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Chapter 1
Introduction

1.1 The Standard Model of Particle Physics

The theory to describe all fundamental constituents of matter and their interactions is
the Standard Model of Particle Physics (SM) [1–3]. It is a Lorentz covariant quantum
field theory and as such a multi-particle theory, with operators for particle creation
and destruction. It is capable not only of explaining the dynamics of elementary
particles but also transitions from one particle into another, particle decays, particle
annihilation or the production of new particles out of the quantum vacuum, which
corresponds to the energy ground state of the theory. In quantum mechanics particles
are categorized into bosons (with integer spin) and fermions (with half integer spin).
In multi-particle environments both groups of particles have a distinct behavior: while
bosons share the same phasespace, which allows for a description of their dynamics in
a single, space-symmetric wave function, fermions always occupy a unique element
in a multi-particle phasespace, which can never be shared with any other fermion
at the same time. This fact is expressed by the exclusion principle of Wolfgang
Pauli [4]. Fermions, in contrast to bosons, are described by wave functions which
are anti-symmetric in their space coordinates. The behavior of multi-particle systems
made of fermions or bosons follows the Fermi or Bose-Einstein statistics, which hold
for all fundamental, non-divisible particles that we know so far, as well as for more
complex composite objects that still need to be treated on a quantum mechanical
basis, like atoms or molecules. Nowadays, the particle physics experiments have
the ability to analyze structures at distances as small as 10−19 cm, corresponding to
a sub-per mill of the size of the proton. To our understanding, all matter that we
know is made up of quarks and leptons, which both are fermions, with spin 1/2 . Both
kinds of particles have been found to lack further structure (i.e. they are not made
up of even more fundamental particles), to be non-divisible and point-like up to the
current level of accuracy. To our current knowledge we can assign four fundamental
forces to govern all interactions between them which are mediated by the exchange
of bosonic particles: gravitation, the electromagnetic, weak and strong force. Each
of these forces will be briefly discussed in the following paragraphs. Unless one last
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2 1 Introduction

missing non-trivial fundamental symmetry is found, a symmetry between fermions
and bosons, called supersymmetry [5–8], it seems that nature chose fermions with
spin 1/2 to represent the fundamental constituents of matter and bosons with spin 1 as
force mediating particles, with the only exception of the still undiscovered, graviton,
which is expected to have spin 2.

The Electromagnetic Force

In the SM, the electromagnetic force is mediated by the photon. It has been explored
for more than 200 years and has been utilized in our daily life in the form of elec-
tric devices like radio or television. It has thus become one of the best understood
fundamental interactions in nature. Like gravitation, which will be discussed below,
it is a force of infinite range with a potential that is proportional to the inverse of
the distance between the interacting sources. It can be understood on the basis of
classical field theory [9]. Quantum field theoretical aspects only come into play on
scales where quantum effects cannot be neglected any more, e.g. at distances of
atomic radii. The electromagnetic force can be repelling or attractive, depending on
the electric charges it couples to. These can be positive or negative, but always with
the exact same quantized absolute value, which is clear from the fact that, while
nature is full of electrons and protons, the universe as a whole is charge neutral. The
quantization of charge is in fact the first hint to the underlying quantum nature of our
universe already at macroscopic scales. The Maxwell theory of electrodynamics has
furthermore been a precedent case, where two phenomena in nature, which at first
sight appeared to be independent, electricity and magnetism, could be explained as
originating from the same common fundamental force, that could be described by a
single theory [10].

The Weak Force

In the SM, the weak force is mediated by the massive W and Z bosons. It is not
experienced in daily life, which is a tribute to its very short range that further more a
priori requires a quantum mechanical treatment. According to its coupling strength,
the weak force is of the same order of magnitude as the electromagnetic force. Its
eponymous weakness traces back to the fact that the mediating particles carry a non-
vanishing mass, more than 80 times larger than the mass of the hydrogen atom(!) and
quite large when compared the scale of elementary particles. This leads to a strong
damping at large distances and thus to observable effects that can only be understood
in the paradigm of quantum mechanics. The weak and electromagnetic forces are
another example of two forces, though apparently independent on first sight, that
could be described in a unified electroweak theory, this time on the quantum level.
One can see this entanglement already from the fact that the mediating particles of
the weak force, the W + and W − boson, carry electric charge, so that they themselves
are subject to the electromagnetic force.

The weak force has the remarkable peculiarity that the W bosons only couple to
left-handed fermions (and right-handed anti-fermions), thus distinguishing between
different helicity states of matter. In the realm of high energy physics this fact has
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Fig. 1.1 Cross section of
inclusive charged current
e− p (e+ p) scattering as a
function of the polarization
of the electron (positron), as
measured by the H1
experiment at the hadron
electron collider, HERA, in
Hamburg [11]. The
exchanged gauge boson
W − (W +) in these reactions
only couples to left-handed
electrons (right-handed
positrons). For the opposite
polarization the extrapolation
of the cross section matches
zero in both cases
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been most intuitively shown by a measurement at the hadron electron collider HERA
in Hamburg, as shown in Fig. 1.1 [11]. On the y-axis of this figure the inclusive
cross section for the e− p → νX (e+ p → ν̄X ) process at HERA is shown as a
function of the polarization of the corresponding lepton. The measured cross section
is compared with a simple linear extrapolation and a more accurate prediction of
the SM. The plot shows how the coupling of the W − (W +) to a right- (left-)handed
e− (e+) goes to zero. As a consequence the weak force is the only force, that we
know so far, that is not covariant under the discrete parity operation P , where the
space vector x is turned into −x. This transformation is equivalent to a change
from a left-handed into a right-handed coordinate system. It means that the way
we describe the weak force is sensitive to the choice of the coordinate system. This
phenomenon has first been discovered by the Chinese-American physicist
Chien-Shiung Wu [12] and Richard L. Garwin and collaborators [13]. For many
years, particle physicists believed that the combination of P with another discrete
symmetry operation, the charge conjugation, C , where a particle is replaced by its
anti-particle would lead to a good symmetry, also for the weak force. Since the W
bosons couple to left-handed particles and to right-handed anti-particles this sounds
like a reasonable assumption. It turns out that not even the combination of P and
C , CP is a conserved symmetry operation for the weak force. This is a non-trivial
and subtle finding in particle physics, with dramatic consequences on cosmological
scales: if the CP operation was not violated, all matter in our universe, which we
believe has been produced as matter and anti-matter to equal parts, would have
annihilated and vanished seconds after its creation and our universe would be an
empty and void place. This connection to cosmological scales turns out to be even
more puzzling: it is known today that the amount of CP violation that has been
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observed in elementary particle reactions is not sufficient to explain the amount of
matter in the universe. So there must be additional sources of CP violation that are
not yet described in the SM.

The Strong Force

In the SM, the strong force is mediated by eight gluons. It is perhaps the least intuitive
force to us, with a range of not more than a few femtometers (fm), corresponding
to the size of a proton. It couples to color charge, which is a strictly non-observable
internal degree of freedom of quarks and gluons. The strong force has two particularly
striking features: when probed at short distances between the interacting particles
the strength of the strong coupling, αs , decreases, leading to a phenomenon called
asymptotic freedom [14, 15]. This name refers to the fact that in the asymptotic limit,
where the distance between the interacting particles goes to zero, strongly interacting
particles can be considered as quasi free. This behavior has been confirmed by the
measurements of many experiments, both past and present, which have probed αs

at a range of different energy scales, which are related to different distances via the
uncertainty relation of Werner Heisenberg. The measurements at the highest energy
scales so far have been made by the CMS experiment [16]. A recent compilation
of several measurements of αs , at different scales, Q, is shown in Fig. 1.2. On the
other hand when going to smaller energy scales (corresponding to larger distances)
the potential of the strong force increases linearly [17], resulting in the creation of
new color neutral particles out of the quantum vacuum, if the energy stored in the
potential field exceeds the threshold for their creation. This phenomenon is referred
to as confinement. It guarantees the non-observability of the color charge.

