CW (6 Z — W) + i (O) 5 U + (5vertex+box (623)

c =\ M3
summarizes the electroweak radiative one-loop corrections which are contributing to
the muon decay. The QED corrections are already included in (6.2.1).

In the SM the explicit form of the vertex and box contributions to the muon decay
can be written as [81]

2 ¥42(0) « 7 — 4s?
5ver ex+box — T = 6 — W 1 2 . 6.2.4
texth swew M2 + 4rsi, ( + 2%, 08 cw ( )

In the EHS models we can neglect deviations from the expression on the right-hand side
of (6.2.4). This is because the corresponding non-standard vertex and box contributions
are always proportional to the couplings of H; and Hs to the electron or muon and
those couplings always contain a factor n;jv/‘f‘, multiplied by ¢, and s,, respectively.
Hence, associated virtual contributions are suppressed no matter if we consider the
standard (a = 0) or the extended scalar sector.

Next, let us have a closer look at the renormalization constants and gauge-boson
self-energies which appear in (6.2.3) and (6.2.4). The corresponding renormalization
constants are defined in (5.2.9) and (5.2.10). Generally speaking, we have to take into
account virtual contributions of the gauge, Higgs, fermion and ghost sector as depicted
in Fig. 6.1. Since there exist no direct couplings of H; and H, to the photon field, the
self-energies Y44 and 4% do not carry any non-standard contributions at the one-loop
level and, according to (5.2.10), the same holds for the renormalization constant Je.

It follows that just the self-energy ¥"W(0) and the on-shell renormalization con-
stants d M3, and 0 M2 defined in (5.2.9) yield non-standard one-loop contributions to
Ar. The related transverse gauge-boson self-energies can be written as

SR = S (F) + IRV, B1Y(RY) = D6 () + DS (), (6.2.5)
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Figure 6.2: Non-standard one-loop contributions to the self-energies of the massive
standard gauge bosons, with generic W = W* and ¢ = ¢ .

with X¥W and ¥ZZ comprising the complete SM contributions. The corresponding
non-standard contributions are given by

a
S = g
16ms%,

+SQ Oem
“167s%,

aem
~ Torsz, (Ao(Mip) + AMyy Bo(k*, Mjj, Myy) — 4Boo(*, Miy, My))
w

(Ao(MF,,) + AMG, Bo(K*, M7, , My,) — 4Boo(k*, M7, , My,))

(Ao(MP,) + 4M3, Bo(k*, M7y, My,) — 4Boo(k?, M7y, My,))

(6.2.6)

and

Olem
S (W) = Aqpraar (Ao(My,) +AMEBo(K, My, M3) — 4B (K, My, M)
wCw
g2 Gem
Y1672, ¢z
aem
16782, (Ao(M3;) + 4M35 By (k?, My, M7) — 4Boo(k*, My, M3)) .
wCw

(Ag(M},) + AMZBy(k*, M7, M%) — 4By (k*, M3, M%)

(6.2.7)
The explicit expressions of the scalar one-point integral Ag(m?), the two-point integral
Bo(k?,m?,m2) and the scalar coefficient function Byg(k?, m?, m3) of the two-point ten-
sor integral B, (k*, m},m3) = g,,Boo(k*, m3,m3) + k,k, Bi1(k* m3, m3) can be found
in [82]. The last line in (6.2.6) and (6.2.7), respectively, corresponds to the particu-
lar SM Higgs contributions which are properly subtracted. The corresponding non-
standard diagrams are illustrated in Fig. 6.2.

According to the considerations above Ar can be written as
Ar = ATSM(MWa MH, Mg, ... ) + A’FNs(Mw, MHU MHQ) a, My, ... ), (628)

such that Argy summarizes the corresponding SM contributions and Aryg takes into
account the associated non-standard one-loop contributions. The dots in (6.2.8) in-
dicate that Ar furthermore depends on the remaining SM parameters. The quantity
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Ar is sensitive to radiative corrections beyond the one-loop level and as described in
Subsect. 6.2.2 we incorporate the established higher-order SM contributions in Argy.

Rearranging (6.2.2) in a way that s¥, is expressed in terms of the gauge-boson
masses yields

1 1 Ol T
Equipped with (6.2.9) the W-boson mass can be predicted in the extended models.
Consequently, by taking into account the experimental bounds for My, we are able to
test the EHS models and to obtain constraints for o and My,.
As highlighted in (6.2.8) the quantity Ar itself depends on My, which is why we
finally solve (6.2.9) iteratively. Let us now demonstrate how we implement the higher-
order SM contributions into our calculation in the improved way.

6.2.2 Implementation of higher-order standard contributions

There exists a simple parametrization [128] for the SM prediction for My, which in-
corporates the relevant one-loop and higher-order contributions [136-157]. For My ~
125 GeV the resulting numerical value approximates the solution of (6.2.9) to better
than 0.2 MeV. The input parameters specified in Tab. 6.1 in combination with this
parametrization provide us with the numerical value

MM = 80.363 GeV (6.2.10)

for the predicted SM W-boson mass MiM including the established higher orders.
Taking into account (6.2.2), it is straightforward to obtain a numerical value for the
related quantity Argy which summarizes the established one-loop and higher-order SM
corrections, yielding

8G MM 2
Argn (MM, My) = \/§eF2 (MM [1 _ ( MV; > ] — 1. (6.2.11)

From Argy we subtract the SM one-loop contributions Ardk;, calculated according to
(6.2.3) and (6.2.4) with the input of the W-boson mass given by (6.2.10). Finally,
we add the corresponding one-loop contributions of the EHS models. These are also
calculated according to (6.2.3) and (6.2.4) and summarized by the quantity Ar'™ which,
beside the related standard one-loop contributions, contains the contributions from the
non-standard Feynman diagrams listed in Fig. 6.2. Hence, we use

Ar = Argy(MSM, My) — Arde (MSM, My) + Ar'™ (Myy, My, My,, o) (6.2.12)

in order to solve (6.2.9) iteratively. Note that this approach differs from the one in [52]
by the input of the W-boson mass in Ardl;.
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Figure 6.3: Predicted My, versus My, (left side) and « (right side). In either case the
dashed grey line stands for the corresponding measured central value and the grey area
depicts the associated experimental £10 bounds (cf. Tab. 6.2).

6.2.3 Numerical results

In Fig. 6.3a the predicted My is shown as a function of My, for different mixing angles
« as indicated by the lines of black (o = 0), red (o = +7/32), blue (v = £7/16), green
(v = £7/8) and purple (o« = +7/6) color. Hence, the black horizontal line in Fig. 6.3a
represents the corresponding SM prediction. In Fig. 6.3b the predicted My, is shown
as a function of « for different My, as indicated by the lines of black (Mp, = 70 GeV),
red (Mg, = 125 GeV), blue (My, = 300 GeV), green (Mpy, = 750 GeV) and purple
(Mpg, =1 TeV) color.

It can be seen that large || in combination with the condition My, < My, provide
a shift in the predicted My, quite close to the experimentally measured 4+1o band,
whereas for large My, > Mpy, and a # 0 the gap between the predicted My and
the measured central value increases. Moreover, we can conclude that in the limit
My, — My, for any mixing angle o the SM prediction is approached. This is because
in this limit we have XX (k?) = 0 (V = W, Z) as can be directly deduced from (6.2.6)
and (6.2.7). Furthermore, Figs. 6.3a,b point out the symmetry of our results under a
change of sign in a.

6.3 Z-pole observables

6.3.1 Theoretical framework

Among the Z boson observables, we focus on the predictions for the representative
examples sin? 8:2? and AXY with the best sensitivity on the extended models. These
observables are part of the EWPOs associated with the Z resonance in ete™ anni-
hilations. In this context, the effective vector and axial couplings g{; and gj; of the

Z boson summarize the relevant one-loop and higher-order electroweak effects to the
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(c) (d)

Figure 6.4: Electroweak non-photonic corrections to the process efe™ — f f. The
large black blobs represent corresponding renormalized two- and three-point functions.
Box diagrams are negligible at the Z peak [125].

process ete” —» f f. The electroweak non-photonic one-loop and higher-order con-
tributions which have to be considered at the resonance are visualized in Fig. 6.4.> We
ignore related box-diagram contributions as these are negligible (relative contribution
~ 107) around the Z peak [125].

As soon as we neglect the external fermion masses, the Lorentz structure of the
renormalized one-loop vertex functions in the processes depicted in Figs. 6.4c,d can
be reduced to the Lorentz structure of the corresponding tree-level vertices. Since the
fermions into which the Z boson can decay are light, this is a reasonable approximation.
As a result, the one-loop corrections to the vertices can be absorbed in associated
renormalized vector and axial-vector vertex form factors F2/(s) and F{/(s) which
generally depend on the center-of-mass energy /s. At the resonance, we set s = M2
in Fgf and F‘if . By introducing the effective vector and axial-vector couplings [81]

A7 (02) —ar )\
f Z nZf _
= |vs+2spewQp————=—+F | - | —————— ,
N T W A () V] (1+HZ(M§)>
L (6.3.1)
1—Ar /
I = [a +sz] |
ror o))
and the fermionic neutral-current vertices
1/2
I = [95% —gﬁw%] : <\/§GFM§) : (6.3.2)
the corresponding Z-exchange amplitude A/, can be written as [81]
Jo @ JhH
Al = "¢ : (6.3.3)

i 2 - Iz
s — Mz +is3f

3Related QED corrections form a gauge-invariant subset [81] and thus can be treated separately.
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Figure 6.5: Generic one-loop vertex diagrams contributing to F\Z,f and ]_f‘if , with scalar
bosons Sy, Sy € {Hy, Hy, 05, g%}, fermions F = I;, v;, u;, d;, vector bosons V = W=, 7,
and W = W=, The cross in (g) denotes the corresponding vertex counterterm.

with the shorthand notation

Vu @ = [Veryuue] X [ty vy] (6.3.4)

for the bilinear combinations of the spinors u; and vy of the external fermion fields.
Furthermore, we introduce the quantities

ﬂA(S) _“T (S) ﬂAZ(S) _ 2%2(8)7 ﬂZ(Mé) _ aRei%Z(S) , (635)

s 5 Js .y

and the tree-level vector and axial-vector couplings of the Z boson to fermions f,

Vy = I})) - 28124/@]0,

6.3.6
ar = [? ( )
In the on-shell renormalization scheme we have (cf. Sect. 5.2)
R ONZZ (|2
ReX4%(M32) = ReZZT (K) = 0. (6.3.7)
L P

The small imaginary parts of the self-energies and vertex form factors in (6.3.1) can be
neglected and thus, the effective vector and axial-vector couplings can be simplified to

g =[os+ 0] a-an” gl =+ B a0 (638)

In Figs. 6.5 and 6.6 we illustrate the one-loop Z ff—vertex diagrams and the fermion
self-energy diagrams which contribute to F\Z,f and Fif . The fermion self-energies enter
via the field renormalization of the external fermions which is part of the Z f f -vertex
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Figure 6.6: Fermion self-energy diagrams contributing to F\Z,f and Fif via the vertex
counterterm depicted in Fig. 6.5g, with scalar bosons S = Hi, Ha, s, ¢, fermions
F =1;,v;,u;,d;, and vector bosons V = W+, Z.

counterterm depicted in Fig. 6.5g. The renormalized vector and axial-vector form
factors read

PO =F2 1 ovy R =F 4 oFY, (6.3.9)
with the unrenormalized vertex i T} £
Lo € Zf zf
128 = Sopew [Fv "= Fy 7“75] : (6.3.10)

which summarizes the one-loop contributions to the Zff coupling induced by the
three-point vertex diagrams depicted in Figs. 6.5a—6.5f, and the counterterm

vi(shy — cly) — 4siyciv Qs (5Mv2v 5M%>

0 1
5F\Z/f = Uf;e + EvdeZZ —

2s%, My, M
— swewQ 04z + ([]?Z - S%VQf) AR SI%VQf(SZf’R’ (6.3.11)
5FZf:a §—{—1a 5ZZZ—1a S%/V_CIQ/V 5MT%V_5M% N
A=t 277, A\ M M3

+ (1} = sy Q) 627" + s3,Qp0 211,

according to App. A.15.

The quantities (5F€f and OF if collect the corresponding one-loop renormalization
constants associated with the on-shell renormalization scheme. The diagonal field
renormalization constants of the fermions 6 Z/“/® include the non-photonic electroweak
contributions as depicted in Fig. 6.6. Already indicated in Subsect. 6.2.1, de and 674z
have no non-standard contributions at the one-loop level. The important non-standard
contributions to Fif and ﬁif stem from 5M§WZ and 0Zzz in (6.3.11). The effects
originating from the non-standard vertex and self-energy diagrams illustrated in Figs.
6.5 and 6.6 are small due to the suppressed Yukawa couplings. Only for f = b we obtain
some non-negligible non-standard contributions from these diagrams. Note that the
effective vector coupling g{, furthermore gets non-standard contributions from v; since
the quantity sy in (6.3.6) depends on My .

With the effective vector and axial-vector couplings g{, and g}; including the non-
standard one-loop contributions of the EHS models, we now discuss the related impact
on the predictions for sin? 9}3%? and AJ%. These two important EWPOs are defined
by [125]

sin? glp — 1 [1 - g—"] (6.3.12)
4 gi
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and 3
App = 7 e Ae, (6.3.13)

with ;o
2
Ap=— A p=ep, (6.3.14)
(9v)? + (92)?
Through the structure of the effective couplings both sin? 8% and AYg depend on My .
Consequently, the value of My from (6.2.9) with Ar given by (6.2.12) also enters the
Z observables.

6.3.2 Implementation of higher-order standard contributions

Our one-loop calculations are combined with the associated higher-order SM contribu-
tions for which we apply the program ZFITTER. The latter has the option to use My,
as an input quantity in order to predict the Z-pole observables. From the obtained SM
predictions we subtract the corresponding SM one-loop contributions with the input
of My, given by (6.2.10) and finally, we add the respective one-loop contributions of
the EHS models.

6.3.3 Numerical results

Our numerical results for sin? P and AYy are illustrated in Figs. 6.7a,b where the
observables are plotted as functions of My, for different « as indicated by the lines of
black (o = 0), red (o« = +7/32), blue (o« = £7/16), green (o = £7/8) and purple
(o = £m/6) color. Accordingly, the black horizontal lines in Figs. 6.7a,b represent the
corresponding SM predictions. In either case the results are symmetric under a change
of sign in . The a-dependence disappears in the limit My, — My, such that the
respective SM prediction is approached.

It can be seen that for parameter combinations consisting of large |a| and large
M, the predicted sin? 9@? can show more than 1o deviation from the measured value
listed in Tab. 6.2. On the other hand, the predicted sin? 9(13? strongly decreases for
large || in combination with the condition My, < My,. However, for My, > 70 GeV
we do not pass the lower bound of the measured +10 band.

Realizing that the SM prediction for A%g shows a deviation of more than 20 from
the measured value listed in Tab. 6.2, it is remarkable that parameter combinations
consisting of large |a| and large My, lead to a predicted A%]g which is considerably more
compatible with the experiment. However, this effect is in conflict with the results for
My, and sin® Qieff according to which the non-standard parameter region consisting of
large |a| and large My, clearly leads to a larger deviation from the measured values.
The compatibility of the predicted and experimentally measured AOF’E becomes worse
in the parameter region My, < My, with o # 0.

Finally, we perform a Ax? analysis combining our non-standard one-loop predic-
tions for My, sin? Hé‘? and A%’g. The result is depicted in Fig. 6.8. Displayed in the
a — My, plane are the contours of the yellow (Ax? < 1) and blue (Ax? < 4) areas.
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Figure 6.7: Predicted sin? 6" (left side) and A% (right side) versus My, for various
mixing angles «. In either case the dashed grey line stands for the corresponding
measured central value and the grey area depicts the associated experimental +1o
bounds (cf. Tab. 6.2).

Accordingly, these contours represent exclusion bounds of 68% and 95% confidence
level. The solid contours take into account the related parametric uncertainties (ap-
proximated by those specified in Tab. 6.2) as well as the theoretical uncertainties from
missing higher orders: oMy |ho. ~ 4 MeV [128], dsin? 0P|y ~ 5 - 1075 [158] and
5A%’]g|h_0. ~ 2.7-107%. Here, A%]g|h.o, is estimated from dsin? Qiﬁh_o_ by means of Gaus-
sian error propagation in A.. The dashed contours ignore all these uncertainties. The
point of best fit lies outside of the considered « range (6.1.5) and is thus disfavored by
Higgs observables.

The overall conclusion is that large My, generally constrain |« to be comparatively
small and vice versa. Therefore, Fig. 6.8 underlines the importance of investigating
non-standard quantum effects in SM extensions. Together with the constraints from
electroweak precision data, a substantial part of non-standard parameter space can
be excluded. The exclusion bounds from perturbative unitarity illustrated in Fig. 4.1
provide complementary constraints to the results in Fig. 6.8 from above (for sufficiently
small vy,).
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Figure 6.8: Contours of Ax? corresponding to our combined NLO analysis of My (cf.
Fig. 6.3), sin? 0% (cf. Fig. 6.7a) and Aph (cf. Fig. 6.7b) in the EHS models, displayed
in the & — My, plane. The solid (dashed) contours of the shown yellow (Ayx? < 1)
and blue (Ax? < 4) areas represent exclusion bounds of 68% and 95% confidence level,
including (excluding) associated theoretical errors.