Fig. 1.2 The coupling
constant of the strong force
αs , measured by different
experiments and at different
energy scales, Q [16].
According to the uncertainty
relation of Werner
Heisenberg larger energy
scales correspond to smaller
distances from the strongly
interacting source that can be
probed. The measurements
demonstrate how the strong
force gets weaker and
weaker the closer the probe
is made to the source of the
force, a phenomenon
referred to as asymptotic
freedom in the literature
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Gravitation

Gravitation is the only force which can not yet be described in a consistent way
together with all other interactions. In a quantum field theory, gravitation is mediated
by the graviton, which is the only force mediating particle with spin 2. Gravitation
is the most intuitive force to us from our daily life experience. It is however the
most difficult to get hold of in the framework of a quantum field theory. At the same
time it is by many orders of magnitude the weakest of all known forces, rendering it
irrelevant to all processes which are within the experimental reach of particle physics
nowadays and in the foreseeable future. As an illustration the strength of gravitation
is an incredible 36(!) orders of magnitude weaker than the electromagnetic force.
What gives its importance on macroscopic and especially cosmological scales is the
fact that gravitation, which seems to couple to the (heavy) mass of matter, unlike
the electromagnetic force, is always attractive and not shielded, in contrast to any
of the other known forces. Since mass will be a major topic of this book it should
be noted that the heavy mass that the graviton couples to does not necessarily have
to be the same as the mass of inertia, that usually is placed as a parameter into
equations of motion, be it in classical or quantum mechanical descriptions. Within
the framework of a quantum field theory gravitation is described by the coupling to
the graviton, as discussed above, while the mass of inertia can be described by the
coupling to the Higgs boson field, φ, with a non-vanishing vacuum expectation value,
v, as will be discussed during the course of this book. Both masses have a relation
to the macroscopic world, since any particle (irrespective of being a fundamental
or composed object) will gain mass according to the γ factor of special relativity,
depending on the frame of reference it is described in. Finally, there is the famous
relation between energy and mass by Albert Einstein, E = mc2, which gives another
view on the subject of mass. Taking the example of a proton at the Large Hadron
Collider (LHC) more than 99 % of its mass are made up of its binding energy. It is
thus carried by gluons, which are in fact massless particles in the sense of inertia. In
that sense the mass of the proton is fundamentally very different from the mass of
the electron.

The Power of Gauge Symmetries

All fundamental forces together lead to a rich and non-trivial phenomenology with
a large variety of unique observations. The strength of the SM is to be capable
of describing the whole plethora of these observations, not only qualitatively, but
quantitatively and with outstanding precision (as will be discussed in Chap. 3). These
phenomena range from lowest energies of a few electronvolt (eV)1 up to energy scales
of a few hundred giga-electronvolt (GeV), thus spanning 11 orders of magnitude.
The SM obtains this predictive power by the application of gauge symmetries, which
are a major ingredient in describing the structure of the interactions outlined above.
The structure of the strong interaction results from an SU(3)C symmetry in the

1An electronvolt corresponds to the energy that an electron gains after traversing the difference of
an electric potential of 1 V.

http://dx.doi.org/10.1007/978-3-319-18512-5_3
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color space, whose basis is often discussed in terms of red, green and blue. The
structure of the electroweak force can be obtained from an SU(2)L symmetry in the
space of weak isospin (often discussed in terms of up- and down-type flavors) and a
U (1)Y symmetry, related to the electric charge. The application of gauge symmetries
allows for the derivation of all predictions of the SM following the classical Lagrange
formalism and the commutator relations of field quantization. The symmetries of the
SM are the external Poincaré symmetry of the space-time coordinates (implying
Lorentz covariance, energy, momentum and angular momentum conservation) and
the internal local gauge symmetries of SU(3)C × SU(2)L × U (1)Y , leading to the
observed structure of gauge interactions. Of these internal symmetries the SU(3)C

symmetry and the U (1)Y symmetry are exact. But nature seems to distinguish the
SU(2)L symmetry, which as the only symmetry within the SM leads to a problem
with massive particles.

1.2 The Problem of Massive Particles in the Standard Model

As will be discussed in detail in Chap. 2, local gauge symmetries naturally lead to
the presence of gauge bosons, the exchange particles discussed in Sect. 1.1, in the
theory. The symmetry strictly requires these gauge bosons to be massless, which is
unproblematic for photons and gluons, but in drastic contrast to the known masses of
m Z = 91.1876 ± 0.0021 GeV for the Z and mW = 80.385 ± 0.015 GeV for the W
boson [18]. Even worse the maximally parity violating structure of the weak force
also breaks local gauge invariance for all massive fermions, due to their coupling to
the W boson. This leads to the apparent antagonism that, while the SU(2)L ×U (1)Y

gauge symmetry does describe the coupling structure of the electroweak force, at the
same time it seems to contradict the fact that the W and Z bosons, and (nearly) all
fermions have a non-vanishing mass.

The proposed solution to this problem is the mechanism of spontaneous symmetry
breaking, where the gauge symmetry is still intrinsic to the Lagrangian density of the
theory, but not manifest in its energy ground state, which in the case of discussion
is the quantum vacuum. The principle of spontaneous symmetry breaking is well
known and can be demonstrated with a very simple classical example of a needle
standing upright on its tip on a plane ground as illustrated in Fig. 1.3 (left). This system
does obey rotational symmetry around an upright axis in a coordinate system with its
origin in the tip of the needle. But it is unstable and will eventually fall into its energy
ground state, ending up with the needle lying on the ground of the plane in some
specific direction in ϕ. The equations of motion which describe the system still obey
the rotational symmetry, but the ground state does not. The symmetry still implicitly
shines through by the fact that the symmetry breaking ground state is degenerate in ϕ:
the needle could have fallen in any direction in ϕ and there is nothing to distinguish
one particular ground-state direction from any other. Furthermore if the coordinate
system to describe the physical system were moved away from the tip of the needle
the ϕ symmetry of the system would not be visible from the equations of motion any

http://dx.doi.org/10.1007/978-3-319-18512-5_2
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Fig. 1.3 (Left) The example of a needle standing upright on its tip on a plane ground. Rotational
symmetry is obeyed by the system, but the state, is unstable. In the energetic ground state the needle
has fallen into some direction in ϕ. While the rotational symmetry is still present in the equations
of motion it is spontaneously broken in the energy ground state and thus hidden. (Right) The same
situation is shown for the electroweak symmetry: a new field φ is introduced with a characteristic
self-coupling, which leads to an energy potential that is rotationally symmetric in the complex plane
of φ. The energy ground state in the well of this potential breaks the symmetry. The shown form
of the potential is the easiest way to achieve this symmetry breaking. It is often referred to as the
Mexican hat potential

more—it would be hidden. In the case of the electroweak SU(2)L ×U (1)Y symmetry
this idea has been introduced by Peter Higgs, François Englert, Robert Brout and
others, independently between the years 1961 and 1964 [19–24]. It is since referred
to as the Higgs mechanism. Since all fields, which had been known in the theory by
that time are SU(2)L × U (1)Y symmetric, it had to be realized by a new field, φ,
with a characteristic self interaction that leads to spontaneous symmetry breaking in
the quantum vacuum. An illustration of the potential related to this self coupling is
shown in Fig. 1.3 (right).

Thanks to the Higgs mechanism the electroweak gauge symmetry and its predic-
tive power are preserved within the equations of motion. Instead, the energy ground
state of the quantum vacuum becomes non-zero. The degeneracy of the energy ground
state that has been discussed in the above example of the needle can also be seen in
this case. In the four dimensions of the SM potential it introduces three additional
degrees of freedom, which can be translated into longitudinal polarization degrees
of freedom of the massive gauge bosons. A fourth degree of freedom (in the figure
the radial excitation) is left and leads to the postulation of a new particle, the Higgs
boson, which should have the quantum numbers of the vacuum. The Higgs boson
constitutes a new state: it is neither a fermionic constituent of matter, like leptons and
quarks, nor a force mediating particle, like a gauge boson. It is the only elementary
particle in the SM with spin 0. The massive vector bosons and fermions acquire their
masses via a coupling to the non-vanishing expectation value of the new Higgs field,
φ, in the quantum vacuum. Gauge invariance is guaranteed by additional non-trivial
couplings to the physical Higgs boson field, which are predicted to be proportional to
the mass of the fermions and proportional to the mass of the gauge bosons squared.
In this formulation the mass of fundamental particles emerges dynamically from
the interaction with the Higgs field, φ, that is omnipresent in the quantum vacuum.
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It should be emphasized, and will be discussed in Chap. 2, that the exact way of the
coupling of the fermions to the Higgs field, φ, is an independent prediction, concep-
tually different from the way in which the gauge bosons acquire their mass. Since the
Higgs boson, does have a self-coupling, originating from the Higgs potential, and as
the characteristic quantity of the coupling is the mass, the Higgs boson itself also has
a mass. In the SM, the mass of the Higgs boson is the only still unconstrained (or very
weakly constrained) parameter, while all other parameters have been determined or
significantly constrained by experiment.

The discovery of a Higgs boson-like particle at the LHC on 4 July 2012 [25–27],
almost 50 years after this postulation, formed an epoch in the history of particle
physics, which finally led to awarding the Nobel Prize in physics to Peter Higgs
and François Englert in 2013. The new particle had been discovered independently
with the two large multipurpose detectors ATLAS [28] and CMS [29], combining five
main decay channels (into photons, Z bosons, W bosons, τ -leptons and b-quarks)
relevant for the low mass Higgs boson search program of the LHC. For each of the
experiments the discovery was based on a dataset corresponding to less than half
of the data collected by the end of the data taking period at center-of-mass energies
of 7 and 8 TeV. In the meantime, it has been confirmed on the complete dataset of
the LHC data taking period of the years 2011 and 2012 (also referred to as LHC
run-1 data taking period in the following), and more information has been revealed
about the mass, spin, CP properties and coupling structure of the new particle. These
results have been provided by the collaborations of the two experiments on a very
short time scale after the discovery. Their albeit non-compromised high scientific
quality stands for a tremendous effort that has been made by both collaborations.

1.3 Synopsis and Guideline to the Book

In this book, the findings of the Higgs boson discovery, that has been made based
on the data of the LHC run-1 data taking period, will be summarized and put into
the context of the general understanding of electroweak symmetry breaking. In its
discussion the book will be restricted to the electroweak sector of the SM. By its
structure it is meant to serve three purposes: (i) it should be a text book for undergrad-
uate students and people not yet familiar with the subject, to learn the essentials of
electroweak symmetry breaking and Higgs boson physics, to be able to understand
the main questions that had been raised and addressed during the discovery phase;
(ii) it should be a compact and comprehensive reference for people who would like
to look up one or the other detail of the topics that have been of concern during this
time and therefore would like to concentrate on individual chapters or sections of
the book; (iii) it should be a compendium for experts in the field, who should be able
quickly to catch the essential information (in form of tables, figures and references)
out of one single document.

The book will be opened with a summary of the electroweak sector of the SM
in Chap. 2, in which the complete electroweak part of the Lagrangian density of the

http://dx.doi.org/10.1007/978-3-319-18512-5_2
http://dx.doi.org/10.1007/978-3-319-18512-5_2
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SM will be unrolled on the level of gauge field theories. This approach requires
hardly any prior knowledge of the concepts of quantum field theories and still allows
to understand many of the main features of the SM. It is meant to motivate the
introduction of gauge interactions via local gauge symmetries and will address the
peculiarity in the choice of nature to have the W − boson coupling only to left-
handed fermions, as well as the issues of local gauge symmetries with massive vector
bosons and fermions. A strong emphasis will be put on the conceptional solution of
the ostensible antagonism, that local gauge symmetries can describe the nature of
electroweak interactions to an incredible precision, while the presence of massive
vector bosons explicitly breaks these symmetries. As discussed above the solution
to this problem is the phenomenon of spontaneous symmetry breaking, which will
be discussed in detail. The main questions to be addressed in this chapter are: what
is the role of symmetries in the SM? What is the role of mass? What makes a
particle a Higgs boson? This chapter will largely rely on a lecture for undergraduate
students by Prof. Dieter Gromes that I had the pleasure to attend as a student at
the University of Heidelberg and from which I profited throughout my complete
professional career up to these days. The section on custodial symmetry in the SM
relies on a very compact set of lecture notes by Prof. Scott Willenbrock [30], which
I took the freedom to adapt to the nomenclature used throughout this chapter, to
comment and to simplify in a few cases to make it more digestible also for the
unfamiliar reader. The text is aimed at being complete and with a minimal amount
of loopholes or unexplained assumptions that the unfamiliar reader would have to
accept. It contains detailed step by step calculations to improve clarity and to strip
off any magic from the theoretical conclusions, following the philosophy of a great
book by Prof. Peter Schmüser [31]. It is recommended for readers, who are new to
the subject to do the exercise and to go through this chapter with a few blank sheets
of paper and a pen to follow one or the other calculation. As usual, also here the rule
holds: most effective learning is achieved by doing the calculations yourself at least
once.

The first section of Chap. 3 is dedicated to a brief review of the constraints that
could already be set on the mass of the Higgs boson by the pure requirement of the
SM to be consistent (up to a given energy scale), without any further experimental
input. These boundaries always have to be understood to be tied to the assumption
of the SM being applicable and perturbative up to a given energy scale. Not finding
a Higgs boson within the boundaries given by these theory constraints would only
have indicated the non-applicability of the SM from a given energy scale on. This
is true for the more fundamental unitarity bounds as well as for the boundaries due
to the behavior of the SM at the level of higher-order contributions to the tree-
level predictions. This section has been inspired by a review given by Dr. Abdelakh
Djouadi [32] last updated in 2008. Especially after the discovery, which turned such
estimates to some extent academic, it is not meant to reflect the state of the art of
such kinds of constraints, which anyhow inherently rely on several assumptions and
approximations. It is rather meant to give a feeling of the principles on which these
constraints have been built upon. The chapter is then continued with a discussion of
the first indirect constraints within the theory that could be derived from electroweak

http://dx.doi.org/10.1007/978-3-319-18512-5_3
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precision measurements at the Large Electron Positron Collider (LEP). These global
parameter estimates still today stand out as one of the most remarkable tests of the
SM. They allowed precise predications about the mass of the top quark and, with
less precision, about the mass of the Higgs boson, before these particles had been
discovered. Finding indeed both particles in the predicted mass ranges stated a great
success of these parameter estimates. The chapter is then concluded by the direct
searches for the SM Higgs boson at LEP [33–37] and at the Tevatron proton anti-
proton collider [38–40], which had been conducted before the advent of the LHC.
While not successful, as we know, especially the direct searches at LEP laid out all
statistical groundwork and tools that have been used (with some small modifications)
up to today. The searches for the SM Higgs boson at LEP are therefore used to
introduce most of the statistical concepts, with the concrete physics case at hand.

In the first section of Chap. 4 finally the last round of the hunt for the SM Higgs
boson at the LHC is heralded. A few technical details on the accelerator and the
experiments are given, the dramatic start up time and the path along the first mea-
surements of known SM processes, like the production of Z bosons, W bosons, single
top quarks and top quark pairs (t t̄) are outlined, each of which set a milestone in the
understanding of the machine and the theory. The level of understanding of all these
processes on the LHC run-1 dataset is remarkable. I think it is fair to say that this
was unexpected and exceeded all hopes that people had by the time the LHC started
operation. The section is then continued with a review of the state of the art of the
theoretical inputs specific to the search for the SM Higgs boson, like cross sections
and branching fractions in all relevant production modes and decay channels. To
keep a good level of overview, numbers are mostly given for 8 TeV center-of-mass
energy, corresponding to the most relevant dataset, which represents 80 % of the
collected data. The section concludes with a snapshot of the understanding in the
search for the SM Higgs boson, shortly before the discovery announcement at the 4
July in 2012. The discovery is discussed in more detail in the following section of the
chapter. I will give a small discussion of the event of the discovery itself, but refrain
from a detailed description of the analyses that had been used to make the discovery.
Instead I will give a detailed and comprehensive description of the individual final
and published analyses that have contributed not only to the discovery but also to
the further understanding of the observed new particle on the full LHC run-1 dataset
along the whole period of data analyses from mid 2012 till the end of 2014. The
final and best possible alignment and calibration of each of the sub-detectors of the
large LHC experiments have been exploited for these final publications, all analyses
that had contributed to the discovery had been completely revised and increased in
complexity to maximize their expected sensitivity, and other analyses in more decay
channels or inclusive production modes had been added to increase our understand-
ing of the discovered particle. Where appropriate, a short note will be added in the
discussion of the analyses which had already been part of the discovery to give an
idea of the simplifications and shortcuts that had been made by that time.

There will be a natural split in the discussion of the individual analyses by bosonic
and fermionic decay channels, which is given by history. While the discovery of the
new particle was driven by the searches in the bosonic decay channels, the searches

http://dx.doi.org/10.1007/978-3-319-18512-5_4


1.3 Synopsis and Guideline to the Book 11

in the fermionic decay channels had their second triumph with the report of the
evidence that the observed particle indeed couples to fermions, between 2013 and
2014. This finding was a major ingredient and the main justification to call the new
particle a Higgs boson as will be discussed throughout this and the following chapter.
The reason why the analyses in the fermionic decay channels took a longer times-
pan to be conclusive, compared to the analyses in the bosonic decay channels traces
back to the fact that the SM Higgs boson is much more difficult to dig out from the
overwhelming number of events from other processes of the SM, which contaminate
these decay channels, as will be discussed in more detail in the corresponding sec-
tions. Since I have much better insights and personal experience from my daily work
within the Higgs physics working groups of the CMS collaboration, the discussion
of the analyses and physics conclusions is restricted to this experiment. It should
be mentioned that the ATLAS experiment being complementary to CMS in many
aspects arrived at similar and compatible results. The complementarity of the two
experiments will be discussed in more detail in this chapter. Where publicly available
the results of the ATLAS collaboration will also be given and compared to the results
as obtained by the CMS collaboration.