Chapter 7

Decays of the standard-like Higgs boson

In the SM extensions of the type EHSL, EHSG or EHSD model the predictions for
observables related to decays of the standard-like Higgs boson H; are in general de-
pendent on the non-standard parameters vy, and My (or gy), especially once the corre-
sponding non-standard decay channels H; — Z'Z’ (EHSL model), H; — ¢nen (EHSG
model) and/or H; — HyH, (EHSL, EHSG and EHSD models) become kinematically
allowed. The current experimental uncertainties corresponding to recent measurements
of Higgs-decay observables at the LHC experiments [79,133,134,159] are however still
comparatively large. In the foreseeable future the total width Tl of the standard-like
Higgs boson might not become directly observable at the LHC, as well as the corre-
sponding partial widths. However, LHC constraints for the related branching ratios are
expected to become more accurate in the years ahead and potential future lepton and
hadron collider experiments will further improve the experimental precision [160-165].
Therefore, in models with extended Higgs sectors it is generally worth performing a
detailed investigation of the related Higgs-decay observables beyond the LO approxi-
mation.

7.1 Concept and technical aspects

In non-standard parameter regions where non-standard decay modes of H; are kinemat-
ically forbidden (i.e. for Mz > My, /2 and My, > My, /2) or sufficiently suppressed,
the LO branching ratios of Hy,

BR(H, — X;) = oF,
tot

, (7.1.1)
do not differ from those of the SM Higgs boson. This is because a LO partial width
['(Hy — X;)Lo for the decay of H; into the generic SM decay product X; is just given
by the related SM partial width I'(H — X;)pLo multiplied by an additional global
factor of ¢2. This factor stems from the respective H; LO coupling due to the mixing

(3.1.21), and drops out in the branching ratio. As a consequence, in such regions
of non-standard parameters deviations from the SM branching ratios BR(H — X;)

71
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can only be generated by one-loop and higher-order non-standard effects. It is thus
important to probe whether non-standard quantum contributions may provide a visible
shift in the H; branching ratios. Based on our renormalization scheme (cf. Chapter 5)
we perform this task at the one-loop level for the first time.!

e We take into account the standard and non-standard NLO_ contributions to the
significant fermionic two-body partial widths I'(H; — bb), I'(H; — c¢) and
F(Hl — 7"7_'>.

e We incorporate the dominant non-standard one-loop corrections to the inclusive
decays of Hj into two pairs of on-shell fermions (here denoted as i and j) via the
exchange of two virtual standard vector bosons V' = W, Z. These one-loop correc-
tions are summarized by a proper definition of the corresponding effective renor-
malized one-loop H; V'V vertices. We provide a new compact analytic formula for
the inclusive four-body partial widths I'(Hy — VV) =37, . I'(Hy = VV — 1ij).
It enables a convenient (and basically model-independent) implementation of
such non-standard one-loop corrections in terms of the above-mentioned effective
H, V'V vertices. The latter amongst others depend on the two invariant fermion
masses s; and s; which are the remaining phase-space integration variables in this
formula. In the end we make use of the CUBA [166] library in order to perform
the final integration over s; and sj numerically.

e The partial widths for the loop-induced decays of Hj, namely I'(H; — AA),
I'(Hy — AZ) and I'(H; — gg) are approximated by the respective SM expres-
sions [167] multiplied with the factor ¢2. Thereby, we neglect associated non-

standard NLO contributions as two-loop effects which are expected to be small

due to the additional suppression by a factor s2. For the numerical evaluation of

the SM partial width I'(H — gg) the FORTRAN package HDECAY [168] (version 6.5)

is used. The latter allows us to effectively implement the corresponding substan-

tial QCD corrections which exhibit a rather complicated analytic structure [169].

e In addition to the decays into pure standard particles we provide first NLO results
for the partial widths I'(H; — Z'Z"), I'(Hy — ¢nen) and T'(H; — HoHy) which
correspond to the possible non-standard decay modes of H;. We survey their
potential impact on the one-loop corrected th and BR(H; — X;). The heavy-
to-light Higgs decay has already been studied at the one-loop level in the EHSD
model [51] and in the real-®, extension without the ZP symmetry [56,60]. Here,
the partial width I'(H, — HyH,) is investigated in the EHSL, EHSG and EHSD
models in order to allow a proper comparison of the related NLO contributions.

e We confirm the validity of the Goldstone-boson equivalence theorem in the non-
standard sector at NLO in perturbation theory — a test of consistency of our

Tn [54] the non-standard one-loop contributions to the renormalized Higgs couplings are studied
in the real-®y, extension of the SM without the ZP symmetry. Here, we perform a study of the H;
decay widths and branching ratios in a different and wider class of models.
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renormalization schemes. This is achieved by a comparison of the one-loop cor-
rected widths I'(H; — Z'Z') and I'(H; — ¢nen) in the limit My — 0 (fixed vy,)
both analytically and numerically.

The total width T'! including the specified non-standard one-loop contributions is
obtained by properly adding up the contributions from the various partial widths.?2
Equipped with all the required building blocks a proper one-loop expansion in (7.1.1) fi-
nally provides us with the one-loop predictions (henceforth also referred to as NLO pre-
dictions) for the branching ratios BR(H; — X;), X; = AA, ZZ WW, 17, AZ, gg, bb, cc.

7.2 Theoretical framework

In the following the calculations of the partial widths contributing to I'Z! are described,
with focus on the non-standard one-loop contributions and their incorporation in the
physical observables.

7.2.1 Loop-induced decays

The loop-induced H; partial widths into AA, AZ, gg can be expressed in terms of the
SM widths I'(H — AA), I'(H — AZ) and I'(H — gg) [167] as follows,

2. T(H — AA),
I'(H, — AZ)=c:-T(H - AZ), (7.2.1)
> -T(H = g9),

with the ¢ factors originating from the Higgs mixing (3.1.21). The Feynman diagrams
corresponding to the related LO processes are depicted in Fig. 7.1. The LO contri-
butions to I'(H; — AA) and T'(H; — AZ) are generated by the diagrams in Figs.
7.1a,b. In Fig. 7.1b only the top quark F' = t effectively contributes to the related
partial widths. Virtual contributions from the remaining fermions are negligible due to
strongly suppressed Yukawa couplings. The dominant LO contribution to I'(H; — gg)
stems from the case () = ¢ in Fig. 7.1c. However, here also the bottom quark @) = b
provides a non-negligible virtual contribution. Electroweak non-standard NLO contri-
butions from I'(H; — AA), I'(H; — AZ) and ['(H; — gg) can be neglected as effects
at the two-loop level.

The NLO QCD corrections to I'(H — AA) and I'(H — AZ) are implemented
according to [167]. The established QCD corrections to I'(H — gg) are incorporated
with the help of HDECAY. For more details about the standard parts I'(H — AA),
I'(H — AZ) and I'(H — gg) we refer to [167] and to references therein.

2For the sake of completeness, some small contributions from I'(H; — pji) and I'(H; — s3) are
incorporated in I‘g{, too.
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A A g

A Z A Z g
(a) (b) (c)

Figure 7.1: Loop-induced decays H; — AA, Hy — AZ and H; — gg (generic fermions
F and quarks ) within the loops) at LO.

7.2.2 Two-body decays into fermions

The fermionic two-body partial widths I'(H; — ff) are in general given by

D(H, — ff)= ﬁNf | M(H, — f7)|2LIPs§, (7.2.2)

with the related matrix element M(H; — ff), the color factor N/ and the Lorentz-
invariant phase-space (LIPS) factor

1 M?
LIPS] = o /11— 4M2f : (7.2.3)
Hy

which depends on the (generic) final-state fermion masses My. For My, ~ 125 GeV
only decays into f = [, q # t contribute to I'’l. Hence, in good approximation we have
LIPS§ R é. At LO the corresponding matrix-element squared reads

IM(Hy — fT)io|” = 2 2V2Ge M}, M3, (7.2.4)

Here, the Fermi constant Gy has been introduced instead of v5 via (3.1.28). Accordingly,
in LO approximation the widths (7.2.2) are given by

_ Gy
T'(H, — = AN/ ——— My, M. 7.2.5

(1 = £ o = &N oM (7.25)

The fermionic two-body partial widths are influenced by relevant QED and QCD cor-
rections. These are taken into account by multiplying (7.2.5) with the associated

correction factor
Kp=1+AFP 4+ AP, (7.2.6)

The quantity A?ED incorporates the O(aey) corrections from virtual photons and real-

photon bremsstrahlung which we adopt from [170]. The quantity A?CD for final-state
quarks f = g # t incorporates the QCD corrections up to O(a?) according to [167].
For decays into quarks the MS scheme is used, and therefore the MS quark masses
evaluated at the scale p = My, have to be taken as input for the partial widths.
Therefore, together with (7.2.6) the MS quark masses M; = m,(Mg,) for f = q and
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f f f f
Sy s 2y e Sy 7 Vv
R _ i S IR i P
52\ AN v b\‘f\
f f f f
(a) (b) (c) (d)
f f f
F, v,
_ i Vv _ 7 _ i
F |4
f f f
(e) (f) (g)

Figure 7.2: Generic weak standard and non-standard one-loop H, ff-vertex correc-
tions in the EHS models, with scalar bosons S;,S, € {H;, Ha, s, ¢}, fermions
F = l;,v;,u;,d;, and vector bosons V' = Z W. The cross in (g) denotes the corre-
sponding vertex counterterm.

the on-shell lepton masses My = m; for f = [ = e, u, 7 have to be used as input in
(7.2.5). In practice, contributions from I'(H; — ee), I'(H; — uu) and T'(H; — dd) to
't can be neglected owing to the Yukawa-coupling suppression.

Next, we incorporate the weak (non-QED) standard and non-standard NLO cor-
rections in (7.2.2). Expanded up to the one-loop order the matrix-element squared can
be written as follows,

— 12 A~ — 2
(M(Hy = fF)| = (Ru, — Ar) [M(H; = ff)Lo] (72
+ 2Re [M(H: — fT)5M(H: — )] | -
with the wave-function renormalization factor
Ry, = 1 — ReSHH(MZ,) (7.2.8)
of the MS-renormalized field H; (cf. Sect. 5.3), where
2H1H1/(Mél) _ ZHlle(Mél) Iy (7.2.9)
according to (5.3.25) with the usual notation
- O 5152 (k2
SOSY(0r2) = OXM (k) . (7.2.10)
Ok? k2=M2

The diagrams with non-standard fields in the internal lines contributing to the H;
self-energy in the EHS models are depicted in Fig. 5.1. They introduce a dependence
on the non-standard parameters My,, v, and g, which is absent at LO. In (7.2.7) the
quantity Ar appears as NLO correction related to the use of Gg in (7.2.4).
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The one-loop matrix element M(H; — ff)¥ contains the remaining weak stan-
dard and non-standard one-loop corrections from the vertex diagrams depicted in Fig.
7.2. Analogously to the calculation of T'(H — ff) in the SM [170] these corrections
can be written in a factorized way,

Re [M(H, = FF)& M(H, — ff){o} = ReB/ [M(H, - fF)ol’,  (7.2.11)
summarized by the renormalized quantity
E/ = Ef + 6E/, (7.2.12)

which is related to the renormalized Hy ff vertex iTp, s via Tir,, = B/ - TS, with
the vertex counterterm (cf. App. A.16)

5Mf 1 de 5SW 1(5M2
ey i - Zf,R Zf,L A - W
+ 2(5 +6Z7) + . o 22

OB =
My

1 (7.2.13)
+ 502, ;TaaaZHle.
For f = [ the generic fermion-mass renormalization constant 0 M in (7.2.13) is specified
by the respective mass renormalization constant in (5.2.8) and thus fixed according to
the on-shell scheme. For f = ¢, however, §M; is defined by the appropriate MS part.
The fermion self-energy diagrams contributing to Ef via 6M ¢ and via the diagonal
field renormalization constants §Zf"/® in (7.2.13) are given by those listed in Fig. 6.6
and only involve non-photonic corrections. Note the appearance of the triple Higgs
self-coupling in Fig. 7.2a. The latter induces a v,-dependence in Ef. However, these
effects are suppressed by the associated small Yukawa couplings.
Using the formulas given above, we arrive at the final result

Gr
My, M?
v2r (7.2.14)

X |y, = Ar 4 2ReB! + AP 4 AGP].

F(Hlﬁff):CiNgzl

Alongside the established QED and QCD corrections it takes into account the complete
set of weak standard and non-standard NLO corrections in the EHS models in terms
of the UV-finite quantities RHI, Ar and B, where only RHl may comprise quantum
effects related to the non-standard fields Z;, and ¢y,.

7.2.3 Four-body decays into fermions

Next, we focus on the fermionic four-body decay processes illustrated in Fig. 7.3. We
consider decays of H; into the final-state fermion pairs i = f,f, and j = f.f; via the
exchange of two virtual vector bosons V' = Z, W. The vector bosons are passing on the
squared invariant fermion masses which will be the remaining phase-space integration
variables in our final formula for the related inclusive partial widths.
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Figure 7.3: Four-body decays of H; into pairs of on-shell fermions i = f, f, and j = f.fq
via two virtual vector bosons V = Z W

The corresponding Born processes are depicted in Fig. 7.3a. Here, we are particu-
larly interested in the dominant non-standard one-loop contributions to these processes
which stem from the vertex corrections iTﬁ‘ﬁ,V(qi, q) illustrated by the large black blob
in Fig. 7.3b. The related one-loop H;VV-vertex diagrams are listed in Fig. 7.4. We
furthermore take into account the non-standard one-loop effects from the H; wave-
function renormalization. The residual non-standard one-loop effects associated with
the processes H; — ij are either suppressed by small Yukawa couplings or by an addi-
tional power of one of the illustrated V-boson propagators. Note that for My, ~ 125
GeV at least one of the two intermediate vector bosons is off its mass shell.

In general, the partial widths can be written as

D(H, = VV = 15) = /dH4 My (H; — 1) (7.2.15)

2(27T)8MH1

with the Lorentz-invariant four-body phase-space integral

A3k,
/dH4 _ (H/Q_El> (5(4) <kH1 _ Zkl) , | = a, b, c, d, (7.2.16)
l l

and the corresponding matrix-element squared |[My (H; — 1j) ]2. The four-momenta k;
with zero-components E; correspond to the respective final-state fermions f;. Moreover,
the four-momentum of the initial state H; is denoted as kp, with zero-component Ey, .
The masses of the final-state fermions can be neglected. Accordingly, we work with
k? = 0 in the following.

Introducing the squared invariant fermion masses s; = ¢7 = (k, + ky)? and s; =
¢; = (ke + kq)* along with a suitable change of variables in the final-state momenta,
repeatedly exploiting Lorentz invariance and summing over all final-state fermion pairs
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i and j yields
T(H »VV)=Y T(H —»VV —1ij) =
1,3

max max
i :

m
= 12827 )° 02, Z /dSi /dsj (7.2.17)
A 0

L — S +M2 2 “ ~
oy (2B T ) /in/dQJ‘ My (Hy — 1),
2Mpy,

with s = Mz, s = (My, — \/51)* and
27 ™
/dQX = /dq%x /déx sinfy, x=41,]j. (7.2.18)
0 0

The angles qu and 6, are defined in the rest frame of the related fermion pair x.
The Lorentz-invariant matrix-element squared |My (H; — ij)|* is determined by the
model parameters and the explicit form of the final-state four-momenta k;. We choose
to calculate |My (H; — ij)|” in the rest frame of the fermion pair j where

S

¥ 7 afsindy cos by 1
V3 | =8 £ vsinb; cos ¢; VS5 | £sinb; cos ¢y
k p=XX"" - R k.= ~Y— . A 7.2.19
a/b 2 + sin 0; sin ¢ ’ o/d 2 +sinf;sing; |’ ( )
+ cosb; =+ cos 0;

with the boost-matrix entries

. . E2 _M2
Em =Sy N T T (7.2.20)

Y= \/E 5 = - EHI — \/E
and v
— S + S
By, =—0 3277 7.2.21
1 2\/3_3' ( )
At LO we have
My (Hy — ij)ol* = CY(ss, 55) [Cilj-v (ko - ka) (Ka - ke)
» (7.2.22)
+CB (ky - ) (ko kd)] ,
with ) ,
1
Cy(s1,85) = be 10y (7.2.23)

[(s2 = MP)? + MPT] [(s5 — M{)? + MPIY]



7.2 Theoretical framework

1% 1%
e 'y
7 7
H, 4 | 1 z
- - -« 1Sy -—- -« i
N | N
Sg\\ : SQ\\
ey v
(a) (b)
14 \%4
Vi S
_H | S _H 4/ :
! N
Vi ! Sz
14 \%4
(e) (f)
\%4 \%
Sl// Vi
H1 4 Vi Hl v
-0 2 -0 2
Vi Sps
1% 1%
(i) (1)
1%
F U]",/
_H R _H o
|4
(m)

79
v v
5 77 vt
S, _H S,
Vi AN
1% M 1%
(c) (d)
1% 1%
Sl//
H t H
N Vi i,
v ]
1% 1%
(2) (h)
1% 1%
Vi Vi
i V _
141 Vi
v v
(k) Q)
'\/\/\,\/V 1% |4
o _
ey 1%
(n) (0)

Figure 7.4: Generic H, V' V-vertex diagrams for standard vector bosons V' = Z, W, with
scalar bosons Sy, Sy, S5 € {Hy, Ho, @5, ¢F}, vector bosons Vi, Vo € {A, Z, W}, fermions
Fy, Fy € {l;,vi,u;,d;}, and ghost fields Uy, Uy € {u®, u? u*}. The cross in (o) denotes

the corresponding vertex counterterm.

and

ij

G =PI,

v _ {IOiZPICjZ*P+ICiZ+I2|CjZP,
ij

0,

W {\cf\%cfr? +|CEFPICEHP,

TR
=N

=

1%
1%
(7.2.24)
1%
1%

Here, the quantity CV~ (CY1) denotes the left-handed (right-handed) part of the tree-
level coupling between an internal vector boson V' and an external fermion pair x, and
Chyv is the H;VV tree-level coupling in the vertex ieC,vg"*”.> The propagators of
the internal V' bosons incorporate the widths I'y as effects of higher order according

3The explicit form of these couplings can be found in Apps. A.14, A.15.
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to the optical theorem, making use of the approximation Im:¥Y(s,) ~ Im®YY(M2),
which results in a Breit-Wigner form around the mass shell.