In Chap. 5 the analyses of the properties of the observed particle are discussed.
This discussion includes the best possible determination of the mass, crosschecks on
the decay width and its compatibility with being the SM Higgs boson. These will
be followed by an analysis of the spin and CP properties and the coupling structure
as derived from the combination of the analyzed data in all decay channels and
production modes that have been discussed in Chap. 4. The results of these studies
conclude into what we know about the observed particle today, based on the LHC
run-1 dataset. They give a great example of how the expectations of an experiment can
be outperformed by clever and extensive analysis methods, once high quality data
become available. The discussions in this chapter explain the history of wording
used in the community, talking of the discovery of a new particle at the beginning,
the discovery of a new boson shortly after and the discovery of a Higgs boson in
the end. All that we have learned about the Higgs boson based on the LHC run-1
dataset clearly supports the SM as a theory of particle physics. The experimental
confirmation of the centerpiece of a theory to come 50 years(!) after its postulation
is an unprecedented triumph. But the results of the LHC run-1 data taking period
also have left a large amount of homework and points where we can improve with
more data. We will do this again to challenge the SM in a sector, that has just became
accessible to experimental verifications, while it remains one of the most exciting
and least understood of the theory: the sector of electroweak symmetry breaking.
Here the data that have been analyzed give great hope that future experiments, data
taking periods and accelerators will give rise to even more fundamental findings and
a much deeper understanding of the world of smallest structures. I will conclude the
book with an outlook along these lines.

http://dx.doi.org/10.1007/978-3-319-18512-5_5
http://dx.doi.org/10.1007/978-3-319-18512-5_4
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Chapter 2
The Higgs Boson in the Standard Model
of Particle Physics

2.1 The Principle of Gauge Symmetries

The principle of gauge symmetries can be motivated by the Lagrangian density
of the free Dirac field, which is covariant under global U (1) gauge transformations
of the complex phase of the spinor fields, ψ:

ψ(x) → ψ′(x) = eiϑψ(x)

ψ(x) → ψ′(x) = ψ(x)e−iϑ

L′(x) = ψ′ (iγμ∂μ − m
)
ψ′(x) = ψe−iϑ (

iγμ∂μ − m
)

eiϑψ(x) (2.1)

= ψ
(
iγμ∂μ − m

)
ψ(x) = L(x)

The U (1) transformation, which only acts on the components of the spinor and
not on its arguments is usually called an internal symmetry of the field. The global
character of this transformation is imposed by the fact that the phase ϑ does not
depend on x or t . The free choice of ϑ, which is inherent to the equations of motion
of the Dirac field still requires the phase to be the same at any point in space-time.
Extending this global symmetry to a local symmetry, where ϑ is allowed to be
different in any coordinate in space-time (ϑ → ϑ(x)) appears natural, but breaks the
covariance of the equation, due to the derivative that appears in the Dirac equation:

ψ(x) → ψ′(x) = eiϑ(x)ψ(x)

ψ(x) → ψ′(x) = ψ(x)e−iϑ(x)

L′(x) = ψ′ (iγμ∂μ − m
)
ψ′(x) = ψe−iϑ (

iγμ∂μ − m
)

eiϑψ(x) (2.2)

= ψ
(
iγμ

(
∂μ + i∂μθ

) − m
)
ψ(x) �= L(x)
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16 2 The Higgs Boson in the Standard Model of Particle Physics

The covariance can however be restored and in fact enforced, by replacing the
normal partial derivative by the covariant derivative ∂μ → Dμ = ∂μ+ieAμ,1 where
an additional degree of freedom is introduced by the gauge field Aμ, into which the
covariance breaking term, i∂μϑ, can be absorbed. From the imposed covariance
requirement on the Lagrangian density

ψ(x) → ψ′(x) = eiϑ(x)ψ(x)

ψ(x) → ψ′(x) = ψ(x)e−iϑ(x) (2.3)

Dμψ → (Dμψ)′(x) = eiϑ(x)(Dμψ)(x)

the transformation behavior of both the covariant derivative, Dμ, and the gauge field,
Aμ, can be derived:

(Dμψ)′(x) =
(
∂μ + ieA′

μ

)
eiϑ(x)ψ = eiϑ(x)

(
∂μ + i∂μϑ(x) + ieA′

μ

)
ψ

≡ eiϑ(x)(Dμψ)(x) = eiϑ(x)
(
∂μ + ieAμ

)
ψ

Aμ → A′
μ = Aμ − 1

e
∂μϑ(x) (2.4)

Dμ → D′
μ = Dμ − i∂μϑ(x)

The transformation behavior of the gauge field, Aμ, is known from electrodynam-
ics. In the physics interpretation Aμ can be identified with a mediating particle, that
introduces an interaction between fermions with a coupling constant e. It mediates
the information of change in phase of the Dirac spinors between two different points
xμ and x ′

μ in the four dimensional space-time, and thus obtains a geometrical inter-
pretation. With the picture of electrodynamics in mind, Aμ can be identified with the
photon field.

To obtain a dynamic field the Lagrangian density needs to be completed by a term
that describes the dynamic behavior of the gauge field. This term should be gauge
and Lorentz covariant, which is true for the square of the field strength tensor, defined
as Lkin in:

Lkin = −1

4
Fμν Fμν; Fμν = ∂μ Aν − ∂ν Aμ = − i

e

[
Dμ, Dν

]
(2.5)

1Note that in classical formulations Dμ is sometimes introduced as Dμ = ∂μ − ieAμ. Here it will
be introduced with a “+” sign to keep consistency with the canonical formulation of the SM later
on.
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The Lorentz invariance of Lkin is obvious from the contraction of the Lorentz
indices. The gauge invariance is demonstrated below:

Fμν → F ′
μν = ∂μ Aν − 1

e
∂μ∂νϑ − ∂ν Aμ + 1

e
∂ν∂μϑ = ∂μ Aν − ∂ν Aμ = Fμν

It should be pointed out that the field strength tensor can be obtained from the
commutator, [·, ·], of the covariant derivative, as shown in Eq. (2.5). It should also
be pointed out that Aμ only appears up to second order in Lkin. This has the im-
portant consequence that for the electric field, that will be derived from Aμ in the
Dirac equation, the fundamental principle of linear superposition is obeyed. The full
Lagrangian density of a fermion field with interaction reads as:

L(x) = ψ
(
iγμ Dμ − m

)
ψ(x) − 1

4
Fμν Fμν

= ψ
(
iγμ(∂μ + ieAμ) − m

)
ψ(x) − 1

4
Fμν Fμν

= ψ
(
iγμ∂μ − m

)
ψ(x)

︸ ︷︷ ︸
− eψγμψAμ

︸ ︷︷ ︸ − 1

4
Fμν Fμν

︸ ︷︷ ︸
(2.6)

free fermion field IA gauge

where, after some re-ordering of terms, the first part of the Lagrangian density corre-
sponds to the propagation of the free fermion field, the second term (labeled as “IA”)
to the interaction with the photon field and the third term (labeled as “gauge”) to the
propagation of the free photon field. The canonical variation just of the kinetic term,
Lkin, of the gauge field returns the Lorentz covariant formulation of the Maxwell
equations in the absence of matter

Lkin = −1

4
Fμν Fμν = −1

4
(∂μ Aν − ∂ν Aμ)(∂μ Aν − ∂ν Aμ)

varied by the field Aμ (2.7)

∂μ

(
δLkin

δ∂μ Aν

)
− δLkin

δAν
= 0

∂μFμν = 0

which in the Lorenz gauge (∂μ Aμ = 0) further on leads to theKlein-Gordon equation
for the propagation of a free and massless boson field:

∂ν∂
ν Aμ− ∂ν ∂μ Aμ

︸ ︷︷ ︸
= 0; (

∂ν∂
ν − 0

)
Aμ = 0

∂μ Aμ = 0 (2.8)
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From the transformation behavior Aμ → A′
μ = Aμ − 1

e ∂μϑ(x) it is evident that
a mass term for the gauge boson, Aμ, of type

m

2
A′

μ A′μ ≡ m

2
Aμ Aμ − m

e
Aμ∂μϑ(x) + m

2e2
∂μϑ(x)∂μϑ(x) �= m

2
Aμ Aμ (2.9)

in the Lagrangian density breaks local gauge invariance. This is a manifestation of
the deeper truth that in naive gauge theories the gauge fields a priori have to be
massless. Note that the mass term for the fermion field, ψ, of type ψmψ in Eq. (2.6)
does not break gauge invariance.

2.1.1 Extension to Non-Abelian Gauge Symmetries

The above explanations refer to the special case of theU (1) symmetry, corresponding
to an Abelian symmetry group, for which the ordering of the operators is irrelevant.
Any extension of this symmetry group, e.g. to higher dimensions, leads to non-
Abelian symmetry transformations, for which this is not the case any more. The
SU (2) symmetry (which is isomorphic to the well known O(3) symmetry group of
three dimensional rotations) or the SU (3) symmetry are typical examples in particle
physics: the SU (3)C color symmetry leads to the formulation of Quantum Chromo
Dynamics (QCD); the SU (2)L flavor symmetry of the electroweak isospin will be
discussed in the following sections. A general representation of higher dimensional
isospin vectors is

ψ =
⎛

⎜
⎝

ψ1
...

ψn

⎞

⎟
⎠ n ≥ N

which in principle can be of any dimension n ≥ N (where N is the dimension of
the symmetry group). In the examples given above, the isospin vectors would be
ψq = (

qr qg qb
)ᵀ for a quark triplet in the case of the strong color isospin, where

the components correspond to the three degrees of freedom representing the color
charge of the quark (red, green or blue). It would be ψ� = (

ν� �
)ᵀ for a lepton

doublet, in the case of the weak isospin, where ν� corresponds to a neutrino and � to
the corresponding charged lepton field.

To investigate the extension of local gauge symmetries to non-Abelian symmetry
groups the further discussion will be concentrated on the SU (2)L , with a spinor, ψ,
with the components ψα and a transformation matrix G ∈ SU (2)L . The matrix G
has an adjoint matrix G† : GG† = 12, which corresponds to the transposed and
complex conjugate. As G is an element of a Lie group, it can be expressed by its
tangential space, spanned by the

(
N 2 − 1

) = 3 generators ta : G = eiϑa ta , where
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ϑa are three continuous parameters.2 A typical irreducible representation of these
generators in the minimal dimension, two, are the Pauli matrices:

t1 = σ1

2
= 1

2
·
(
0 1
1 0

)
; t2 = σ2

2
= 1

2
·
(
0 −i
i 0

)
; t3 = σ3

2
= 1

2
·
(
1 0
0 −1

)

where the non-Abelian character of the transformation group is resembled by the fact,
that the generator matrices ta are non-commuting. For the SU (2) the commutation
relations take the general form:

[ta, tb] = tatb − tbta = iεabctc �= 0 (2.10)

where the totally anti-symmetric Levi-Civita tensor εabc corresponds to the structure
constants of the SU (2). For different (e.g. higher dimensional) representations also
different matrices could be defined, with the only requirement that these new repre-
sentations should be irreducible and fulfill the commutation relations of Eq. (2.10).
For infinitesimal transformations ϑ ≡ ϑata , the matrices G and G† can be ex-
pressed by

G = 12 + iϑata = 12 + iϑ

G† = 12 − iϑata = 12 − iϑ

which corresponds to the lowest non-trivialTaylor expansion terms of the exponential
function. It should be noted that for non-Abelian formulations from this point on ϑ
corresponds to a matrix composed as a linear combination of the generators ta with
continuous parameters ϑa , while for the Abelian case ϑ was just a single continuous
parameter. The proper choice has to be derived from the context. In the non-Abelian
case the gauge transformations of Eq. (2.1) take the form:

ψ(x) → ψ′(x) = G(x)ψ(x) = eiϑa(x)ta ψ(x)

ψ(x) → ψ′(x) = ψ(x)G†(x) = ψ(x)e−iϑa(x)ta

L′(x) = ψ′ (iγμ∂μ − m
)
ψ′(x) = ψe−iϑa(x)ta

(
iγμ∂μ − m

)
eiϑa(x)ta ψ(x) (2.11)

≡ ψ
(
iγμ Dμ − m

)
ψ(x) = L(x)

which now contains the transformation matrix G, which itself can depend on the
spacial coordinates x via the continuous parameters ϑa(x). Note that the spinor, ψ,
now has components α (taking e.g. the values 0 and 1) and that trivial terms like
iγμ or m implicitly have to be extended by a unit matrix 12. The covariant derivative
takes the form ∂μ → Dμ = ∂μ + igta Aa

μ = ∂μ + igAμ, where Aμ ≡ ta Aa
μ again

2Note that the book follows the convention to sum over re-appearing identical indices as in the case
of the Einstein sum convention.
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corresponds to a 2× 2-matrix, built from a linear combination of the Pauli matrices.
From the covariance requirement on the Lagrangian density

ψ(x) → ψ′(x) = G(x)ψ(x) = eiϑa(x)ta ψ(x)

ψ(x) → ψ′(x) = ψ(x)G†(x) = ψ(x)e−iϑa(x)ta (2.12)

Dμψ → (Dμψ)′(x) = G(x)(Dμψ)(x) = eiϑa(x)ta (Dμψ)(x)

again themodification of the transformation behavior of the covariant derivative, Dμ,
and of the gauge field, Aμ, can be obtained:

(Dμψ)′(x) =
(
∂μ + igA′

μ

)
ψ′(x) =

(
∂μ + igA′

μ

)
Gψ(x)

=
(
∂μG + G∂μ + igA′

μG
)

ψ(x)

≡ G(Dμψ)(x) = G
(
∂μ + igAμ

)
ψ(x) = (

G∂μ + igG Aμ

)

Note that on the left-hand side of the “≡” sign in the above equation the non-
commuting operator G is multiplied from the right, while on the right-hand side of
the equation, it is multiplied from the left. The transformation behavior of Aμ turns
out to be:

Aμ → A′
μ = G AμG† + i

g
(∂μG)G†

Aμ → A′
μ = Aμ + i[ϑ, Aμ] − 1

g
∂μϑ (2.13)

where the second formulation of Eq. (2.13) corresponds to infinitesimal transforma-
tions ϑ and [·, ·] again to the commutator. Note that the first term G AμG† acts like a
coordinate transformation in the SU (2) isospace that mixes the components of Aμ.
This transformation behavior is called adjoint representation. The transformation
behavior for the covariant derivative Dμ also follows the adjoint representation

Dμ → D′
μ = G DμG†

Dμ → D′
μ = Dμ + i[ϑ, Dμ] (2.14)

where again the second formulation corresponds to infinitesimal transformations.
The easiest way to understand this is via the relation GG† = 1 as outlined below:

(Dμψ)′ = G Dμψ = G Dμ G+G︸ ︷︷ ︸ ψ = G DμG†

︸ ︷︷ ︸
Gψ︸︷︷︸ = D′

μψ′

≡ 12 D′
μ ψ′

The last missing piece is to determine how the description of the dynamic part of
the gauge field changes. For this purpose the field strength tensor as introduced via
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the commutator in Eq. (2.5) (right) is used:

Fμν = − i

g
[Dμ, Dν] = − i

g
[(∂μ + igAμ), (∂ν + igAν)]

= ∂μ Aν − ∂ν Aμ + ig[Aμ, Aν] (2.15)

Compared to the Abelian case, the field strength tensor gets an additional term
from the commutator of Aμ. The easiest way to derive its transformation behavior
in the non-Abelian case again is via the commutator relation:

Fμν → F ′
μν = − i

g
[D′

μ, D′
ν] = − i

g

(
G DμG†G DνG† − G DνG†G DμG†

)

= G

(
− i

g
[Dμ, Dν]

)
G† = G FμνG†

The kinetic term in the Lagrangian density is required to be an SU (2) singlet and
a Lorentz scalar. These requirements can be matched by the ansatz:

Lkin = Tr
(
Fμν Fμν

)

= Tr
(

ta Fa
μν · tb Fbμν

)
= Fa

μν FbμνTr (ta · tb) = Fa
μν Fbμν 1

2
δab = 1

2
Fa

μν Faμν

where Tr is the trace in the SU (2) isospace and the Lorentz covariance is explicit
from the contraction of the Lorentz indices. A test of the transformation behavior in
the isospace demonstrates that this ansatz is justified:

L′
kin = Tr

(
F ′

μν F ′μν
)

= Tr
(

G FμνG†G FμνG†
)

= Tr
(

G Fμν FμνG†
)

= Tr
(
Fμν Fμν

) = Lkin

At the end of this section, the equations of motion for the non-Abelian SU (2)
shall be given. The Lagrangian density reads as:

L(x) = ψ
(
iγμ Dμ − m

)
ψ(x) − 1

2
Tr

(
Fμν Fμν

)

= ψ
(
iγμ(∂μ + igAμ) − m

)
ψ(x) − 1

2
Tr

(
Fμν Fμν

)
(2.16)

= ψα

(
iγμ(∂μ + igta Aa

μ) − m
)