The renormalized vertex correction iTﬁfvv(qi,qj) illustrated in Fig. 7.3b can be
decomposed as follows,

T (a5, 45) = eCrwy [A (51, 55) ¢haY + B (51, 55) ¢/}
+C(ss,55) dl'qy + D" (51, 55) ¢/ ¢ (7.2.25)
+ Ev(si, s5) 9" + i(SVWFV(Si, 53) €77 q5 pG.0],

with dyyw = 1 for V. = W and dyw = 0 else, in analogy to the SM [171]. The
generic vertex diagrams contributing to (7.2.25) are listed in Fig. 7.4. The quantities
XY(ss, s5), X = A,B,C,D, E,F, which summarize the respective (unrenormalized) one-
loop contributions are determined by s;, s; and by the related model parameters. Apart
from EY(s;, s;) these quantities are all separately UV finite. Furthermore, each of the
quantities introduced in (7.2.25) is infrared finite. This holds even for V = W as a
consequence of the fact that at least one of the two gauge-boson legs is always off
shell. According to the Dirac equation for massless fermions, the terms which are
proportional to AV(si,sj), BY(s, s;) and CV(si,sj) drop out in the one-loop matrix
element My (H; — ij)]; with the vertex indicated by the large black blob in Fig.
7.3b. Moreover, the term proportional to the Levi-Civita tensor e#*?? only appears for
V = W.* The renormalized quantity EY(s;, s;) in (7.2.25) can be written as

EY(ss,55) = E(s3, 55) + 0EY (7.2.26)
with the vertex counterterm (Fig. 7.40)

de n 2s%, — & Osw 15M3V

1 a
+0Zz7 + §5ZH1H1 — S—5ZH1H2, V=172,

sEv _ ) ¢ i sw o 2 Mg, 2¢,,
B oe 5SW 1 (SM‘%V 1 Sa
— = - 07 — A - —0Z V=W
c s + 22, +0Zww + 504 HiH 2. HyHs» ;

. (7.2.27)
which renders EY(s;, s;) UV finite.
Expanded up to one-loop order the matrix-element squared in (7.2.17) reads

My (H, — i) = R, [My(Hy — ij)ol”

- ) (7.2.28)
+2Re [ My (Hy — 1), My (Hy — 13){o]
where - D E
My (Hy = ij)y, = My (Hy — ij), + My (Hy — 1), (7.2.29)

+ Syw My (Hy — ij)5

takes into account the relevant one-loop contributions summarized by the quantities
DY, EY and FV. According to (7.2.25), the EV contributions are proportional to the

4Tt originates from the fermion triangle depicted in Fig. 7.4m with two different types of fermions
inside the loop.
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tensor structure of the corresponding H, V'V tree-level vertex such that
Re | My (Hy = 13)§, My (Hy = 19)[o| = ReBY [My(Hi = i3)ol*,  (7.2.30)

with [My (H; — ij)ro|” specified in (7.2.22). We obtain

1
Re [MV(Hl = i9)2 My (H, — ij){o] = —=C}/ Re [Tr]fj’VDV} , (7.2.31)
and
|
Re [MW(Hl — i§)F My (Hy — ij){o} = =i/ Re [TriFJZWFW} , (7.2.32)

with the products of traces (Feynman slash notation)
T7 = Tr [k, (CF w + CPrw) b (CFw + CFhw,) ]
- - t
x Tr [kcﬁi (CJZ w— + CjZ+W+) Faa (CJZ w_ + Cf+w+) ] , (7.2.33)

Try" =T [%agj CiW*w,%WACiW’T} x Tr [;écgic';"’*wikdwc;/qu ,
and

Tr" = i€ q5,p0:,0Tr [%Q%Ciw “w_ ey ‘T]

- T (7.2.34)
x Tr [%CWC’JW_w_kd%\CJW_ } .

These products of traces depend on the phase-space angles ngSi /5 and éi /5 according
to (7.2.19). In contrast, the quantities DV, EV and FV only depend on the invari-
ants s; and s;.° With (7.2.19)—(7.2.34) we are able to analytically perform the four-
dimensional angular integration in (7.2.17) over the matrix-element squared specified
in (7.2.28). We obtain

/ Y / dQ; ImTr};" =0, (7.2.35)
and
/ < / dQy ReTry;" = / dQ / dQy ImTrj;" =0, (7.2.36)

due to the asymmetry of the integrands. Together with (7.2.31) and (7.2.32) we con-
clude that the quantity FV as well as the imaginary part of DV do not contribute to
I'(H, — VV). Thus, we arrive at

/in/de My (Hy — 13)] =

N /in/de {(QHI +2ReEY) [ My (Hy = ij)rol’

X (7.2.37)
+3Cq ReD” ReTrli)j’V}
1 . .
= SmMpCY (O + ) [IE (Ru, + 2ReEY) + Ip ReDV | ,

®We have (g; + ¢5)? = M1211 and hence (g; - ¢5) = [MIQ{1 — 55 — 85]/2.
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with ,
1 S3 S 52 S5 558
[g=—|1-2—F 23—+ 2+ —— +10— (7.2.38)
Mlg[1 Mgll MIZ‘I1 M?‘Il Mé]l M;lll
and
PP SR, B S B L
D p— R—
Mg Mg o My, My My
, s , (7.2.39)
885 4 5153 519
Mg Mg MY Mg,

According to (7.2.24) the factor (C’lljv +C’i23V) in the last line of (7.2.37) is independent
of the remaining integration variables s; and s; and hence can be placed in front of the
corresponding integrals in (7.2.17). The residual integrals over the invariant masses
are the same for all i and j. Therefore, we can explicitly perform the sum over the
accessible final-state fermion pairs which yields

36 /Ty >
> ((Jilgv + ijv) =z (M_t/) : (7.2.40)

i,j
with (quark-mixing matrix V = 13,3 approximation)

B SCYemMW o aemMZ

Ty = ., Iy [103 — 2003, + 160chy]. (7.2.41)

452, ©T2s%,C2
For the SM Higgs boson the NLO results for the partial widths into four fermions
are available e.g. via the code PROPHECY4F [172-174]. Therefore, we explicitly calculate
here the additional non-standard one-loop contributions in the EHS models. Hence, we
have to subtract the related standard one-loop effects. Putting all these steps together,

we obtain (s = Mg, s = (Mu, — \/51))

Srinax Sgnax
1 dsiMVFV dstVFV
P = VY) = F/Ks. — M2)* + MT3] /Ks- - Mp) + Mpry] (7:2:42)
s i Vv V-V 0 J 1% Vv

x [TE (2 + ReAf) + 'y ReA]]
with the subtracted non-standard form factors
A = 2[2BY — BY] — [2SMH(ME ) — STH(ME)] — [2Ar — Argy]  (7.243)
and
AY) = 2[c2DY — Dgyl, (7.2.44)

which summarize the relevant non-standard one-loop contributions of the EHS models,
and with .

T 16v2r

Iy

GrdY My, Ig\/ (s, s5, M%), (7.2.45)
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1
Yy = GpdY M3 Ipy/A(si, 59, M2 ). 7.2.46
D 32\/571' F H, D ( J Hl) ( )

Here, we introduce the kinematic function

and

)\(Si, Sj, MIQ_h) = (1 — Si/M]2{1 — Sj/MI?h)z — 4Si5j/M}4—Il (7247)
and the symmetry factor
2, V=W,
sV =47 ’ (7.2.48)
1, V=2

The Fermi constant Gy has been introduced according to (6.2.2), which is why the
related quantities Ar and Argy (cf. Sect. 6.2) appear in (7.2.43) at the given order.
The quantity A}, incorporates the non-standard one-loop contributions which multiply
from the LO integrand in (7.2.42) whereas the quantity AY) comprises the corresponding
effects which originate from the term proportional to qg‘ q¢ in the vertex correction
(7.2.25). Accordingly, the related inclusive LO partial widths I' (H; — VV),, are
contained in (7.2.42) for A}, = A} = 0, and for a = 0 we recover the result for the SM
Higgs decays in [167].

The final integration over s; and sj in (7.2.42) is performed numerically with the
help of the CUBA [166] library and will be done for the numerical analysis in Sect.
7.3. Note that it is straightforward to adjust our (basically model-independent) for-
mula (7.2.42) such that it applies to other models with extended sectors (like e.g. the
two-Higgs-doublet model). All one has to do is to appropriately replace the factors
(2 + ReA}) and ReAY] in (7.2.42). Therefore, non-standard quantum effects corre-
sponding to different models can be explored in the same way.

7.2.4 Two-body decays into massive non-standard scalars

In all considered models, for o # 0 and My, < My, /2 the non-standard decay mode
H, — HyH, affects the total width and branching ratios of H;. In each of the three
models we have the same H; HyH, tree-level vertex iCy, g, m,, with (cf. App. A.10)

Sa  Ca
CHlHQHQ = —5,Ca (]\412{1 + 2MI2{2) |:’U_ + 1)_:| . (7249)
S h
Therefore, the LO partial widths for this channel are the same in the three models.
Here, the related NLO contributions are of particular interest. These are generally
different in the three models due to the different field contents entering at the one-loop
level.

In general, the partial width can be written as

1 1

F(Hl — HQHQ) = §2M
Hy

|M(H, — HyH,)|” LIPSL?, (7.2.50)
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including the symmetry factor 1/2, the matrix-element squared |M(H; — HyHs)|* and
the phase-space factor

1 M3
LIPSH2 — 1 _ 4 Ho . 7.2.51
. i ( )
With the LO coupling (7.2.49) one obtains
2 2 2 \2 2
M3, +2M3,) M
T (H, — HyHy), o =522 22 4 & (M, ol 1 -4t 7.2.52
( 1 2 2)LO SaCa (Us T Uh 327TMH1 M12{1 ( )
At NLO we have
IM(H, — HoH,)|? =
~ ! ~ /
= |[M(H, — ]—12[‘[2)LO|2 [1 - RezHlHl(M?{l) - QRGZHQHQ(MI%) (7.2.53)
. oUs — Ca 8Mj;, + 4AMj :
n 2ReEH2 i Sal CqUn H; Hoy ReEH1H2(M132)

Cals + sy My, + M M, — 2Mj,

Here, the derivatives of the renormalized diagonal scalar self—energiAes correspond to the
factors Ry, and Ry, for the wave-function renormalization, with Ry, already specified
in (7.2.8). Analogously, we have

Ry, = 1 — ReS™HE (02 ), (7.2.54)

with
2H2H2/(M?IZ) _ EH2H2/(M?IZ) + 5ZH2H2 (7255)

according to (5.3.25), and the self-energy diagrams in Fig. 5.1. The renormalized
quantity E2 belongs to the renormalized one-loop H,H,H, vertex 1Ty, o1,

~  H
TH1H2H2 — E ° CH1H2H27

Eff2 = g2 4 §EH2, (7.2.56)

and takes into account the contributions from the vertex diagrams in Fig. 7.5. The
counterterm part dE2 stems from the diagram in Fig. 7.5q. We have 6E2 = §Cy, 11,1,
with the rather lengthy 6Cy, 1, specified in App. A.19. Accordingly, dE2 depends
on the renormalization constants 6ty , 0tp,, dvs, 0vn, OM, OME ., OME, . 6 Zg u,,
0Zm g, and 0Zpy,p,. The term in (7.2.53) with the non-diagonal scalar self-energy
originates from H;— Hy mixing and the tree-level coupling

SaUs — CqUp 2M[?[1 + Mlg—lz . CH HoH (7 92 57)

14171112 D 2

1

We have $H112 (M) # 0 in our renormalization scheme (cf. Sect. 5.3) and correspond-
ing effects are not included in the diagonal LSZ factors of H; and Hs. The counterterm
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Figure 7.5:

Generic H;H,Hsy-vertex diagrams, with scalar bosons Si,S5,,53 €
{H,, Hy, s, =, on}, fermions F = I;,u;,d;, vector bosons V. = Z, W, Z' and ghost
fields U = u?,u*, u?". In the EHSG (EHSD) model without the fields Z’ and u?" (Z’,
u” and ¢y). The cross in (q) denotes the corresponding vertex counterterm.

structure of 21172 (k2) is already specified in (5.3.26). With EA]HlHQ(MIQh) =0 (5.3.28)
and (7.2.50)—(7.2.53) we obtain

r (H1 — HQHQ) =T (Hl — H2H2)LO

x [1—ReSHH(M2 ) — 2ReSH2H2(M3, ) + 2Res 2

(7.2.58)
+ SaUs — CqUn 8‘]\/[1%11 + 4M1%12 ReiHng (MQ )
CqVs + SqUn M?—Il + M%hMI%IQ - 2M}4{2 e

at the one-loop level.
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7.2.5 Two-body decays into non-standard gauge bosons

In the EHSL model with the local U(1)y;, gauge symmetry and the related Z’ boson,

once we consider the case Mz < Mgy, /2, we have to take into account the extra

contributions from the non-standard decay channel H; — Z’'Z’ to the total width and

branching ratios of H;. The related non-standard partial width is in general given by
1 1

P(Hy = 2'7') = 5o IM(H: — Z'Z") > LIPSZ, (7.2.59)
Hy

with the phase-space factor for the final-state Z’ bosons,

! M3,
LIPS =3 -4,
T Hl

(7.2.60)

and the corresponding matrix-element squared |M(H, — Z'Z")|*. With the H,Z'Z'
tree-level vertex iCy, z7g" specified by Cpy,ziz0 = 25,M% /vy (cf. App. A.14) one
obtains at LO

M} M2, M3,
\M(H, — Z'Z")o| = 82 —4 {1 —4—Z 1122 ] : (7.2.61)
vi Mg, Mpg,

and thus the partial width

T'(H, = Z'Z). =5 +12 (7.2.62)

2 Mlg‘}l |: _4M%/

AN
 32m0? M2,

4 2 -
My, Mi,

Consequently, also the non-standard decay channel H; — Z'Z' can provide a sizable
contribution for large || and small vy,.

Next, we investigate the corresponding NLO effects. In our renormalization scheme
these can be summarized by the factor Z%H1 from wave-function renormalization and
by the renormalized one-loop H,1Z'Z" vertex iTﬁfZ,Z, which, analogously to (7.2.25),
can be decomposed as (¢? = q5 = M2,)

Ty (@1, @2) = Cry 2 [A” ¢l gl + B7 b b

, , - (7.2.63)
+C7ql'gs + D7 ghqt + EZ g,

and takes into account the one-loop corrections originating from the vertex diagrams
in Fig. 7.6. The vertex counterterm depicted in Fig. 7.6i affects only the form factor

E” = B” +E”,
5M%/ 5/0h

1 C
— — 4+ 0750+ =02 257 )
M%, o +04ziz + 504 HiH + 95 H, Hs

(7.2.64)

SEZ =

The terms with A?’, B and C? drop out in the corresponding matrix element when
contracted with the polarization vectors. Therefore, in (7.2.63) only the terms D? and
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Figure 7.6: One-loop H{Z'Z'-vertex diagrams, generic for scalar bosons Si,Ss, 53 €
{H1, Ha, on}. The cross in (i) denotes the corresponding vertex counterterm.

EZ have to be considered and the NLO expansion of the matrix-element squared in
(7.2.59) yields

\M(H, — Z'Z")} = Ry, IM(H, — Z'Z')10|?

o ot (7.2.65)
+ 2Re M(Hl — ZZ)1LM(H1 — 27 )LO R

with

M(H, = Z'Z) = M(H, — Z' 25, + M(H, — Z'Z")};,, (7.2.66)

1L 1L 1L
where
Re [M(H) = 2'2)5, M(H, — 2'2))],o| =
2.
:%9@,M2+A@1_wﬁl&mz (7.2.67)
v} et ME, M3,

and

R%MGA%ZZ&NMﬂ%ZZmJIWWﬂﬁZZmﬁRﬁz (7.2.68)

The LSZ factors of the external Z’ bosons are unity according to the on-shell renor-
malization (5.3.39). Hence, at one-loop order the width I' (H; — Z'Z’) can be written
as

T(H,— 2'Z)=T(H, — 2'Z'),,

M§,, — GM M2, + 8M2, M},
MY — 4MZ, M2, + 12M},

, 7.2.69
ReD? ( )

X | Ry, + 2ReE? +
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7.2.6 Two-body decays into hidden Goldstone bosons

In the EHSG model the hidden Goldstone bosons ¢y, represent physical massless scalar
particles. Consequently, for o # 0 the total width of H; inevitably receives contribu-
tions from the corresponding non-standard decay mode H; — ¢y and, accordingly,
the H; branching ratios are affected likewise. In generic form, the partial width asso-
ciated with this process can be written as

1 1
2 2My,

T'(Hi — @upn) = |IM(H, — @nen)|” LIPS, (7.2.70)

with LIPS$" = (87)! and the related matrix-element squared |M(H; — pnen)|>.
With the Hipnpy tree-level vertex iCp, o, 4, from App. A.10 we have

|M<H1 — <phg0h)Lo|2 = SZM?_II/U% (7271)
and .
2 MHI
“ 327
in LO approximation. We conclude that I' (H; — ¢n¢n) provides major contributions

to I'™ for large |o| and small vy,.
At the one-loop level the matrix-element squared in (7.2.70) can be written as

(7.2.72)

I'(Hi = ongn)o = 8

IM(H; — pnpn)|* = |IM(H; — onen)iol’

) . ) 7.2.73
X [1 — ReSHH(MZ ) — 2ReS#4(0) + QReE%] . (7.273)

Here, the renormalized quantity E#n is introduced along with the renormalized one-loop
Hiponpn vertex 1Ty, o0, A A
THlsOhWh = E" - CHISOhSDh7
Een = En 4 SEP,

and summarizes the one-loop contributions originating from the vertex diagrams de-
picted in Fig. 7.7. It is rendered UV finite by the corresponding vertex counterterm,

(7.2.74)

IM? Ca
7+ —
Mg, sa M,

Sty + —o
" >
"UhM%h ! Uh MIQ-h

2

5 + Callin, 5
2 HH, QSOCMI%II Hi1Ho»

5tH2 + 6M211H2

(7.2.75)

listed in App. A.10 with the renormalization constants 7, and dvy, set to zero. The
remaining one-loop contributions in (7.2.73) arise from the wave-function renormaliza-
tion factors RHI and

Ry, = 1 — ReS##1(0). (7.2.76)

With the renormalized ¢y, self-energy (cf. App. A.5)

Ou, | Ca Oty (7.2.77)

Un Un

f}%%(k?) = 2 (k) + s,
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Figure 7.7: Generic Hypypy-vertex diagrams in the EHSG model, with scalar bosons
S1,89, 83 € {Hy, Hy, 05,6, on}. The cross in (e) denotes the corresponding vertex
counterterm.
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Figure 7.8: Self-energy diagrams of the non-standard Goldstone boson ¢y, in the EHSG
model, with scalar bosons S = Hy, Hs, @5, ¢*, @

we obtain from the diagrams in Fig. 7.8b

. / / 1
$9(0) = S0) = foy (M3 B0.0. M)+ 2V, Bf0.0. 04
= i 0k L o),
32m%vf
with the notation
By|k?, M2, M?
BJ[M? M? M2 = OBolk”, My, M) . (7.2.79)
8/62 k2=M?2
The NLO-corrected H; — ¢nep partial width is then given by
I'(Hi = onen) =T (Hi = ¢npn)io
(7.2.80)

x |1 — ReSHH(MZ, ) — 2ReS##(0) 4 2Refs |

7.2.7 Non-standard gauge bosons in the high-energy limit

As already mentioned in Chapter 4, the Goldstone-boson equivalence theorem (GBET)
provides high-energy relations between amplitudes involving external longitudinally-
polarized vector bosons V7, and the corresponding amplitudes with the Vi, replaced by
the related would-be Goldstone bosons. The GBET arises from BRS symmetry (cf.
Sects. 2.3 and 3.3) and, beyond the LO, receives loop corrections which are likewise
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dictated by BRS invariance (see e.g. [83]). In the EHSL model, for v, # 0 the high-
energy limit Mz /k° — 0 (four-momentum k of the Z’ boson) corresponds to the limit
of a vanishing hidden gauge-coupling constant g, — 0 since Mz = gyv, according
o (3.1.30). Hence, for Mz — 0 the Z’ boson decouples from the theory and the
hidden Goldstone boson ¢y, (which originally constituted the longitudinal polarization
mode of the Z' boson) becomes physical. Recall that in the limit of a decoupled
hidden gauge sector our one-loop renormalized quantized Lagrangian (3.2.5) of the
EHSL model smoothly converges to the one of the EHSG model (cf. Chapters 3 and
5). Consequently, at the one-loop level we expect to observe

lim I'(Hy — Z2'Z") =T (Hi = ¢nen) (7.2.81)

MZ/—>0

with the non-standard partial widths I' (H; — Z'Z") and T (H; — ¢npn) specified in
(7.2.69) and (7.2.80) up to one-loop order. Verification at the one-loop level yields a
test of consistency, in particular of gauge invariance of our renormalization scheme.
The crucial step in order to verify (7.2.81) analytically is to explicitly derive the above-
mentioned one-loop GBET-correction factor for the partial width I' (H; — Z'Z’). We
follow the discussion of the GBET-correction factors for the W and Z bosons in the
SM in [83].

Starting point are the Slavnov-Taylor identities

<TFZ/(Z)FZ'(y)H{’hyS(x)> =0 (7.2.82)

C

and

<TFZ’(2)Z’vPhYS(y)H{’hYS(x)> —0, (7.2.83)
obtained analogously to [83] from the BRS invariance of the bare EHSL Lagrangian
(3.2.5). The lower index c¢ denotes that the Green functions are connected and the
physical fields HP™* and Z/Ps have vanishing BRS variations according to (3.3.7).
The identities (7.2.82) and (7.2.83) can be derived from (3.3.6) with the generic-field
products [], ¥y, replaced by @?' F'Z' HY WS and w? 2P HPY® respectively. In that re-
gard, we have to take into account the BRS transformation of %’ (3.3.3), the vanishing
BRS variation of the physical fields (3.3.7), and the equation of motion

< 5770) H‘I’h>=—< (SFZ )H\Iffl> (7.2.84)

of the non-standard anti-ghost. By definition, the physical fields already include the
corresponding (properly normalized) wave functions.

The renormalization of the gauge-fixing operators in (7.2.82) and (7.2.83) is irrele-
vant according to (5.3.51). Therefore, it is convenient to directly write FZ' in terms of

6We refer to [175] for an inductive proof relating to BRS invariance of Green functions involving
arbitrarily many gauge-fixing terms and physical fields.
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Figure 7.9: One-loop diagrams contributing to the self-energy %%%n.

renormalized fields and parameters. Hence, in momentum space (7.2.82) and (7.2.83)
can be written as (the index c is omitted in the following)

(T2, (ks) + iMpon (ks [RS Z4 (k) + iMoo () HP (k1) ) =0 (7.2.85)

and

<T[kgz,;(k3) + z‘MZ/gph(kg)]Z”phys(krg)H{’hys(kl)> —0, (7.2.86)

with the renormalized gauge-fixing parameters set to unity ('t Hooft-Feynman gauge)
and the incoming momenta k;, j = 1,2, 3.

Next, the fields in the gauge fixing will be truncated. For this, we need the propa-
gator matrix

(7.2.87)

G (k) (gEVG%Z’(k?) + gk, GZ (k) kuGZ’%?))
nv )

_kVGZ'th(kz) G#on (2)

which includes mixing between Z’ and ¢y, (cf. Fig. 7.9). The tensors g, (2.2.4) and
95, (2.2.5) denote the transverse and longitudinal part of the diagonal Z’ propagator.
In the entries of (7.2.87) the incoming momentum k belongs to the boson associated
with the first field index of the corresponding propagator. These propagators are
introduced by explicitly writing out the ones of the fields in the gauge fixing, and
after some calculation, the identities (7.2.85) and (7.2.86) lead to (underlined fields are
truncated)

(TR 2, (k) — Mz A7 (K) ou (k)]

, ) (7.2.88)
X (K520, (k) — Mz AZ(3) ouha) HE™ () ) = 0
and
K (T2, (ks) 2 (ko) HY™ (k1))
/ (7.2.89)
— My AZ(02) ( Tipn(ks) 27 (o) HP™ (k1) ) = 0,
where .
1.2 $h(1.2) __ , (P ¥h 2
A7) = G (k) — Mz G (k2) (7.2.90)

My [GPZ(k2) — iMy G (k2))

The correction factor A% can be rewritten in terms of two-point vertex functions. In
order to do so, one more Slavnov-Taylor identity is required, namely

<TFZ’<x)FZ’(y)> = 6D (z —y), (7.2.91)
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which follows from the original Slavnov-Taylor identities (3.3.6) with the generic-field
products [], ¥y, replaced by @# FZ". In momentum space, (7.2.91) reads

KGZ7 (1) — 2iMyp k> GZ o (k2) + M2Z,G# (k) = —i. (7.2.92)
The adequate matrix of two-point vertex functions
z gmTEZ(K?) + gl TEZ(K) kD7 (k2)
Lo (k) = ( e PZWh?kQ) [enen ) (7.2.93)

is related to (7.2.87) via

! / v . (5” O
G (k) T2 (k) = i (5 1) : (7.2.94)

The identities (7.2.92) and (7.2.94) together form a system of equations which allows
to express the correction factor A% as

k* +TE%(k?)

AZ(K?) = : :
&) My My — i7" (k2)]

(7.2.95)

With TZ7(k?) = —(k? — M2,) — 2Z7(k?) and T7%"(k?) = %% (k2) we hence obtain

Z'7'(1.2 Zlon (1.2
2L gk ) +z’2 (k ), (7.2.96)
M2, My,

AZ(K?) =14+ 6AZ(KY),  0AZ(K?*) = —

in one-loop approximation. The self-energy diagrams contributing to 7% and %%%»
are illustrated in Figs. 5.2 and 7.9.

Next, we restrict ourselves to the above-mentioned high-energy limit in which the
longitudinal polarization vectors of the Z’ bosons can be written as

k+ My
k)= —+ 0| — 7.2.97
k) = 3+ 0 (57 (7:2.07

and thus become proportional to the associated four momentum. Consequently, in
(7.2.88) and (7.2.89) we are allowed to replace the momenta k5 and kg (which are related
to the unphysical vector bosons in the gauge fixing) by €/ (ko) Mz and € (k) M.
Additionally performing the truncation of the physical fields and putting the external
legs on mass shell yields (with Ry = 1)

B2 (T 16 (k) 21 (k) i A% (M) o (k)]

, (7.2.98)
X [€f (k2) 21, (k2) — i A% (M) i (3)| Ha (k1)) = O
and
€7 (ks)ef (ko) (TZ, /f:s)lZ (k2) Hi (k1)) = (7.2.99)
= i A7 (M)ef (k2) (Toon(ks) Z, (ko) Hy (k1)) ,
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up to terms of order O (Myz /k}), | = 2,3. Combined, this leads to the important
relation

—€7 (ks)ef (ko) (T2, (k) Z' (ko) Hy (k1)) =

, 2 (7.2.100)
= [A7013)] (T on(ka)on(ka) (k1)

which is exact in the limit Mz — 0 where ¢y, becomes physical. Here, the physical fields
have already been rewritten in terms of corresponding renormalized mass eigenstates.
Since S172(M% ) = 0 (cf. Sect. 5.3) Green functions involving external H, are not
involved in this context.

At the one-loop level we have

o [BEF(ME) [ 2T (M) saMir, + ¢z Mg,

= = — . 2.101

Mlzl,rgo [ MZ, MIZI/IEO My, 32m20? (7.2.101)
Together with (7.2.96) we hence obtain

: Z0 2
MIZIIIEO [A (MZ/)} =1, (7.2.102)
and therefore
: o EHSL
i 6 ka)ef (ko) (T2, (k) 2, (ko) H (k)™ | =
— _< (p_ﬁ)hys(kg)go_hys(kQ)&(k1)>EHSG — (72103)

= — Ry, (Topn(ks)on (ko) Hi (k1)) 00

In the last line we made the wave-function renormalization R, =1 — Ref]‘ph%/(O) for
the physical hidden Goldstone bosons explicit according to the conventions above. For
the related LO and NLO matrix elements (7.2.103) yields

lim M(Hy — Z'Z')PSE — M(Hy — gpin)P15¢, (7.2.104)

M= 0 e
and together with (7.2.59) and (7.2.70) we finally obtain the limit (7.2.81) for the
corresponding partial widths. The validity of (7.2.81) at NLO is confirmed by our
numerical results (cf. Fig. 7.14) provided in the following section.

7.2.8 Total width and branching ratios

According to (6.1.4) the model-dependent total width 'L of the H; boson is defined
by the sum over the various partial widths. Thereby, the two-body decays of H; into
very light fermions f = u,d, e can be neglected.” We include small contributions from
I'(Hy — pp) and I'(H; — s3) (corresponding QCD corrections included by means of
HDECAY) without the associated minuscule NLO corrections from the electroweak sector.

“Corresponding branching ratios are generally smaller than 1074,
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For f = b, c, 7, however, the partial widths ['(H; — ff) are incorporated as specified
in (7.2.14) and thus take into account the electroweak standard and non-standard NLO
effects.

For a one-loop discussion each partial width is decomposed as follows,

T(H, — X;) =T(H, = X;)o + AT(H; — X;). (7.2.105)

I'(H; — X;)ro takes into account the corresponding LO contributions together with
the established QED and QCD corrections (if required); AI'(H; — X;) summarizes
the related weak standard and non-standard one-loop corrections in case. Accordingly,
the total width is written as

Pigp = > T(Hy = X;) =T o + AT, (7.2.106)
j
with
AT =) CAT(H, — X;). (7.2.107)

J

For the H; branching ratios (X; = AA, ZZ, WW, 17, AZ, gg, bb, ct)

I'H; — X;
BR(H; — X;) = % (7.2.108)
Ftot
the appropriate one-loop expansion is given by
D(H, — X, AT AT(H; = X;
BR(H; — X;) = ( 1H1 Lo 1— HltOt + <H11 ) (7.2.109)
Ftot,LO 1-‘tot,LO 1jtot,LO

7.3 Numerical results

The following predictions result from the calculations in Sect. 7.2 and take into account
the input parameters specified in Sect. 6.1. The MS quark masses at the scale p = My,
(for the two-body decays into quarks) are taken from the Mathematica package RunDec
[176], just like the strong coupling constant at u = My, (for the loop-induced decays).
RunDec incorporates the established QCD corrections [177-183] for the running and
provides us with

as(MHl) = 01128,

my(Mp,) = 2.78 GeV, (7.3.1)

mc(MHl) =0.61 GeV,

for the given setting of input parameters.

In Tab. 7.1 we summarize the numerical results for the total width and branching
ratios of the standard scalar H, which constitute the important Higgs observables in
the SM. These are the results obtained in the limit &« — 0. Before we show the
corresponding results for o # 0 in the EHSL, EHSG and EHSD models, we explore the
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’ observable H SM prediction ‘
BR(H — AA) 23.55- 1071
BR(H — AZ) 15.92-107*
BR(H — gg) 80.90 - 103
BR(H — bb) 59.25 - 1072
BR(H — c¢) 28.99 - 1073
BR(H — 77) 64.33 - 1073
BR(H — WW) || 20.28-1072
BR(H — Z7) 26.15- 1073
' [MeV] 3.958

Table 7.1: Summary of the H; branching ratios in the SM limit « — 0 (where H; = H).
Moreover, the corresponding total width I'Z, is listed. The predictions include the weak
one-loop and the established QED and QCD corrections according to Sect. 7.2. Due
to off-shell effects, the branching ratios for the decays into W and Z bosons are quite
sensitive to the Higgs mass My, = Mpy.

underlying predictions for the individual H; partial widths. Afterwards, non-standard
effects to I'!t and BR(H; — X;) will be discussed.

For the numerical analysis we select two scenarios with representative small and
large vy: v, = 280 GeV and v, = 10 TeV. Within the considered range |o| < 7/6
(6.1.5) in each of these two scenarios Hy masses My, < 1 TeV are compatible with
(tree-level) perturbative unitarity (cf. Chapter 4).8 For even smaller v, < 280 GeV this
would not anymore be the case. Still, we are particularly interested in the potential
enhancement of associated non-standard contributions for small v, because the hidden
vev only appears in the denominators of the corresponding non-standard couplings (cf.
Sect. 4.3). For vy, 2 10 TeV the partial widths into SM particles do not change anymore
since then associated one-loop effects are sufficiently suppressed.

First, we examine the EHSL predictions for the widths I'(H; — X;) corresponding
to the decays into SM final states X; = bb, ce, 77, WW, ZZ, with Mz > My, /2. Hence,
the following results apply to the scenario where I'(Hy — Z’'Z') = 0. Accordingly, the
potential impact of the non-standard one-loop effects in T'(H; — X;) on T'{} and
BR(H; — X;) can be evaluated in the absence of any non-standard decay modes (at
least for My, > My, /2).

It turns out that the respective (same-vy,) one-loop EHSG and EHSD predictions for
[(H, — X;j), X; = bb, ce, 77, WW, ZZ, do not differ in a noteworthy manner from the
EHSL predictions. Maximal relative deviations from the shown EHSL predictions are
smaller than 0.02% and thus hardly visible in the plots. The lowest-order predictions
for these partial widths do not depend on the choice of the specific EHS model. Due to
the absence of tree-level couplings between Z’, ¢}, and the SM particles X;, the same
holds for the corresponding H;X;-vertex corrections (cf. Figs. 7.2 and 7.4). At the
one-loop level the model dependence in these partial widths only appears in the wave-

8Tn the EHSL model this holds at least for sufficiently small M.
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function renormalization RHI, but it turns out that these model-dependent effects are
negligible within the considered regions of non-standard parameters. As a consequence,
our EHSL one-loop predictions presented in Subsects. 7.3.1 and 7.3.2 are very similar
to the corresponding predictions of the EHSG and EHSD models.