ψα(x) − 1

4
Fa

μν Faμν

where in the last term the individual components have been spelled out explicitly.
Like in the Abelian case the gauge fields are massless. Mass terms of type m2

2 Aμ Aμ

would break the gauge invariance for the same arguments as given for Eq. (2.9). The
variation of L(x) by ψ (resp. ψ) reveals the equations of motion for fermions:

(
iγμ∂μ − m

)
ψα = gγμta Aa

μψα
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Note that this is a system of two correlated equations for α = 0, 1, the spinors ψα

are objects with the minimal dimension 4 and corresponding behavior under Lorentz
transformations and the ta are 2 × 2 matrices in the corresponding SU (2) isospace,
which turns these equations of motion into a rather complex system of equations.
The variation by Aa

μ reveals the equations of motion for the gauge bosons, which are
again given for the gauge fields in absence of fermion fields to allow easy comparison
with the Abelian example given in Eq. (2.7):

∂ν Fμν
a = −gεabc Aμ

b tc

Here the term, −gεabc Aμ
b tc on the right-hand side of the equation introduces

the self-coupling of the gauge bosons with the same coupling strength, g, as to the
fermions. The fact that g is the same as for the coupling to fermions requires that the
coupling to the fermions is universal, which is often referred to as lepton universality.
In the SU (2) there are three such equations corresponding to the three generators
ta, (a = 1, 2, 3) and the associated gauge bosons. They are coupled via the structure
constants of the SU (2). Due to the self-coupling the gauge bosons never are freely
propagating fields in contrast to the Abelian case.

Table 2.1 Comparison of the most important characteristics of a (left) Abelian and (right) non-
Abelian gauge theory: (first line) the transformation behavior of the (spinor) field, (second line) the
covariant derivative, the transformation behavior of the (third line) covariant derivative and (fourth
line) gauge field, (fifth line) the transformation behavior of the field strength tensor and (last line)
the Lagrangian density

Main Characteristics of Gauge Field Theories

Abelian Non-abelian

ψ(x) → ψ′(x) = eiϑ(x)ψ(x) ψ(x) → ψ′(x) = eiϑa (x)ta ψ(x)

= G(x)ψ(x)

∂μ → Dμ = (
∂μ + ieAμ

)
∂μ → Dμ =

(
∂μ + igta Aa

μ

)

= (
∂μ + igAμ

)

Dμ → D′
μ = Dμ − i∂μϑ(x) Dμ → D′

μ = Dμ + i[ϑ, Dμ]
= G DμG†

Aμ → A′
μ = Aμ − 1

e ∂μϑ Aμ → A′
μ = Aμ + i[ϑ, Aμ] − 1

g ∂μϑ

= G AμG† + i
g (∂μG)G†

Fμν ≡ − i
e [Dμ, Dν ] = ∂μ Aν − ∂ν Aμ

Fμν → F ′
μν = Fμν

Fμν ≡ − i
g [Dμ, Dν ] = ∂μ Aν − ∂ν Aμ + ig[Aμ, Aν ]

Fμν → F ′
μν = Fμν + i[ϑ, Fμν ]

= G Fμν G†

L = ψ
(
iγμ Dμ − m

)
ψ − 1

4 Fμν Fμν L = ψ
(
iγμ Dμ − m

)
ψ − 1

4 Fa
μν Faμν

= ψ
(
iγμ Dμ − m

)
ψ − 1

2Tr
(
Fμν Fμν

)

Note that the Abelian transformation behavior can be obtained from the transformation behavior
of the non-Abelian case, by requiring that the commutators for the gauge fields is 0. This can be
trivially seen for Aμ and Fμν . The only non-obvious case of the covariant derivative, Dμ, is briefly
explained in the text
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A summary of the most important characteristics of the Abelian and non-Abelian
gauge theories, side by side, is given in Table2.1. Note that the transformation behav-
ior of the Abelian case can be obtained from the non-Abelian transformations by the
requirement that the commutators for the gauge fields are 0, which can be trivially
seen for Aμ and Fμν . The only non-obvious check of consistency is the transforma-
tion behavior of the covariant derivative, Dμ for which care has to be taken, when
applying the commutator as an operator. The calculation is demonstrated below:

D′
μ = Dμ + i

(
ϑDμ − Dμϑ

)

= Dμ + i
(
ϑ

(
∂μ + igAμ

) − (
∂μ + igAμ

)
ϑ
)

= Dμ + i
(
ϑ

(
∂μ + igAμ

) − ϑ
(
∂μ + igAμ

))

︸ ︷︷ ︸
−i∂μϑ

≡ 0

= Dμ − i∂μϑ

2.2 The Electroweak Gauge Theory

In 1914, James Chadwick established that the energy spectrum of the radioactive β
decay is not discrete as in the case of α radiation but continuous [1]. It took another
16years for Wolfgang Pauli to postulate the existence of the neutrino, ν, as another
product of the β decay besides to the lepton, which could explain this continuous
energy spectrum [2]. The first theory of the weak interactions was formulated by
Enrico Fermi in 1933 [3]. In this theory the interaction was described by a four
fermion coupling of type

HIA = G
∫

d3x
(

p̄(x)γμn(x)
) (

ē(x)γμν(x)
) + h.c.

whereHIA corresponds to the Hamiltonian function, p̄(x) to the proton, n(x) to the
neutron, ē(x) to the electron and ν(x) to the neutrino spinor. It followed suit the
structure of quantum electrodynamics, with a key modification after the discovery
that the weak interaction violates parity. Until today the weak interaction is the only
interaction that we know of with this peculiar behavior. In 1958 Richard Feynman
and Murray Gell-Mann introduced a model of the weak interaction, in which parity
was maximally violated:

HIA =
∫

d3x
G√
2

(
p̄γμ(1 − γ5)n

) (
ēγμ(1 − γ5)ν

)
(2.17)

It takes into account that on the elementary particle level only the left-handed
part of particles and the right-handed part of anti-particles take part in the (flavor
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changing) charged currentweak interaction. The specialmatrix operator γ5 is defined
as γ5 ≡ iγ0γ1γ2γ3 and has the following characteristics:

{γ5, γμ} = 0 (γ5)2 = 14 (γ5)† = γ5

where {·, ·} is the anti-commutator. The second term (γ5)2 = 14 becomes obvious
when written out in matrix notation (in the Dirac representation):

γ5 =
(

0 12
12 0

)

where the elements in this notation correspond to blocks of 2 × 2 sub-matrices.
Applied to a spinor with four components γ5 swaps the first two elements with the
last two elements. When applied twice the spinor will retain its original form. The
terms 1

2 (1 ± γ5) are projection operators which project general states on to their
right-handed (+) and left-handed (−) components. They have the properties

(
1

2

(
1 ± γ5

))2

= 1

2

(
1 ± γ5

)

1

2
(1 + γ5) · 1

2
(1 − γ5) = 0 (2.18)

where the first term inEq. (2.18) is the defining characteristic for a projection operator
and the second term indicates, that the two operators are orthogonal to each other.
The fact that a single factor 1

2 (1 − γ5) in the Lagrangian density is sufficient to
project out the left-handed state for both the electron and of the neutrino field is
demonstrated below:

ēγμ

(
1 − γ5

2

)

ν = ēγμ

(
1 − γ5

2

)2

ν = ē

(
1 + γ5

2

)

γμ

(
1 − γ5

2

)

ν

=
((

1 − γ5

2

)
e

)
γμ

(
1 − γ5

2

)

ν = ēLγμνL

The transformation

χ : ψ → γ5ψ ; ψ → (γ5ψ)†γ0 = ψ†γ5γ0 = −ψγ5 (2.19)

is called chiral transformation. The projections on to the left- and right-handed states
are eigenstates of the chiral transformation with the eigenvalues ∓1:

ψL → γ5ψL = −ψL

ψR → γ5ψR = +ψR (2.20)
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Note that the terms of HIA in Eq. (2.17) and terms of type ψγμ∂μψ are invariant
under chiral transformations, while terms of type ψmψ are not, since they lead to a
sign flip. In this picture the introduction of mass terms for fermions would break the
chiral symmetry ofH.

2.2.1 Extension to a Theory of Electroweak Interactions

In 1961 Sheldon Lee Glashow managed to develop a gauge field theory that was
capable of describingweak and electromagnetic interactions in a unified approach [4].
In this section, this will be explained in detail only for the first generation of leptonic
interactions with an electron and a neutrino field, for simplicity reasons. Also for
simplicity reasons, this introduction is given in the unitary gauge, inwhich unphysical
degrees of freedom in the theory do not explicitly appear any more and all remaining
fields can be identified with physical degrees of freedom. Since the theory does not
depend on the choice of the gauge, this choice can be made without restriction. There
will be one paragraph in the following sections where the choice of the gauge will
play an important role in the argumentation and two examples that will sketch the
basic idea of special gauge choices. These appearances will be stated explicitly.