7.3.1 Two-body decays into fermions

The v, = 280 GeV and vy, = 10 TeV EHSL predictions for I'(H; — bb), T'(H; — 77)
and I'(H; — c¢) are depicted in Fig. 7.10 and Fig. C.1 (Appendix C). The partial
widths are shown for 1 GeV < My, < 1 TeV and a = +x/6 for an estimate of the
potential size of the non-standard NLO contributions.

The black-dashed lines (labeled as o = £%, LO) represent the weak LO predictions

involving the QCD and QED corrections specified by A?CD and A]C;ZED in (7.2.14). The
black-solid lines (labeled as a = 4%, NLOg\1) represent the respective predictions which
additionally comprise the associated weak-standard one-loop contributions, derived
from (7.2.14) for a = 0 and incorporated by rescaling with the global factor ¢?. These
lines are included for comparison with the blue- and red-solid lines in Fig. 7.10 and
Fig. C.1 (Appendix C), which represent the full predictions according to (7.2.14) for
a = —m/6 and o = +7/6, respectively, and thus take into account the corresponding
non-standard one-loop effects.

Regarding the blue- and red-solid lines, the particle thresholds in the vicinity of
My, = My, /2 are clearly visible. It is shown that in contrast to the small-vy, region for
large v, = 10 TeV the NLO predictions are symmetric under a sign flip in a. From the
triple Higgs self-couplings (cf. App. A.10) involved in the corresponding NLO terms
(cf. Figs. 5.1 and 7.2) it follows that the v-dependent parts can provide contributions
which are asymmetric in the sign of a. These contributions are suppressed for large
vh. One-loop diagrams without the triple Higgs self-couplings are symmetric in a.

As an overall result, the non-standard NLO contributions only provide mild correc-
tions of at most —1% on top of the corresponding predictions which only include the
weak-standard NLO contributions (black-solid lines, o = +%,NLOgy). In all cases,
for v, > 10 TeV and large My, ~ 1 TeV the a = +3, NLOgnm results provide a good
approximation of the corresponding NLO predictions.

7.3.2 Four-body decays into fermions

In the same way we present in Fig. 7.11 our numerical results for the (fermionic four-
body) partial widths I'(H; — WW) and I'(H; — ZZ), calculated in the EHSL model
according to the approach presented in Subsect. 7.2.3.

Here, the black-dashed lines indicate the LO results obtained from (7.2.42) with the
input of My, given by (6.2.10). Complementarily, we show the solid-yellow lines which
indicate deviations from these LO results due to the one-loop shift in My, with o and
Mp, (cf. Sect. 6.2) in the LO expressions of the partial widths. Note that the solution
of (6.2.9) is used throughout as input for My, in our one-loop calculations. The blue-
and red-solid lines in Fig. 7.11 (denoted as NLOxyg) represent our full predictions for
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Figure 7.10: EHSL predictions for the partial widths ['(H; — bb) (upper row) and
I'(Hy — 77) (lower row) for v, = 280 GeV (left side) and v, = 10 TeV (right side),
with Mz = 80 GeV and a = £7/6.

a = —m/6 and a = +7/6 and thus take into account the non-standard one-loop effects
according to (7.2.42).

In principle, these results can be explained analogously to those of T'(H; — ff).
Again, the symmetry (asymmetry) with respect to the sign of « for large v, (small
vp) becomes apparent and the thresholds near My, = My, /2 are clearly visible. From
the a = £%,LO prediction for I'(H; — VV) we obtain maximal relative deviations
of about —0.6% (V = W) or —0.8% (V = Z) for v, = 280 GeV, large My, = 1 TeV
and o = —7/6. For vy, = 10 TeV these maximal relative deviations amount to about
—0.6% for My, ~ 140 GeV (V = W) or My, ~ 200 GeV (V = Z). Without the AY
terms in (7.2.42) the blue- and red-solid lines in Fig. 7.11 receive a global downwards
shift of approximately 0.2% (0.1%) for V. =W (V = Z).

In summary, for X; = bb, ce, 77, WW, Z Z the non-standard one-loop corrections to



98 7. Decays of the standard-like Higgs boson

vy = 280 GeV, Mz =80 GeV, EHSL vy = 10 TeV, Mz = 80 GeV, EHSL

608 608 :
a=+2L0 - = a=+2,L0 - -
606 | a==+%,LO + Mw _ 606 | a=+%, L0+ My 15
= 7%7NLONS E a:*%,NLONS E
= +I NLO S = +Z NLO >
604 | a=+g5, NS f 604 | o=+, NS I
= =
602 | = 602k 1S
= =
600 S 600 1<
x x
598 < 598 | 1%
596 S — 596 S —
0.1 02 03 04 05 06 07 08 09 1 0.1 02 03 04 05 06 07 08 09 1
My, [TeV] M, [TeV]
(a) (b)
Vh = 280 GeV, ]WZI =80 Gev\/v7 EHSL Vp = 10 TeV, ]\/[Z’ =80 GeV, EHSL
784 784
a=+% L0 = = a=+%L10 - =
782 ¢ a=+2L0+ My 782 ¢ a=+2L0 + My
= - NLO a=—Z,NLO
780 | T T NS = T80} g NS 1=
a = +%,NLONS Hm a = +%7 NLOns S
778 | L sy 11
7T6F T === = = = = = = = N mF ———=—== = = = - - - = 3}
774 = Tl 1E
= =
772 | X T2 =
* R
770 | 770 | ]
768 e 768 —
0.1 02 03 04 05 06 07 08 09 1 0.1 02 03 04 05 06 07 08 09 1
Mpy,|TeV] Mp,[TeV]
(c) (d)

Figure 7.11: EHSL predictions for the partial widths I'(H; — WW) (upper row) and
I'(Hy, — ZZ) (lower row) for v, = 280 GeV (left side) and v, = 10 TeV (right side),
with Mz =80 GeV and a = £7/6.

I'(H; — X;) just provide small contributions at the level of at most —1% relative to
the results obtained by simply rescaling the corresponding SM Higgs partial widths by
the global factor ¢2. In the following three subsections, we survey the numerical results
for the remaining partial widths associated with the non-standard decay modes of H;.

7.3.3 Two-body decays into massive non-standard scalars

In Fig. 7.12 we present our results for the partial width ' (H; — HsHs) predicted
according to (7.2.58) in the EHSL, EHSG and EHSD models. The yellow- and black-
solid lines in Figs. 7.12a,b illustrate the LO results for « = —x/6 and a = +7/6.
The blue and red finely-dashed lines in Figs. 7.12a,b represent the o« = —7/6 and
a = +7/6 NLO predictions for both the EHSG and EHSD models since the maximal
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Figure 7.12: Predictions for I' (Hy, — HyHs) in the EHSL (L), EHSG (G) and EHSD
(D) models for v, = 280 GeV (left side) and v, = 10 TeV (right side) versus My,

(upper row) and « (lower row).

relative deviations are tiny and invisible in the given plots (below the per-mille level).
The corresponding one-loop EHSL predictions for Mz = 80 GeV are given by the blue-
and red-dashed lines.

The same dash-type coding is used in Figs. 7.12c,d in which the blue, red and
yellow lines represent the predictions obtained for My, = 10 GeV, My, = 40 GeV and
My, = 60 GeV. The additional solid lines (same color coding) in Figs. 7.12c,d display
the associated LO predictions.

In Figs. 7.12a,c we additionally provide the dotted lines which indicate the v, = 280
GeV EHSL one-loop predictions for larger M, = 210 GeV. These show the potential
enhancement of the relative deviations from the corresponding EHSG/EHSD predic-
tions for larger g, = 0.75 (up to almost 25% for @« = —7/6 and small My,). We do
not show such results for v, = 10 TeV where we would have to consider extremely
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heavy My in order reach sufficiently large gy, according to Mz = gpu, (3.1.30). For
Mz = 80 GeV, the maximal relative deviations from the corresponding EHSG/EHSD
predictions are insignificant for v, = 10 TeV but lie in the range of +1% for v, = 280
GeV. Accordingly, these effects would be even smaller for Mz < 80 GeV in Fig. 7.12.

Basically, the specific shapes of the lines in Fig. 7.12 are a consequence of the
interplay between the related phase-space factor LIPSZ? (7.2.51) and the absolute value
of the significant LO coupling C, g, (7.2.49). While LIPSZ? increases for smaller
My, the absolute value of Cy, g, p, decreases. It is remarkable that the asymmetry in
the prediction for I' (Hy — HyHs) with respect to the sign in « is more pronounced for
v, = 280 GeV. For the most part this is due to the respective asymmetry in the LO
coupling Cy, g, Which, for sufficiently large vy, is zero not only for v = 0 but also
for another negative o within the considered range |a| < 7/6. The latter is the case
for vy, = 10 TeV where the related second zero in I' (H; — HyHs) lies comparatively
close to a = 0 (cf. Fig. 7.12d). For v, = 280 GeV, however, this second zero is
obtained for a < —7/6 (cf. Fig. 7.12c) which explains the relatively large suppression
of ' (H; — HyH,) in the range of negative a.

Fig. 7.12 demonstrates that the associated non-standard NLO effects in the partial
width I (H; — HyHs) play an important role. The relative differences between the LO
and NLO predictions are larger for vy, = 10 TeV in comparison to the case of v, = 280
GeV, but generally of importance.

7.3.4 Two-body decays into non-standard gauge bosons

In the EHSL model, with the local U(1)y;, symmetry and the related Z’ boson, the
partial width I'(H, — Z’Z') is non-zero for Mz < My, /2 and a # 0. In Fig. 7.13
we present the NLO predictions for I'(H; — Z'Z’) calculated according to (7.2.69).
The brown-, yellow-, red- and blue-dashed lines represent the results obtained for
Mz = 0.1 GeV, Mz = 10 GeV, Mz = 40 GeV and Mz = 60 GeV. Depending on
whether we have My, = 70 GeV or My, = 1 TeV as corresponding input these lines
are dashed or fine-dashed.

According to (7.2.69) the width I'(H, — Z’Z") is directly proportional to the factor
s which stems from the H,Z'Z’ tree-level coupling and explains the strong suppression
of this non-standard decay mode in the small-|o| range. Furthermore, the overall 1/v}
suppression in (7.2.69) explains the different orders of magnitude in the predicted
I'(Hy — Z'Z") for v, = 280 GeV (several 10 MeV) and v, = 10 TeV (several 10 keV).
Accordingly, for small v, close to the electroweak scale the EHSL model is indeed
strongly constrained by the measured Higgs signal strengths (cf. Sect. 6.1). At the
given scales in the plots the Mpy,-dependence of the corresponding NLO results is
hardly visible. Here, the parameter My, first enters at the one-loop level.

Relative to the corresponding LO prediction, with the input v, = 10 TeV our NLO
predicted width I'(H; — Z'Z") yields maximal deviations of about +1.7% (+0.9%) for
a = =+7/6 and My, = 70 GeV (Mpy, = 1 TeV). This holds for all the considered values
of Mz. On the contrary, for v, = 280 GeV these maximal deviations more strongly
depend on the parameter Mz and have a size of about +2.4% (+0.4%) for a = £7/6,
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Figure 7.13: NLO predictions for I'(H; — Z'Z’) versus « for v, = 280 GeV (left side)
and v, = 10 TeV (right side).

My = 60 GeV and My, = 70 GeV (My, = 1 TeV). Both for v, = 280 GeV and
v, = 10 TeV we hence obtain the largest NLO contributions for small My, = 70 GeV.
For larger My, the NLO contributions to I'(Hy — Z'Z’) generally become smaller.
The one-loop contributions from the D’ term in (7.2.69) at most yield +0.1% and are
thus negligible.

7.3.5 Two-body decays into hidden Goldstone bosons

In Fig. 7.14 both the EHSL predictions for I'(H; — Z'Z’) for Z' bosons with a very
small mass Mz = 0.1 GeV and the related EHSG predictions for I' (H; — ¢n¢n) are
depicted as functions of My, for comparison. The black-dashed lines indicate the
corresponding LO predictions. The blue- and red-solid lines represent the a = —7/6
and o = +7/6 one-loop predictions, calculated according to (7.2.69) and (7.2.80).

A comparison between the upper and lower row in Fig. 7.14 clearly demonstrates
that our LO and NLO predictions obey the Goldstone-boson equivalence theorem (cf.
Subsect. 7.2.7), i.e. that the limit (7.2.81) is fulfilled by our numerical results, too. Even
in the My, = Mg, /2 threshold region deviations from (7.2.81) are not visible. Thus,
for My, = M};® the chosen Mz = 0.1 GeV is small enough such that the high-energy
limit as defined in Subsect. 7.2.7 is a very good approximation. We conclude that the
brown-dashed lines in Figs. 7.13a,b can be also interpreted as the one-loop predictions
for T' (H; — @nipn) versus a. Accordingly, for small vy, also the EHSG model is strongly
constrained by the measured Higgs signal strengths. Analogously to I'(H, — Z'7’)
we have a strong suppression of I' (H; — ¢npn) for small || and large v, due to the
global factor s2 /v? in (7.2.80). For v, = 10 TeV the decay mode H; — pypp may just

provide a shift of a few extra keV to the total H; width I'ZL,
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Figure 7.14: EHSL predictions (o« = £7/6 and My = 0.1 GeV) for I'(H, — Z'Z’)
versus My, (upper row) and the corresponding EHSG predictions for T' (H; — ¢nen)
(lower row) for vy, = 280 GeV (left side) and vy, = 10 TeV (right side).

7.3.6 Total width

Now that we have numerically explored the significant partial widths of H; let us exam-
ine their combined effect in the total H; width Tt Numerical results are illustrated in
Fig. 7.15. In the shapes of the depicted lines one discovers the features of the individual
decay channels.

In Figs. 7.15a,b the EHSL predictions are shown for Mz = 80 GeV, a = +7/6 and
My, > 70 GeV. These two plots primarily illustrate the potential impact of the non-
standard one-loop corrections in the absence of any non-standard decay modes. The
black-dashed lines illustrate the weak LO predictions, including the specific QCD and
QED corrections in ['(H; — X;), X; = AA, AZ, gg, f;f;- The solid-yellow lines indicate
deviations from the black-dashed lines due to the one-loop shift in My, with av and My,
in the LO expressions of I'(Hy — X;), X; = AA, AZ WW, ZZ. The black-solid lines
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Figure 7.15: Predictions for Tl for v, = 280 GeV (left side) and v, = 10 TeV (right
side) versus My, (upper row) and « (lower row).

additionally include the weak-standard one-loop contributions derived for o = 0 in
I'(H, — ff), f = b,c,7. The blue- and red-solid lines represent our full predictions
for « = —7/6 and @ = +7/6 and thus incorporate all the discussed non-standard
one-loop effects.

In Figs. 7.15¢,d our full one-loop predictions for th, including the various con-
tributions from the decays into non-standard particles of the EHS models, are shown
as functions of . The solid (dashed) lines correspond to the input My, = 1 TeV
(Mp, = 40 GeV) with the dedicated colors blue, yellow, red and black indicating the
EHSL (Mz = 60 GeV), EHSL (Myz = 40 GeV), EHSG and EHSD results. The solid
(dashed) lines thus represent the case of zero (non-zero) Hy — HyH, contributions.
The latter are maximized for My, ~ 40 GeV according to Fig. 7.12. Only the black-
solid lines go together with the one-loop predictions in Figs. 7.15a,b where only decay
modes into SM particles provide non-vanishing contributions.
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With zero contributions from decays into non-standard particles (Figs. 7.15a,b), the
one-loop predictions for T'/! are likewise symmetric (asymmetric) under a sign flip in o
for v, = 10 TeV (v, = 280 GeV). Then, we overall obtain maximal relative deviations of
about —1.4% (—0.5%) from the respective a = %, LO (a = £§, NLOgy) predictions.
In good approximations, the blue- and red-solid lines in Figs. 7.15a,b furthermore
represent the corresponding EHSD results, and the predictions in Fig. 7.15b also apply
to the respective v, > 10 TeV results.

The different predictions for My, = 1 TeV in Fig. 7.15¢ are well separated due to
the various large contributions from I'(H; — Z'Z") and I' (H; — ¢n¢n) in the small-vy,
region. By contrast, the different predictions for My, = 1 TeV in Fig. 7.15d ap-
proximately lie on top of each other. This is because for v, = 10 TeV the related
contributions from I'(Hy; — Z'Z') and T' (H; — ¢nen) are negligible. Moreover, ac-
cording to the discussion of Fig. 7.12, the model-dependent deviations in the NLO
contributions from I' (H; — HyHs) are negligible. Therefore, also the different predic-
tions for My, = 40 GeV in Fig. 7.15d share the same curve, and the EHSG predictions
in Figs. 7.15¢,d also represent the corresponding Mz — 0 EHSL predictions in good
approximation.

In particular the results in Figs. 7.15¢,d clarify that in the EHSL, EHSG and EHSD
models quite some regions of non-standard parameters might be excluded by recent
indirect ATLAS and CMS constraints for the Higgs total width, which are typically of
order (5 —10) x T [184-186], with T'Z, specified in Tab. 7.1.

7.3.7 Branching ratios

Finally, we investigate the impact of all the discussed effects on the H; branching ratios,
providing first NLO predictions for the relevant H; branching ratios into SM particles
BR(H, — X;), X; = AA, ZZ, WW, 17, AZ, gg,bb, cc. The corresponding numerical re-
sults can be found as listed below:

BR(H; — AA):  Fig. 7.16, BR(H; — AZ): Fig. C.2 (Appendix C),
BR(H, — ZZ): Fig. 7.17, BR(H; — gg): Fig. C.3 (Appendix C),
BR(H, — WW): Fig. 7.18, BR(H, — bb):  Fig. C.4 (Appendix C),
BR(H, — 77): Fig. 7.19, BR(H, — c¢):  Fig. C.5 (Appendix C).

The branching ratios for decays with priority relevance for precise experimental analyses
are depicted in Figs. 7.16—7.19, further branching ratios are to be found in Appendix
C, Figs. C.2—C.5. These figures are arranged as explained in the following.

The left (right) columns illustrate the results for v, = 280 GeV (v, = 10 TeV) versus
My, and «. The plots in the upper rows show the EHSL predictions for My, > 70
GeV and Mz = 80 GeV and therefore represent the scenario in which decays into



7.3 Numerical results 105

non-standard particles do not contribute via T2l The plots in the middle rows depict
the results for the same scenario versus «, and in addition show the respective EHSG
results with the non-vanishing contributions from the decay H; — ¢y for comparison.
Finally, the plots in the lower rows illustrate the results (versus «) for the EHSL,
EHSG and EHSD scenarios with non-vanishing contributions from the various decays
into non-standard particles H; — Z'Z’, Hy — pnen and Hy — HyHs.

Here, we go through the results for the branching ratio BR(H; — AA), which only
obtains non-standard one-loop contributions from the total width in the denominator.
The results for the other branching ratios are presented in a uniform manner and their
explanation basically proceeds in the same way. However, note that in contrast to
the branching ratios for the loop-induced decays into X; = AA, AZ, gg, the branching
ratios for the decays into X; = ZZ, WW, 77, bb, c¢ receive further non-standard one-
loop contributions from the respective partial widths in the corresponding numerators.
These additional corrections are just visible on the scales of the plots in the upper and
middle rows and generally compensate for the non-standard one-loop contributions
from T2 in the corresponding denominators.

The black-solid (black-dashed) lines in Figs. 7.16a,b illustrate the weak NLO (LO)
predictions for a« = 0 (i.e. the respective SM predictions), which incorporate the as-
sociated QCD and QED corrections. The solid-yellow lines are the related a = +7/6
LO predictions which furthermore include the one-loop shift in My, with o and My, .
Recall that the global factors ¢ in the numerators and denominators of the H; branch-
ing ratios drop out in the absence of any non-standard decay modes. Therefore, in
Figs. 7.16a,b we could just as well designate the black-dashed and black-solid lines as
a = =+7/6,L0O and o = £7/6, NLOgy in order to indicate the correspondence with the
results for 7l in Figs. 7.15a,b. The blue- and red-solid lines in Figs. 7.16a,b illustrate
our full predictions for « = —m/6 and o = +7/6 and hence incorporate all the dis-
cussed non-standard one-loop effects. In the absence of any non-standard decay modes
we obtain maximal deviations from the corresponding o = 0 NLO predictions of about
+0.6% (+0.5%) for vy, = 280 GeV (v, = 10 TeV). Analogously to the previous results
for the decays of H; into SM particles, the blue- and red-solid lines in Figs. 7.16a,b
also represent the corresponding EHSD results in good approximation.

In Figs. 7.16¢,d the one-loop predictions for the same scenario are shown as functions
of a for My, = 70 GeV (yellow-solid lines), My, = 500 GeV (blue-solid lines) and
Mp, =1 TeV (red-solid lines). One more time these colored-solid lines point out the
symmetry (asymmetry) of the one-loop contributions under a sign flip in « for v, = 10
TeV (v, = 280 GeV) in the absence of non-standard decay modes. The black-solid
lines in Figs. 7.16¢,d represent the corresponding SM (o = 0) NLO predictions and
thus correspond to the black-solid lines in Figs. 7.16a,b. Let us re-emphasize that
according to the previous considerations, the so far discussed EHSL predictions for
BR(H; — AA) also apply to the respective predictions of the EHSD model in good
approximation.

Complementary to the colored-solid lines in Figs. 7.16c,d we provide the dashed
lines which represent the corresponding one-loop EHSG results (same color coding with
respect to the My, input). According to Subsect. 7.2.7, these dashed lines furthermore
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represent the respective EHSL one-loop predictions for very small My (e.g. Mz = 0.1
GeV as in Fig. 7.14). Either way, the differences between the same-colored solid and
dashed lines in Figs. 7.16¢,d arise due to the extra contributions from one related
non-standard decay mode (H; — ¢nen or Hi — Z'Z'). For large v, = 10 TeV
these extra contributions are comparatively small (maximal relative deviations of about
—1.6% from the corresponding solid lines). This is different for v, = 280 GeV where
BR(H; — AA) receives a drastic suppression even for small |a|. Note that in line
with the results in Figs. 7.13a,b contributions from I'(H, — Z'Z’) are largest for
vanishing M. Hence, for larger My < My, /2 the corresponding predictions would
lie somewhere in between the respective solid and dashed lines in Figs. 7.16¢,d.

In Figs. 7.16e,f we present our one-loop EHSL, EHSG and EHSD predictions for
BR(H, — AA) analogously to those for '’ in Figs. 7.15¢,d. The solid (dashed) lines
belong to the input My, = 1 TeV (Mpy, = 40 GeV) with the blue, yellow, red and
black color coding denoting the EHSL (Mz = 60 GeV), EHSL (Mz = 40 GeV),
EHSG and EHSD results. Here, the differences between the same-colored solid and
dashed lines are basically generated by the additional decay mode H; — HsH, which
is kinematically allowed for My, = 40 GeV. Only the EHSD predictions for My, =1
TeV in Figs. 7.16e,f represent results without any contributions from decays into non-
standard particles.

In contrast to the respective results in Fig. 7.16e, the different My, = 1 TeV
predictions in Fig. 7.16f can hardly be distinguished on the given plot scale. For v, = 10
TeV the extra suppression of the branching ratio due to the non-standard decay modes
Hy — Z'Z" or Hy — ¢ppy only plays a minor role. Moreover, the deviations due to the
distinct (model-dependent) one-loop contributions in I' (H; — HyHs) are negligible in
that regard. Consequently, also the different predictions for My, = 40 GeV in Fig.
7.16f approximately lie on top of each other.

Recent prospects for future collider experiments estimate the measurement accu-
racies of the branching ratios for the significant decay modes of a standard-like Higgs
boson to be somewhere in the region of 5 — 10% (future LHC versions) [160,161] and
1 — 2% (future eTe™ colliders TLEP, CLIC and ILC) [162-164]. Therefore, it might
very well be possible that our one-loop predictions for the H; branching ratios will
some day lead to stringent bounds for the EHSL, EHSG and EHSD models. But
also by taking into account the current signal-strength measurement accuracies (about
10—20% [159]) for the individual Higgs decay channels, considerable constraints for the
free parameters of the three EHS models are obtained by means of our results for the
H, branching ratios. In particular the EHSG model is almost excluded for v, = 280
GeV, such that only small « are still allowed. According to (6.1.3), the measured
Higgs signal strengths already put strong constraints on the non-standard parameters
once the H; partial widths into non-standard particles provide contributions of the
size of T}, — and for small vy, the contributions from T'(H, — HyHs), I'(H, — Z'Z')
or I'(Hy — ¢npn) can be significantly larger (cf. Figs. 7.12—7.14). In the absence of
any of these non-standard decay modes, however, it will be extremely difficult to con-
strain the three EHS models via future measurements of the branching ratios of the
standard-like Higgs boson.
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Figure 7.16: Predictions for BR(H; — AA) in the EHSL, EHSG and EHSD models.
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Chapter

Conclusions

After the discovery of a Higgs-like particle by the LHC experiments it is important to
work out if the observed state is exactly the particle predicted by the Standard Model
(SM) Higgs mechanism or if it belongs to a more involved Higgs sector. An extended
Higgs sector might very well play a key role in solving some major open issues in
elementary particle physics.

In this thesis, the extension of the SM Higgs sector by an extra Higgs singlet (EHS)
described by the additional scalar field &y, is investigated. The singlet exclusively
couples to the standard sector via a renormalizable quartic interaction term of the form
(®JD,) (P Dy), the Higgs portal, with the standard Higgs doublet @ in the extended
Higgs potential. Three minimal scenarios are considered in terms of the hidden (non-
standard) symmetry group under which @), transforms — a local U(1) symmetry with
a complex @, (EHSL model), a global U(1) symmetry with a complex &, (EHSG
model), and a discrete Z5 symmetry with a real &, (EHSD model). In each model
the underlying non-standard symmetry is spontaneously broken by the non-vanishing
vacuum expectation value vy, of ®y,.

The Z' boson is the massive gauge field associated with the spontaneously broken
local hidden U(1) symmetry of the EHSL Lagrangian. It does not mix with the stan-
dard sector owing to an additionally imposed Z; symmetry. Its mass My is treated
as a free parameter. In the limit of a vanishing hidden U(1) gauge-coupling constant
the imaginary part of the field @y, (here denoted as y,) turns into a physical Goldstone
boson and the Lagrangian of the EHSG model is obtained. The Lagrangian of the
EHSD model then follows just by erasing the hidden Goldstone boson ¢y,.

In each of the considered models a mixing between the real part of &, and the
real part of the neutral component of @y is generated by the Higgs-portal coupling in
combination with the non-vanishing v,. This mixing is parametrized by the angle «.
Consequently, the associated scalar mass eigenstates H; and Hy (corresponding masses
My, and Mpy,) have a standard and a non-standard field component. It is assumed
that H; is the standard-like 125.09 GeV Higgs boson and its mass is fixed accordingly.
The non-standard parameters «, My, and vy, are treated as free parameters and the
decoupling limit o« — 0 always brings us back to the phenomenology of the SM.

111
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The extended Lagrangians are surveyed in detail with special emphasis on gauge
invariance and quantization. Bounds for the common parameters a, My, and vy, are
derived by an analysis of tree-level perturbative unitarity. A comparison of the different
models shows that stronger bounds are obtained for the models with a complex &y, field.

For the calculation of quantum effects in the three models suitable one-loop renor-
malization schemes are developed including also the unphysical sector. These are con-
structed such that the above-mentioned transition from the EHSL Lagrangian to the
EHSD Lagrangian via the EHSG Lagrangian also holds for the corresponding renormal-
ized Lagrangians. This feature allows a convenient comparison of associated one-loop
contributions in the three models. The complete list of Feynman rules is derived as
well as a corresponding FeynArts modelfile for automatic one-loop calculations. The
Feynman rules are presented in the appendix of this work. Ward identities from the
hidden U(1) are derived and also listed in the appendix for checks of consistency of the
renormalization schemes.

In order to test and further constrain the three EHS models precise predictions for
relevant observables accessible in collider experiments are made. One-loop contribu-
tions are combined with known higher-order SM terms where possible.

Considerable indirect constraints for the parameters a and My, are obtained from
the non-standard one-loop predictions for electroweak precision observables (EWPOs)
when compared to experimental data. At the one-loop level only the fields H; and Ho
appear and consequently the three models make the same predictions. Explicit results
are provided for the most sensitive EWPOs, the W-boson mass My, the effective
leptonic mixing angle sin? Qg’ and the forward-backward pole asymmetry AOF’]g of the
Z-boson decay into a pair of b quarks. The outcome of a Ay? analysis illustrates
the corresponding exclusion bounds of 68% and 95% confidence level. In order to get
additional sensitivity to Mz and v, a non-standard two-loop calculation would be
required.

With the by now measured Higgs signal strengths and the indirect constraints for
the Higgs total width, precise predictions for observables associated with the decays
of the standard-like Higgs boson H; become important. At the tree-level and at the
one-loop level the entire spectrum of non-standard parameters in the EHSL, EHSG and
EHSD models enter the predictions for the H; total width T'/l and branching ratios
BR(H, — X;) = T(H, — X;)/T into SM final states X;. Two representative settings
of the v, parameter are numerically explored at the one-loop level: small v, = 280
GeV and large v, = 10 TeV.

First weak NLO predictions involving associated non-standard one-loop contribu-
tions are made for the fermionic two-body partial widths into b quarks I'(H; — bb),
¢ quarks I'(H; — c¢¢) and 7 leptons I'(H; — 77). Moreover, new predictions for the
inclusive four-body partial widths I'(H; — VV) into fermion pairs via the exchange
of two standard gauge bosons V = W, Z are provided. According to a new formula
(which can be easily adjusted in order to apply to other SM extensions) the predictions
for I'(H, — V'V incorporate the dominant non-standard one-loop corrections which
arise from the corresponding H; V'V vertices.

The non-standard one-loop contributions to I'(H; — bb), I'(H, — c¢), I'(H, — 77)
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and I'(H; — VV) are mild, at most —1% on top of the results obtained by simply
rescaling the respective SM Higgs widths by the global factor ¢? from the mixing.
This is valid in good approximation in the three considered models and the effects can
become a bit enhanced for vy, smaller than 280 GeV.

In the absence of any non-standard decay modes, the LO branching ratios of H; are
not different from the respective SM Higgs branching ratios. Deviations can only be
generated by non-standard quantum effects — but, as pointed out above, these effects
are relatively small.

In addition to the decays into SM particles, non-standard decay channels can occur
when kinematically allowed: Hy — HyHy, Hy — Z'Z’ and H; — pnen. New one-loop
results for the partial widths I'(Hy — HyHs), I'(Hy — Z'Z') and T'(H; — ¢nen) are
provided.

In the considered non-standard parameter regions the one-loop effects in the partial
widths I'(Hy — Z'Z") and T'(H; — ¢npn) provide maximal contributions of about 2%
relative to the corresponding LO predictions. In the limit Mz — 0 the NLO-corrected
I'(H, — Z'Z") converges into the NLO-corrected I'(H; — ¢n¢n) in compliance with the
Goldstone-boson equivalence theorem. Due to the overall factor s2 /v in I'(H; — Z'Z’)
and I'(Hy; — ¢nen) these decay modes are strongly suppressed for large v, or small
|a|. For small vy, however, the decay modes Hy — Z'Z’ and H; — ¢npn can provide
significant invisible contributions to the total width T'’L. In these cases, the dependence
on Mp, is not very pronounced. This changes as soon as the decay mode H; — HyHs
becomes kinematically allowed.

The contributions to I'f)t from I'(H, — HyH,) are likewise larger for smaller vy,
but in contrast to those from I'(H; — Z'Z’) and I'(H; — ¢n¢n) they do not vanish in
the limit of large v,. The partial width I'(H; — HyHs) receives substantial one-loop
contributions which are generally model dependent. For an increasing gauge coupling
in the non-standard gauge sector of the EHSL model, specific one-loop effects become
non-negligible in I'(H; — HyHs).

Explicit numerical results incorporating all the stated non-standard effects are pro-
vided for T} and BR(H, — X;), X; = AA, ZZ WW, 17, AZ, gg, bb, c¢ (photons A and
gluons g). Together with recent experimental bounds from the Higgs measurements
these can be used to considerably constrain the non-standard parameter ranges in the

EHSL, EHSG and EHSD models.
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Appendix A

List of Feynman rules

In the following we list the Feynman rules of the renormalized EHSL model. From
the latter the Feynman rules of the renormalized EHSG model can be derived in a
simple way, by properly taking the limit g, — 0 after a consistent reintroduction of the
parameter g, according to My = gyv,. In this limit the corresponding counterterms
behave as explained in Subsect. 5.3.2. A subsequent drop of all rules involving the
hidden Goldstone boson ¢, finally yields the Feynman rules of the renormalized EHSD
model.

According to the procedures specified in Chapter 3 and Chapter 5 the Feynman
rules take into account the renormalization of the unphysical sector. We use the 't
Hooft-Feynman gauge for the renormalized gauge-fixing parameters. The Feynman
rules are specified in the physical basis. Field renormalization of the Goldstone bosons
vs, @& and ¢y, is denoted by the field-renormalization constants for the SM and non-SM
Higgs multiplets 0Zy and 6Z,. All momenta in the vertices are defined as incoming.
For the standard fields and parameters we adopt the conventions of [82].

A.1 Propagators

Gauge bosons V = A, Z, W=+, 7"

Vur\/\/ﬁ/\/\p V,, - —_ng, .

k2 — M2

Faddeev-Popov ghosts U = u?, u?, u*, u?":

U’ """""""" ﬁ ----------- OU:%
k2 — M2

Scalar fields S = Hy, Ho, @5, ¢F, on:

Se--domes = 5
k2 — M2

115
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Fermion fields F' = f;:

k = _ ik+mp)
o—p— @ = —-—
F I k? —m2
Corresponding masses:
Mya = My =0,

M,z = M, = My,
M+ = Mys = My = My,
MZ/ZM(Ph:MZ/’

u

my, = My
A.2 Tadpoles
VoS-
with respective values of S and C
H1 . C == 5tH1,
H2 C = 5tH2.