To construct a gauge field theory additional global symmetries have to be intro-
duced into the Lagrangian density, for which then local gauge invariance will be
enforced. This is achieved by extending the internal number of degrees of freedom
in the Lagrangian density to some higher dimensional space, which, in this case, will
be of dimension two. This space is usually called the space of weak isospin. Since
only left-handed leptons take part in the weak interaction, all fermion fields will be
decomposed into their left- and right-handed components. Only the left-handed part
of the fields will take part in the (flavor changing) charged current weak interaction.
To achieve this only the left-handed leptons will be combined into a doublet in the
space of weak isospin.

ψL =
(

νL

eL

)
ψR = eR (2.21)

This doublet acts like a spin 1/2 object in this hyperspace. The only difference
between νL and eL in the sense of the interaction will be the third component of
the weak isospin doublet I3. The right-handed component of the electron is de-
fined as an isospin singlet ψR = eR , with trivial transformation behavior under
SU (2) transformations. Since non-trivial SU (2) transformations only act upon the
left-handed components of the particles, the symmetry will obtain an index L . The
neutrino is still assumed to bemassless and to consist only of a left-handed component
for simplicity reasons. The actual electron and neutrino fields are linear combinations
of the left- and right-handed components:

ν = νL

e = eL + eR
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The decomposition of a simple Lagrangian density without interaction terms and
without mass terms into a left- and right-handed component takes the form

L0 = i ēγμ∂μe + i ν̄γμ∂μν =
= i ēLγμ∂μeL + i ēLγμ∂μeR︸ ︷︷ ︸

+ i ēRγμ∂μeL︸ ︷︷ ︸
+i ēRγμ∂μeR + i ν̄Lγμ∂μνL =

≡ 0 ≡ 0

= i ēLγμ∂μeL + i ēRγμ∂μeR + i ν̄γμ∂μν

where the mixed left- and right-handed terms are 0, since these components are
orthogonal to each other. This is explicitly demonstrated in the following equation:

i ēLγμ∂μeR = i ē

(
1 + γ5

2

)

γμ∂μ

(
1 + γ5

2

)

e = i ē

(
1 + γ5

2

) (
1 − γ5

2

)

γμ∂μe = 0

Thus the Lagrangian density can be written in a more compact form as

L0 = ψLγμ∂μψL︸ ︷︷ ︸
+ ēRγμ∂μeR︸ ︷︷ ︸

doublet singlet

where the first term corresponds to the isospin doublet term, as defined in Eq. (2.21)
and the second term corresponds to the isospin singlet term. From the isospin doublet
term the flavor changing interaction will be derived. The isospin singlet term for the
right-handed part of the electron will not take part in this interaction. L0 is invariant
under global SU (2)L gauge transformations of the type:

ψL → ψ′
L = GψL G ∈ SU (2)L

ψR → ψ′
R = ψR

which have been discussed in Sect. 2.1. These transformations correspond to rotations
in the weak isospace, with (n2 − 1) = 3 generators. Under these transformations
ψL transforms like a vector while ψR transforms like a scalar. Following the rules
as outlined in Sect. 2.1 leads to the introduction of the following covariant derivative
and gauge fields:

∂μ → Dμ = ∂μ + igta W a
μ = ∂μ + igWμ a = 1, 2, 3

Wμ → W ′
μ = Wμ + i[ϑ, Wμ] − 1

g
∂μϑ (2.22)

= GWμG† + i

g

(
∂μG

)
G†

where the second line indicates the transformation behavior of the gauge fields. Note
that the gauge field Wμ is a linear combination of the three components W a

μ , which
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correspond to the generators ta = σa

2 . The field strength tensor is also introduced in
analogy to Sect. 2.1:

Wμν = i

g
[Dμ, Dν] = ∂μWν − ∂νWμ + ig[Wμ, Wν]

W a
μν = ∂μW a

ν − ∂νW a
μ − gεabcW b

μ , W c
ν (2.23)

where the second expression corresponds to the component-wise formulation, for
which Eq. (2.10) has been used. This leads to a canonical definition of the Lagrangian
density as

LSU (2)L = iψLγμ DμψL + i ēRγμ∂μe − 1

2
Tr

(
WμνW μν

)

= i
(
ν̄L ēL

)
γμ

(
∂μ + igta W a

μ

) (
νL

eL

)
+ ēRγμ∂μeR

− 1

4

[(
∂μW a

ν − ∂νW a
μ − gεabcW b

μ W c
ν

)

·
(
∂μW νa − ∂νW μa − gεadeW μd W νe

)]
(2.24)

where the last part of Eq. (2.24) corresponds to the component-wise notation of the
compact form, given in the first part of the equation. Since the operators

t+ = σ1 + iσ2

2
=

(
0 1
0 0

)
→ t+

(
0
1

)
=

(
1
0

)

t− = σ1 − iσ2

2
=

(
0 0
1 0

)
→ t−

(
1
0

)
=

(
0
1

)
(2.25)

act like thewell known ascending and descending operators fromquantummechanics
the three gauge fields W a

μ can be rewritten as

W +
μ = 1√

2

(
W 1

μ − iW 2
μ

)

W −
μ = 1√

2

(
W 1

μ + iW 2
μ

)

W a
μ ta = 1√

2

(
W +

μ t+ + W −
μ t−

)
+ W 3

μ t3

which leads to the following interacting term of the SU (2)L Lagrangian density for
left-handed leptons:

LSU (2)L
IA = iψLγμ DμψL = iψLγμ

(
∂μ + igta W a

μ

)
ψL

= iψLγμ∂μψL − gψLγμ

[
1√
2

(
t+W +

μ + t−W −
μ

)
+ t3W 3

μ

]
ψL
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= iψLγμ∂μψL
︸ ︷︷ ︸

−g

2

⎡

⎣
√
2ν̄

(
W +

μ γμ
)

eL
︸ ︷︷ ︸

+ √
2ēL

(
W −

μ γμ
)

ν
︸ ︷︷ ︸

+ W 3
μ

(
ν̄γμν − ēLγμeL

)

︸ ︷︷ ︸

⎤

⎦

KIN e → ν ν → e NC∗

where for the last term the mixing of components due to the Pauli matrices has been
carried out explicitly. The first term in the equation (labeled by “KIN”) corresponds
to the kinematic term of the freely propagating leptons (in compact notation), the
second term (“e → ν”) to an interaction vertex that leads to the destruction of an
electron and the creation of a neutrino, the third term (“ν → e”) to an interaction
vertex that leads to the destruction of a neutrino and the creation of an electron.
These terms can now be identified with the observed charged current reactions.
On the other hand the last term (“NC∗”) does not yet correspond to the observed
electroweak neutral current reaction, as it only couples to the left-handed part of the
electron. This means that the electromagnetic interaction is not properly included in
this SU (2)L Lagrangian density. To achieve this the globalU (1) symmetry, which is
also inherent to the Lagrangian density, is exploited and the principle of local gauge
invariance is extended to a SU (2)L ×U (1)Y

3 symmetry. This implies that in addition
to the local SU (2)L symmetry, the Lagrangian density should also be invariant under
local U (1)Y phase transformations. In contrast to the SU (2)L transformations, the
U (1)Y transformations act on both the left-handed component, ψL , and the right-
handed component, ψR , of the fields. For the left-handed component, it acts on
the doublet as a whole. This additional symmetry requirement leads to one more
generator for the U (1)Y symmetry group that, in turn, will lead to the introduction
of another gauge field

Bμ gauge field

D′
μ ≡ ∂μ + ig′ Y

2
Bμ covariant derivative

Bμν ≡ ∂μBν − ∂ν Bμ field strength tensor

Since the U (1)Y symmetry is imposed on the isospin doublet as a whole, it is
not independent from the SU (2)L symmetry and the gauge fields Wμ and Bμ will
be entangled. This will become more obvious by an explicit entanglement of the
coupling constant, g, of the SU (2)L with g′ later. The constant Y is the hypercharge
of the SU (2)L singlet or the SU (2)L doublet as a whole, which can be different for
each object in the isospace, expressing the additional freedom in the Abelian over
the non-Abelian gauge theory, where g is fixed to be the same for all objects in the
isospace by the gauge boson self-couplings. In the further discussion the hypercharge
is defined such that the electric charge q of each corresponding component of the