A.3 V'V counterterms

with respective values of Vi, V5, C1, Cy and Cs

—iguy[01k2—02]+ikukycg,

W+W_ . 01 = 5ZWW> 02 = M‘%VCSZWW + 5M5V7
27 Cl :6ZZZ, CQIM%(SZZz—l—(SM%,
07 0z M?
AZ . C) = %, Cy = TZ(SZZA,
AA: Cy =0Z4a, Cy =0,
Z/Z, . Ol = 6ZZ’Z’, 02 = M%/(;ZZ’Z’ + (5M§/,

A. List of Feynman rules

(A.1.1)
(A.2.1)
03 = 5ZWWa
03 - 5ZZZ,
C, = 0L Az + 5ZZA’
2
C(3 - 5ZAA7
03 = 5ZZ’Z’~

(A.3.1)
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A.4 SV counterterms
S’—k— — ><.A.Nv‘< = ik,C,
with respective values of S, V and C'
M SM?2
GWT . C =+ 6Zww + 67y + —L ),
2 Mg,
M SM?3
psZ . C= —iTZ (5Zzz+5ZH + M22> ,
Iy Z (A.4.1)
psA: C= —iTzéZZA,
,MZ/ 5M§l
(phZ/ O =—1 ) <5ZZ’Z’ + 5ZX + M%, .
A.5 5SS counterterms
Sl_,k_ _ >< L §2_ — 7:[01]{72—02],
with respective values of S;, S5, C7 and (s
HiHy: Ci=0Zmu, Co=0Mp + M} 6Zyn,,
1 1
H\Hy: C,=06Zyp, Cy= 5 102, 1, + §M,325ZH1H2 +0M7 g,
HyHy: Cy =02y,  Co=0Mp, + My 6Zy,m,,
o0t o0t
osps . Cy =02y, Cy = _¢ . o5 . Hz, (A5.1)
L0t o0t
Phéh - 01:5Zx> C2Z—C 2 Hl,
Un Un
o0t o0t
6ToT: C1=0Zy,  Cy= -y el



118 A. List of Feynman rules

A.6 UU counterterms

with respective values of Uy, Uy, Cy and Cy

1

2

UA’UA . Cl :5ZAA__5ZAA, 02 :0,
2

~ 1 ~ 1 1
uZﬂZ . Cl = 5ZZZ - 5(5222, OQ = M% <5ZZZ - §5ZH> + 5(5M%,

~ 1
uut Ci =024 — 5(52,42, Cy =0,

~ 1 ~
UAl_LZ . Cl = 5ZZA — 552214, Cg = M%(SZZA,

~ 1 ~ 1 1
uFut s Oy = 0 Zww — 50Zww,  Ca= M3, <5ZWW - —6ZH) + 55MV2V,

' = 1 ~ 1 1
UZ l_LZ . Cl == 6ZZ/Z’ - §6ZZ/Z’> 02 == M%/ <5ZZ’Z/ - §5ZX) + §5M2/.

(A6.1)

A.7 FF counterterms

Flw = i[CLfw +Crbw; —Cgw_—Cdwy],

with respective values for Fy, Fy, Cp,, Cg, Cg and Cf

1
Oy = 5(52;}L +ozIM),

1
| Cr= 5(5233.3 +0Z,
fifi: 1 Lol . (A.7.1)
CS_ = EmméZifj’ -+ émf,jcSZifj’ f + 5ij5mf7i,

1 1
\ Cg_ = §mf7i(SZifj7R + §mf7j52ijcj’LT + (5ij(5mf7i.
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A8 VVV couplings
Vou, ko

Vl,,u7 kl
= —1€Clguw(k2a—k1)p+gup(ks—k2) utgpu(k1—Fk3)u],

V3., k3

with respective values for Vi, V5, V3 and C

) 1 1
AWFW™ 0 C =1+ 4 6Zww + ~0Zan — = V524,
(& 2 2 Sw
) 16 1 1
IWIW- s C=— o 1+ = Y 2w + 6742 | + =07z,
Sw e Cy Sw 2 2
(A8.1)
A9 VVVV couplings
Viu V3,
- ie2c[29;wgop_gupg;w_gpugua]7
V27V V4,O'
with respective values for Vi, V5, V3, V, and C
1 ) )
WHWHIW- W™ C = - x [1 4228 %W 25wa} ,
s3, e Sw
ck de 1 sy cw
W+W_ZZ : O:_T X 1+2__27_+5ZWW+5ZZZ +—5ZA2,
Sw (& Cow Sw SW
) 19 1 1
WW-AZ 0= {1 1% LW st 60t _5ZAA]
Sw e Gy Sw 2 2
1 1¢c?
— =0Zaz — =62 74,
2 2s%,
)
WHW~-AA . O=— [1 n 25 5 Zww + 0Zaa| + E—W(SZZA.
w

(A.9.1)



120 A. List of Feynman rules

A10 SSS couplings

with respective values for S, Ss, S3 and C' (explicit expressions of the corresponding
counterterms 5CH1 HiH;i» (5CH1H1H27 5CH1H2H2 and 5CH2H2H2 are speciﬁed in App. A. 19)

3

2 ecy Sa
X

H\H,H,: C=-— - 1+ 6CH 1,1,
o (203, + M3,) 50 (22 — 25

H1H1H2 O =— ’ o = T X [1 + 6CH1H1H2] )
o (M, +2M3,) s (2 + 522

H1H2H2 (O =— ! ’ u 2w M X [1 + 6CH1H2H2]7

(&

3 3 2c3
H2H2H2 . C= —M]2{2 ( = — _a) X [1 + 5CH2H2H2]7

2 swMy  evy
_i_za]\]\/[j—%lﬁ + %5ZH1H1 — ;CO;—]\]\/[/[IQ{%ZCSZmHz + 5ZH} ,
Hypup . C = Q‘Z‘ij\ﬁ; {1 - (ZS + USCT‘”QHQ&HI - USL—“IZ{Q&HQ + 5]\]\4%
_Z_z% %5ZH2H2 - %5&{@ + 5ZH:| ,
Hiowon: C = _% x {1 - 5@—1:‘ + Uh‘;&?{ St + hf\;% Stu, + 5M£1
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CoM? oy, S C SM?
H. C O= 2 2 e 5t ¢ 5t Hy
2(PhPh oo { o + UhMEQ o+ .7 Hy + M]Q{Q
So (5MH1H2 1 Sq 12{
— YA L§7 07
Car MI?IQ + 2 H>Ho 9 OcMJ%IQ HyHo + x| o
co M? ov. C S SM?
Hipte~: = ool — == & Sty — — 5t il
1976 2w My { T Ve VR R VA
Sey (5MI2{1H2 1 saM%
_CalTH\Hy | s _ 2T s 7
ca M% +25 Hith 2¢,M?, 02, +02u |
1 1
Sy M? o c s 2
Hopto™: O =22 |- == &5t &5t Hy
2079 sy Moy { RN VA R VR VR
Co, 5MH1H2 1 Co, 12{
= ) L 57 07
S4 be o “H2H: 256,]\/[12{2 HHy T 0241

S S3 .,
N /
N /
N /
x = ie’C,
/ N
v/ N
/ N
/5'2 54\

with respective values for Sy, Sy, S3, Sy and C' (explicit expressions of the corresponding
counterterms dCl, s,5,5, are specified in App. A.20)
3s ((c2 —1) M2 — 2 M?
H1H1H1H1 . C — < a (( a )2 QHl a H2)
e?v;)
33 (ME, — ME,) s3
€SWUhMW

s (¢ (M3, — M3,) + M3,
- 152 0T, i) X [1 4+ 6CH, b, 1,1, ],

(A.11.1)



122 A. List of Feynman rules

3Caq 3 2 _1YM2Z2 — 2 M?
H1H1H1H2 - C = < CaSa ((Ca ) Hy Ca Hg)

e2v}
3(2¢; — 1)k (Mf, — Mg,) s
2esy vn My
+3cisa (2 (M%, — M%) + M)
452, M3,

) X [1 + 6CH1H1H1H2]a

H1H1H2H2 . O = 3

3ctsa ((ca —1) My, — i Mp,)
€7y

| co(6ed 62 +1) (M, ~ M) s,

2esyw o, My
et (6 (M, — V3) + 1)
_ “aa \"a 1 1 5C
4812/VM3V X [ + H1H1HyHz )
33 s, ((2 = 1) M2% — 2 M?
H H.H.H,: C = ( a (< « )2 2H1 « Hg)
ey
(23— 1) 2 (M3, = M3,) 2
2esyuvn Mw
3cash (ca (M, — Mp,) + M, )
* 43%/[/MI%V 2 2 x [1 + 6CH1H2H2H2]a
3¢t ((1 =) M2E + 2 M?
HH.H.Hy : C = <_ o (( 04)2 ;{1 « HQ)
ey
_362 (M12{1 — Mlglz) Si
eswun My
35t (c (M, — M3,) + 3,
- 48124,M3V X [1 + 5CH2H2H2H2]a
Ca M2 —_ M2 33
HIHISOSSOS  C=1- ( Hy H2) o
2eswon My

_ca((2ch = 1) (Mf, — Mj,) + My, + M, )
8s%, M2,

x [T+ 5CH1H1¢sws]>

(A.11.2)
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HiHipnpn -

HyHypsps

HyHypnpn -

HiHypgps

HiHypnon -

PsPsPsPs -
PhPhPhéh -
PsPsPhh

AN AN
Psipsd O

OnendT P

o (_sa (2= 1) (M, — M) + M, + Mg,)
B 2e20f

3 (ME, — M},) sa
2€8WUhMW

X 14 0CH, mpne)»

o G (M}, — M%) sa
2esw o, Mw

sa (2 = 1) (Mj, — M) + M, + M)
8s?, M,

X [1 + 6CH2H2¥75995]?
o ( 2 (22 = 1) (Mg, — Mp,) + Mj, + Mj,)

20,2
2e*v;;

G (M}, — MZ,) s?
2esywon My

X [1 + 5CH2H2§9hSOh:|7

o [ Casa (ca (M}, — M},) (ecovn — 2sw My sa) + evn ME,)
4es? vy M3,
X [1 + 5CH1H2<PS‘PS]7

CaSa (2 —=1) M} —AEME) A& (M, — ME,) s2

C: 5 5 1 2 + 1 2
ey 2esyvn My
X [1 + 5CH1H2<Ph<Ph]7
C = 3 (Ci (M121’2 - Ml%h) - Ml%h) X [1 +5C ]
- PsPsPsPs
452, M3,

3 (% (ME _MIQh + M%
C=- ( ( : 621)121 ) 1) X [1 +5Csohsohsoh<ph]v

co (M}, — M},) sa
C=- L 2 1+46C

2esyon My X [1+0Cpuponenls
& (M, - M3,) — 01}
C=——" ) 2 X [1+6Cs+4-g+4-],
23%,‘,M3V
& (M3, - M3,) ~ M
C = e 2 ! 2 X[1+5CSS¢+¢7],
452, M2, P

Co, (M?{ - MIQJ ) Sq

C=- L 2 14+6C -
2eswvn My X [ + PhpndTé ]7

(A.11.3)



124 A. List of Feynman rules

Co (M}, — M%) 83
H H too . C = — 1 2 o
1Hi9" ¢ ( ol
G ((2h — 1) (M, — M) + M3, + M)
8s%, MZ,
< [L+0Cmmetrs-];
H{H ¢+¢* - O = Ci (Mlgll - MI2{2) Sa (€CaUh — 2SWMWSQ> N CaMIQJ28a
1412 : 468%VUhM5V 4512/VM5V

X [1 + 5CH1H2¢+¢—]7

sa (= (22 — 1) (MF, — M3,) — My, — Mj,)
8s%, M,

H2H2¢+¢7 . C = (

c (M1211 — M?{Q) Sq

2esy v My

)

X [1 + 5CH2H2¢+¢—]-

A12 VVSS couplings
VLM Sl/ -

with respective values for V;, V5, S7, Sy and C

I c? de dsw
WTWwW HlHli C = B X 1+2__2_+6ZWW+5ZH1H1

283y e Sw

R s2 de  _Osw
WTW~HyHy: C= 5% |14+2— =2——+0Zww + 0Z1,m,

28y, e Sw

de dsw

W+W7H1H2 . C = —
2 e Sw

(A.11.4)

SO(
-l
Ca

Ca
— —0Zmm,|
Sa

1
X {1 +2— —-2— +Zww + 5(SZHlHﬂL

1 Sa ca
+§6ZH2H2 — §5ZH1H2 - §52H1H2:| )

(A.12.1)



A.12VVSS couplings

WJFW*gosgos :
WHW=¢To™ :

276 e

AZyt o

AApT o

ZZH1H1 .

ZZH2H2 :

ZZH1H2 .

27 psps

AZH1H1 .
AZH2H2 :

AZH1H2 :

O % y [ de dsw
253y, e Sw
o_ L oe OSw

253, e Sw

5
W W {1+2—e+
e

2

125

1+2——2—+5ZWW—|—5ZH],

X 1+2——2—+5ZWW+5ZH:|7

58W

ciy (st — ciy) sw

2swc
+0Z72+ 02y + %52,42] ;
Sw — Cw

1 1
+§5ZZZ + 5(52,4,4 +

C=2x |:1+2@+5ZAA+5ZH:| +
e

+

2

Gy (siy = civ) sw

2 2
Sy — Ciy
———=07 4

4SWCW

W 57y + 524 ,
SW -

Cw
2

Sjy — €
W W74,
Swew

2 5 2 2 5
C— Lo {HQ_BHMﬂ
203 St e Ciy Sw
Sa
+0Zz7 + 021, — C_(SZHng} )
2 5 2 2 5
C= Sa_y {1+2£+2Mﬂ
2 Sy e Ciy Sw
Ca
+0Z 77 + 0 Lty H, — S—5ZH1H2} )
54Ca de s%, —c2, ds 1
C=—s5—>5 X {1+2—+2u—w+5zzz+—5ZHlHl
2¢5 Sy e Gy Sw 2
1 s c
+§5ZH2H2 - idZH1H2 - i(SZHlH2} 9
1 ) 2, —c% 0
C=-—5—5 X {1+2—6+28W _Cw W +6ZZZ+5ZH] ,
203 Sty e Cy Sw
2 1
R
2¢2, 8%, 2 24
2 1
= & ——0Z
2¢2, 5%, 2 24
SaCa 1
C=——>2"47
2¢2, 8%, 2 Z4

(A.12.2)
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AZpsps

W*Z¢TH, :

W:tAgb:FHl .

W*Z¢Fp, :

W:tAgb:F Ps -

Z/Z,HlHl :

Z,ZIHQHQ .

A. List of Feynman rules

1 1

R Y
2¢2, 5%, 2 Z4s

a ) ) A4 A4 0z
C:—C X{l—l—?—e— CW_|_ WW+ H1H1_'_ zZZ
(&

Cw cw 2 2 2
Sa Cw (SZAZ 1
—5.0Z — ~67
20(1 it + Sw 2 * 2 H:| ’
a ) ) 0 A A
C: 5 X 1+2—€— CW+ WW+ H2H2+ YA
Cw e Cw 2 2 2
Ca Cw 5ZAZ 1
—5.0Z — ~67
2sa e TSI ) H]’
o ) 1) 07 YA 07
C':—C X 1+2_€_ 3W+ ww 94 | 0244
25w e Sw 2 2 B
Sa Sw 6ZZA 1
- Z oW - Z
2, 2t om0 H}’
o ) ) 0z 0z oz
C =" 1+2—e— 8W.|_ WW | OZHH, | OZAA
2sw e Sw 2 2 9
Co Sw 5ZZA 1
—5. 0% — ~67
28& H1H2 + 2 + 2 H:| I
] ) ) 0z 0z
2ey e cow 2 9
0z
y W24z 524 ,
Sw
] de 4§ YA 67
C=F— x 1422 2w  0oww , 0244
25y e Sw 2 2
0z
fwlfza 524 7
Cw
Myrsa\” SM3,
C=2 = 1+ 820 + —2Z
(evh)x{—i_ ZZ+M%,
5 (6%
_2ﬂ + 02y, + C_dzHlHQ] :
Uh Sa
Mzyic 2 SM2,
=2 - 14+ 6Z5p Z
( evn ) [ +02z1z2 + 2,
ov Sa
—2— 4+ 6 Zu,m, + _5ZH1H2:| :
Uh Ca
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My \? oM2Z, 5
Z'7HHy . C =254 (—Z> X {1 0Ly + 2 9%
€Up MZ’ Uh
1 1
+§5ZH1H1 + §5ZH2H2 + 2Saca5ZH1H2 )
My \? SM2Z, 6
Z/ZIQOthh . C = 2 <—Z) X |:1 —+ 5ZZIZ/ =+ 2Z — QE -+ 5ZX:| .
evy M7, Un
(A.12.4)
A13 VSS couplings
S1, k1
7/
Vi 7 .
ANNANANK = ieC(k1—ka),,
A AN
827 ]{’3
with respective values for V', Si, S and C
i, 1
ApsHy: C=— 0274,
QCWsW 2
s 1
ApHy: C= 0§74,
QCWsW 2
Co, ) 2 —c% 0 1
ngsHlj C =— e X 1+_6+Mﬂ+_5ZH1H1
2w Sw e Ciy Sw 2
57— Ty 4 262
50422 2. HiHy + 5028 | 5
18 de  s%, —ck dsy 1
ZoHy: C=—2 1+—+ W _WF L 527
Psil2 QCWsW X |: + e + C%/V Sw + 2 HoHo <A131)

1 C 1
0D gy — —627 —0Z
+25 77 28&5 H H, T+ 5 H} ,

) 1 2 —ci 1
Apte: C=— |14+ 2 4 25740+ W =W 57 57h],
€ 2 ZSWcW 2
2 —c ) 1 o
Z¢+¢*: C’:_SW—CWX 1_|__€_|_ 3 5 5 Sw
2ew sw e cy(siy —cy) sw
1 2swew 1
+20Z57 + 4 =024z + 524 ,
2 Sy — Gy 2




128 A. List of Feynman rules
o 0 ) 1
WESFH, . =7 x [1+ 252" | 257w
25w e Sw 2
1 Sa 1
+—5ZH1H1 - 2—5ZH1H2 + §5ZH:| )
" Sq de  Osw
WszFHQI C=4= X |14+ ——=—+ 5ZWW
25w e SW
Cq 1
+—(5ZH2H2 — —0Zm g+ =075,
25, 2
WEpT oy C——Lx {1+§—55—W+ —0Zww + 07 ]
o 25w e Sw mw S (A.13.2)
.S MZr 1 1 §M2/ §Uh
Z'onHy: C=—i=2 14 =87+ -2 771
Phiiy Zevh X{—FQ ZZ+2M§, U
1 Co, 1
—07 —07 —07
+25 HiHy + 25(15 HiH> + 25 X] )
C MZ’ 1 1 (5M2/ 5vh
Z'onHy: C = —i—™ L4+ =02 + -2 — —
Ptz Zevh X[+2 ZZ+2M§, Uy,
1 Sa 1
+§(SZH2H2 + géZHle + §5ZX .
A14 SVV couplings
Vi
—S— - - = 1ieg,C,
Vo
with respective values for S, V;, V5 and C'
Myyc, ) ) 16M?2 1
HWHW=: =220 14 20 SW+§M2W+§5ZH1H1
S e s
v v w (A.14.1)

2¢q,

Sa
+0Zww — —0Zm 1, | ,
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HQWJrWi :

H,Z7Z

HyZ 7 -

leA .

HQZA .

PEWFZ

PTWTA

H\Z'Z":

HyZ'Z":

My s, de dsw 1O0ME 1
C=-— 1+—— — —07
o [ 2z, 200
Ca
+5ZWW - E52H1H2:| ;
Myc, de 252, —c2, ds 10M2, 1
C =2 [1+—+ W WW o oW 6,
SwCiy e Cyy sw o 2 My o 2
SO(
+5ZZZ — £52H1H2:| s
o_ ~ Mwsa w1 de N 283, — Gy 0sw 15M§V
SWc%,V e c%,v Sw 2 MEV
1 Co
+20Zm,m, + 02272 — =—0Zmm, |
2 25,
My 1
¢= 5 W;Q é(sZZA’
wew
My s, 1
C =N 67y,
Sweiy 2

de Lésw

ck sw

16M2,
> M2,

1
—07
5 04ww

1 cw 1 1
+=0Z77 + —W—5ZAZ + =02y,
2 Sw 2 2

de 16ME 1
w X [ +—+z 22, + 5 04ww
1
+= (5ZAA + S—W—ézzA + 5ZH] ,
cw 2
2saM2, T oMz 9§ a
C =002 4 6+ 2 -2 5ZH1H1 - 5ZH1H2]’
eUh L MZ/ Uh 2504
2 aM2/ [ 5M2/ 5 1 o
C:u X 1+5ZZ/Z’+ 2Z —ﬂ (SZH2H2+S—52H1H2:|
ey L MZ’ Un 2 2¢q




130 A. List of Feynman rules

A.15 VFF couplings

Fy

Vi
% = ie7,(CTw_+Cwy),

Fy

with respective values for V., Fy, Fp, CT and C~

4 r 5 1
O = —Qy x |y (1 + 4 5ZAA) + 5 <5Zifj’R + 5Z£.’RT>]

1
— + 5ijg;fr§5ZZAa
Vfifi: a se 1 . (A.15.1)
C™ = —Qy X |0y (1 +— 5(52AA> +3 <6Zifj’L T+ 5Zifj,m>}
_ 1
\ + 5ijg;§5ZZAa
( B 5 1
Ct =gt x oy (1424 6ZZZ + 5 (5257 + 625™)
f of 5
) 1
_ = 03jQr502z,
Zfif; - 5 (A.15.2)
1
C™=g; x |6y (1 TN (5ZZZ> += (5Z{;’L - 525;”)
N 2
1
L - 5¢ij§5ZAZ,
(Ct =0
_ 1 oe Osy 1 )
- = X | Vi [14—— "2 4267 15V,
Wud; - V2sw { ! ( e swoo2 W ’
1
53 (625 Vi + VidZt ) |
\ k
(ot —o, (A.15.3)
1 oe  Osw
- C” = X VTi(1+———+ — VA )+5VT,Z.
W_d]ul . \/§SW [ J (& Sw ww J
1 d,Lix 7t T u,Li
+5 > (9251, + Viezy")
k
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Ct =0,
W+ﬁzl . 1 [ (5 6
7 0~ = —3;; x wa—fﬂ+ 50Zww + 5 @T“+dﬂﬂ,
\/§8W e SW .
ct =0,
WL, : 1 ) )
j o= L 5% 1+—€—ﬂ+ Loz + 1 (02 1 025)].
\/§SW e SW .
(A.15.4)
Here, gjf and 6gjf are given by
+ _ _S_W 5 + _S_W % L(SS_W
gf CWQfa gf CWQf |:€ + C%/V S 5
(A.15.5)
I3 — s3,Q; I [de s c?, ds
Gy =< 00 = {_+W2 - W}Mgf’
Swew swew | € Sy SwW

and the vector- and axial-vector couplings of the Z boson can be written as follows,

1 I3 —2s2,Q
Z_ L (o +) _ f wxf A.15.6
Uy 2 (gf + gf) 281 Cr ( )
and
1 I?
Z— (g7 —qgt) = —1 A.15.7
ay 92 (gf gf) 28 Cy ( )
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A.16 SFE'F couplings

Fy

A. List of Feynman rules

( Coy de sy Omy;
C+ = — X 52 i 1 _— :
25y My { o ( e T S
1 M2 1 So 1
SR 5 507,
W el
1
+§ (mf Z(SZifj’R + (SZl-fj’LTmf,j>:| ,
Hlﬁ'fj :
B Co de sy Omy,
O = — X 62 i 1 _— = ’
2sw My, |: Jnm, ( * € Sw mp.
1oME, 1 Sy 1
—— 07 07
2 M2, + 50 Zmm ca25 HH)
1
\ +§ (mf Z(SZZ-fj’L + (5ZZ-fj’RTmf,j>:| ,
(A.16.1)
( Sq de  Osw  Omy,
C+ = X 51 i 1 _— — :
25y My { o ( " e Sw My,
1 6M?2 1 Co 1
= Mé:/ §6ZH2H2 a§5ZH1H2)
1
+§ (mfz(SZifj’R + 5ZZ~fj’LTmf7j):| ,
HQE’fj :
B Sq de  Osy  Omy,
™ = X (51 i 1 _— — :
QSwMW |: Jnm, ( * € Sw myi
1 M2 1 Co 1
-3 Mg:/ §6ZH2H2 —a—dZH1H2>
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Appendix B

U(1)y; Ward identities

Here we list a set of Ward identities resulting from the case of a global U(1)y, symmetry
of the (quantized) Lagrangian Lgyg (cf. Chapter 3). It consists of relations between
scalar n-point vertex functions I'x, . x, with n <5 and X; = Hy, Hs, s, n, ¢*. These
generally apply to the EHSG model — but also to the EHSL model if the global
U(1)y, is unbroken.! Our renormalization scheme does not introduce any symmetry-
restoring counterterms (cf. Chapter 5). As a consequence, at the one-loop order all
these Ward identities separately apply to the respective renormalized vertex functions,
unrenormalized vertex functions and vertex counterterms.

B.1 Conventions

Under the infinitesimal global U(1)y; transformation 66, = %256 the scalar fields
behave as

0H:(x Ops(x d¢* (x
519( !~ snte), §9< - 59< Lo,

0H. ?x) ) (hx) ' (B.1.1)
20 = Capn(), PN — oy — 5o Hy () — coHs(2),
59h 59h

according to (3.3.4). Due to the global U(1)y, symmetry the variation of the corre-
sponding vertex functional I' (Hy, Hs, @5, ¢n, ¢) under §6y, vanishes, i.e.

or 4 or -
ST = 50 = /d x {sa@h(l’)m * Co‘ﬁph(x)m (B.1.2)

— [on + saHi(z) + co Ho(z)] #IEI)} = 0.

After the appropriate functional differentiation of S(I") the fields are set to zero which
is denoted by the label ¢ = 0. Consequently, we obtain various relations between

!Note that we fix the non-standard gauge parameters of the EHSL model according to the 't
Hooft-Feynman gauge (cf. Sect. 3.2) such that here the associated global U(1)y; is broken.
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different vertex functions

50T

(B.1.3)

FX1...X”(5E17 N ,l’n)
¢»=0

in configuration space. The relations listed below are obtained by subsequently trans-
forming to momentum space. Here, the momenta are assigned according to the nota-
tion Tupe...(Pas Do, Pes - - - ). Moreover, we use the short notation py_,, = —> " p;. All
momenta are considered as incoming.

B.2 Relations between vertex functions

Relations involving n-point functions with n > 5 are omitted since these are indepen-
dent of the related counterterm structure at the one-loop level. The same holds for
relations which do not involve any of the existing tree-level vertex functions.

— 0= _SaFHl (O) — CC,FH2 (O) + th@Wh (O, 0), (B21)

5?8(T)
dH1(a)dpn(b)

»=0
— 0= =541, (=0, 0) — calt 1, (=D, P) + 50l 0n (=0, P) + 0uLp, 110, (0, —D, D),
(B.2.2)

528(T)
5H2 ((Z)(Sg&h(b)

¢$=0
— 0= _CQFHQHQ(_p7p) - SOCFHQHl(_p7p) + caF%’hSOh(_p>p) + ththztph(Oa _pvp)a

(B.2.3)
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5*S(T)
dH1(a)dHi(b)opn(c) |4

=0:

— 0= —=sa'm 11, (P127P17P2) — cal'my 1, 1, (P127P17P2) + SaFchphaph(plbplapQ)
+ 8oLy ooy (P12, P1, P2) + vnlp 11110, (0, D12, D1, D2),

(B.2.4)
5*S(T)
dHi(a)dHa(b)opn(c) |4

=0:

— 0= =354, 11, (P127P17P2) — cal'my o1, (P127P17P2) + CaFHuphtph (p12>p1,p2)
+ Socrcthmph (plQaplapQ) + Uhrcth1H2g0h (07p127p17p2)7

(B.2.5)
538(T)

SH (@) Ha ()opn(c) |,y

— 0= —sa'my 11, (Pmphpz) — cal'myHy 1y (Pmphpz) + CaFchphaph (p12>p1,p2)
+ Cocrcthmph (plQaplapQ) + UhrcthQHggoh (07p127p17p2)7

(B.2.6)
$S(T)

Son( @) D)on() |,y

=0

— 0= _SargpstpsHl (p127p17p2) - CCYF@S‘PSHQ (p127p17p2) + Uhrcphtpsgossﬁh (0>p127p1:p2>:

(B.2.7)
3S(T) ..
dpn(a)opn(D)opn(c) |4y
— 0= _SarsoheohHl <p127p17p2) - SQF‘PhHlSDh(p127p17p2) - SQFHl‘Ph‘Ph(p127p17p2)

- CaFAphtthz (p127p17p2) - Cozrcthzgoh (p127p17p2) - CaFHgtphgoh (p127p17p2>
+ Uhrgphgohtphgoh (07p127p17p2)7

(B.2.8)
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§3S(T)
dpn(a)ogt(b)od(c) |4y

=0:

— 0= —SaFH1¢+¢— (p12,p1,p2) - CaFH2¢+¢— (p127271>p2) + thgphgoh¢+¢_(Oap127p17p2)7

(B.2.9)
$S(I) 0.
0, (a)SHy (D)0 H (€)opn(d) |,y
— 0= —sol'm 1 1, (P123,p1,p2ap3) — ¢l by 1y 1y (P123,p1,p2ap3)
+ Sl Hypnen (D123, D1, P2, 3) + Sal'm g ooy (D123, P1, P2, P3)
+ Salion im0 (P123, D1, 2, P3) + UnLyy 1y 1y 1y, (0, D123, D1, D2, D3),
(B.2.10)
§1S(T) _o.
OH, (a)SHy (D)0 Ha(c)on(d) |,y
— 0 = =50, 1y 1o 11, (D123, P15 D25 P3) — Cal'wy b1y 1 1, (D123, P1, P2, P3)
+ CaFHlngahgoh (p123,p1,p2,p3) =+ SaFngahHQ‘Ph (p123,p1,p2jp3)
+ Sozrtthngcph (p1237p17p27p3) + UhrgthlHngtph (07p123ap1ap2ap3)a
(B.2.11)
§1S(T) _o.
0Hy(a)o Hao(0)0Ha()oon(d) |,y
— 0= _SaFHngHQHl (p123,p1,]?27p3) - CaFH1H2H2H2 (p123,p1,p2,]?3)

+ oLty Hognon, (1235 D15 D25 D3) + Cal'ty oy How (D123, D15 D2, D3)
+ SO&F‘P},H2H2<Ph (p123,p1,p2,p3) + UhEthleHggoh(Oap1237p17p27p3)a

(B.2.12)
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FAS(T) 0
dH5(a)0Hy(b)dHa(c)dpn(d) =0 ’
— 0= —sol'm,momo 1y (P123,p1>p2,p3) — col'ry o Ho Hy (P123,p1>p2,p3)

+ o'ty Hopnion (P123, D1, P25 D3) + Cal oy How, (D123, D1, P2, P3)
+ collp, o Ho, (D123, D1, D25 D3) + UnLio, by iy oo, (0, D123, D1, D2, D3),s

(B.2.13)
548(T) 0.
0H1(a)dps(b)ops(c)dpn(d) | ey
— 0 = =50, pupu iy (123, 1, D2, D3) — Cal'ty oo, 11, (D123, D1, D2, D3)

+ Sargohgostpsaph (p1237p17p27p3> + UthOhHlsOS‘PsSOh (07p1237p17p27p3)7

(B.2.14)
§18(T) 0.
0 Ha(a)dps(b)dps(c)opn(d) |4 '
— 0= _SaFHQSﬁs‘PsIﬁ (p123>]71>p2>p3) - CaFHchsgast(plZS?p17p27p3)

+ callp,pupsen (P1235 D15 D2, P3) + Vnlpy, Hopupein (0, D123, P1, P2, D3),

(B.2.15)
§18(T) _o.
dH1(a)opn(D)dpn(c)dpn(d) |4y
— 0= _S(XFH1<ph<th1 (p1237p17p2ap3) - COcFHISOhGDth (p123ap1ap2’p3)

— Sal'Hy o Hign (D123, P15 D25 P3) — Cal'oygop Hogy, (D123, P15 D25 D3)
- SaFH1H1gohsoh (p123,p17p27p3) - CaFHlecphcph (p123’P1>P2>]93)

+ Salpyonenen (D123, D1, P2, P3) + ULy, oy ononion (0, D123, P15 D25 D3),

(B.2.16)
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54S(T) .
0 Hz(a)dn (b)dpn(c)dpn(d) $=0 .
— 0= _SaFHzgohgohH1 <p1237p17p27p3) - CaFHzt,Dhtthz (p1237p1>P2:P3)

- SaFchthlcph (p123,p1,p2,p3) - CaFHchthcph (p123,p1,p2,p3)
— Sal'y iy onen (D123, P15 D25 P3) — Cal'y Hyopen (D123, P15 D25 D3)
+ CQF‘Ph‘Ph‘PhSDh (]9123,291,]32,]93) + UhEPhH%PhsOMPh (07p1237p1>p2>p3)’

(B.2.17)

o'S(T)
0H,(a)dpt (b)dg~(c)dpn(d) $=0

=0:
— 0= —SaFlequl (p123,p1,p2,p3) - CaFH1¢+¢fH2(p123>P1>P2>pg)

+ Sozrcph¢+¢7§0h (p1237p17p27p3) + 'UhrgohH1¢+¢7<Ph (O7p1237p17p27p3)7
(B.2.18)

§18(T)
6Hy(a)dopt (b)dg~(c)dpn(d) $=0

=0:

— 0= _SaFH2¢+¢7H1 (p123;p1;p272?3) - CaFH2¢+¢fH2(p123,p1>p27p3)
+ CaF@h¢+¢>—¢h (p123,p17p2,p3) + Uhrgthglﬁ"'d)_S@h (0719123717171?2;193)-

(B.2.19)

As already mentioned, these identities apply to the renormalized and unrenormalized
vertex functions. Consequently, we obtain relations between the corresponding vertex
counterterms and between the associated renormalization constants. The renormaliza-
tion constant dvy, drops out in each of these relations. Remarkably enough, the identi-
ties (B.2.2)—(B.2.9) imply that §Z, = 0 is required in the renormalization scheme of
the EHSG model. The transition (5.3.34) from the local to the global here generally
follows from symmetry. This can be deduced by introducing the explicit expressions of
the corresponding vertex counterterms according to Apps. A.10, A.11, A.19 and A.20
whilst taking into account (5.3.12) and (5.3.13).



Appendix

Appended numerical results

In this appendix, further numerical results for the H;-decay observables are collected, in
completion of those discussed in Chapter 7. We refer to the latter for more information
about the interpretation of the following results.
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Figure C.1: EHSL predictions for the partial width I'(H; — c¢) for v, = 280 GeV (left
side) and v, = 10 TeV (right side), with Mz = 80 GeV and o = £+7/6.
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Figure C.4: Predictions for BR(H; — bb) in the EHSL, EHSG and EHSD models.
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