3The additional index Y is tribute to the hypercharge Y in the covariant derivative.
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isospin singlet or doublet is related to the hypercharge by the Gell-Mann-Nishijiama
relation:

g′ coupling constant

Y hypercharge

q = I3 + Y

2
electric charge

Note the clear distinctionbetween the coupling constant and the chargeof anobject
in this case, which is more obvious here as in quantum electrodynamics. The proper
choice of YL = −1 (left-handed) and YR = −2 (right-handed) for the leptons, leads
to the electric charges as observed experimentally. An overview of the values for the
hypercharge and third component of the weak isospin, I3, for the complete first flavor
generation of fermions is given in Table2.2. This peculiar choice of hypercharges is
related to the unitary gauge and has been made such that the quantum mechanical
charge operator reveals the charges of the elementary particles, like the electron or the
proton, as observed by experiment. It is not in contradiction to the principle of gauge
invariance that such a choice has to be made. Within the theory, it is only important
that a gauge can be found, in which such a choice is possible. In this formulation,
the SU (2)L × U (1)Y Lagrangian density thus takes the form

LSU (2)L ×U (1)Y = iψLγμ

(
∂μ + ig′ YL

2
Bμ + igta W a

μ

)
ψL + iψRγμ

(
∂μ + ig′ YR

2
Bμ

)
ψR

(2.26)

− 1

2
Tr

(
W a

μν W aμν
)

− 1

4
Bμν Bμν

Table 2.2 Summary of the hypercharge (YL/R), third isospin component (I3) and electric charge
(q) of the particles in the first fermion generation of weak isospin, as obtained from the Gell-Mann-
Nishiyama relation q = I3 + 1/2Y

Particle SU(2)L × U(1)Y Hypercharges
Left-handed Right-handed

YL I3 YR q

ν −1 +1/2 − 0

e −1/2 −2 −1

u −1/3 +1/2 −2/3 +1/3

d −1/2 −4/3 −2/3
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with the neutral current component

LNC = − g

2
W 3

μ

(
ν̄γμν − ēLγμeL

)

︸ ︷︷ ︸
− g′

2
Bμ

[
YL

(
ν̄γμν − ēLγμeL

) + YRēRγμeR
]

︸ ︷︷ ︸

weak IA em IA

=
(

−g

2
W 3

μ + g′

2
Bμ

)

︸ ︷︷ ︸

(
ν̄γμν

) +
(

g

2
W 3

μ + g′

2
Bμ

)(
ēLγμeL

) + g′Bμ

(
ēRγμeR

)

∝ Zμ

As the first term in the last part of this equation has to be proportional to the Zμ

field, it follows that the gauge fields W 3
μ and Bμ do not correspond to the physical Z

boson and photon fields. But it can be achieved to construct the physical fields from
the original gauge fields from a rotation by the angle θW , which is referred to as the
weak mixing angle angle:

sin θW = g′
√

g2 + g′2 cos θW = g
√

g2 + g′2 tan θW = g′

g

Zμ = 1
√

g2 + g′2
(
gW 3

μ − g′Bμ

)
= cos θW W 3

μ − sin θW Bμ (2.27)

Aμ = 1
√

g2 + g′2
(
gW 3

μ + g′Bμ

)
= sin θW W 3

μ + cos θW Bμ

After some arithmetic, this term leads to the neutral current part of the Lagrangian
density in its final form

LNC = −
√

g2 + g′2
2

Zμ

(
ν̄γμν

)

+
√

g2 + g′2
2

[(
cos2 θW − sin2 θW

)
Zμ + 2 sin θW cos θW Aμ

] (
ēLγμeL

)

(2.28)

+
√

g2 + g′2
2

[
−2 sin2 θW Zμ + 2 sin θW cos θW Aμ

](
ēRγμeR

)

As can be seen from Eq. (2.28), only the Zμ couples to the neutrino. Furthermore
the photon has the same coupling to the left- and right-handed part of the electron,
which resembles the fact that the photon does not distinguish between left- and
right-handed states. This is not the case for the Zμ boson. The factor

q =
√

g2 + g′2 sin θW cos θW = g · g′
√

g2 + g′2
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can be identified by the electric charge q.4 Expressed by q and θW the Lagrangian
density takes the form:

LSU (2)L×U (1)Y = Lkin + LCC + LNC + Lgauge

Lkin = i ēγμ∂μe + i ν̄γμ∂μν

LCC = − q√
2 sin θW

[
W +

μ ν̄γμeL + W −
μ ēLγμν

]

LNC = − q

2 sin θW cos θW
Zμ

[(
ν̄γμν

) + (
ēLγμeL

)] − q
[
Aμ + tan θW Zμ

] (
ēγμe

)

(2.29)

Lgauge = − 1

2
Tr

(
W a

μνW aμν
)

− 1

4
Bμν Bμν

∣
∣∣∣ Bμ → Aμ

W 3
μ → Zμ

This Lagrangian density describes the full structure of the electroweak interaction:
the kinematic terms for the leptons (Lkin), the charged current (LCC ), the weak and
electromagnetic components of the neutral current (LNC ) and the kinematic terms
of the gauge fields W a

μ and Aμ (Lgauge). The fact the SU (2)L is a non-Abelian gauge
field theory leads to a characteristic self-coupling of the weak gauge bosons. The
rotation by the electroweak mixing angle implies that all types of self couplings will
at the same time apply for Z bosons and photons.

The theory thusmakes a prediction for the structure of the electroweak interaction,
which by construction, ismaximally parity violating in the leptonic interaction vertex.
The obvious weakness of this theory is that mass terms of the form

ψmψ

for the gauge bosons, but also for the weakly interacting leptons are explicitly not
gauge invariant. For gauge bosons this has been shown in Eq. (2.9). For the lepton
fields this becomes clear from the following calculation

ēmee = (eR + eL)me (eR + eL) = me (ēReR + ēReL + ēLeR + ēLeL)

= me (ēReL + ēLeR)
(2.30)

4The general usage of the variable name “e” for the elementary charge of the electron has been
replaced by “q” in this and the following sections to prevent misunderstandings in cases, where “e”
is used for other objects, e.g. like the electron spinor.
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where ēReR and ēLeL are zero due to the orthogonality property of the projectors.
Since eR is a SU (2)L singlet while eL is just a component of the SU (2)L doublet
ψL , the remaining terms as such do have a non-trivial behavior under SU (2)L trans-
formations and are not gauge invariant. This additional complication in the SM only
occurs due to the splitting of the fermion fields into a left- and right-handed compo-
nent. It was therefore obvious since its introduction in 1961 that the SU (2)L ×U (1)Y

gauge theory is incomplete and needs to be extended by another theoretical concept,
which was suggested to be the concept of spontaneous symmetry breaking that will
be discussed in detail in the following section.

2.3 Electroweak Symmetry Breaking and the Higgs Boson

The expression spontaneous symmetry breaking refers to the situation where a sys-
tem, described by the Lagrangian density L, is invariant under the transformation
of a given symmetry group G, while this symmetry is broken by the energy ground
state of the system. The simple example of a needle standing upright on its tip has
been given in Sect. 1.2: the Lagrangian density of this system is invariant under ro-
tations, ϕ, around the axis of the needle. But the system is metastable and the needle
will fall into an arbitrary direction in ϕ to end up in the energy ground state. This
situation is illustrated in Fig. 1.3 (left). The direction in which the needle will end
up lying can not be predicted. All possible angles are degenerate and ignoring fric-
tional energy losses the needle could move around the original axis without further
energy costs. This is a general characteristic of the phenomenon. In the context of
quantum field theories it is formalized in the Goldstone theorem [5], which states
that in a relativistic, covariant quantum field theory, in which symmetries are spon-
taneously broken, particles with mass zero are created. These particles are called
Goldstone bosons. They correspond to the degeneracy of the energy ground state in
the simplistic example given in Sect. 1.2.

Goldstone bosons can be elementary particles, which are already part of the La-
grangian density, bound states, which are createdwithin the theory (like the hydrogen
atom or Cooper pairs) or they can be identified by unphysical excitations or artificial
degrees of freedomwithin the gauge theory, which are usually removed by the choice
of a proper gauge.

2.3.1 The Goldstone Model

The Goldstone model can be introduced by a field φ with a potential V (φ) and a
Lagrangian density L given by

φ = 1√
2

(φ1 + iφ2)

http://dx.doi.org/10.1007/978-3-319-18512-5_1
http://dx.doi.org/10.1007/978-3-319-18512-5_1
http://dx.doi.org/10.1007/978-3-319-18512-5_1
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V (φ) = −μ2|φ|2 + λ|φ|4
L(φ) = ∂μφ∂μφ∗ − V (φ)

V (φ) will be referred to as the Goldstone potential. For this example an illustra-
tion is given in Fig. 1.3 (right). The Lagrangian density L is invariant under U (1)
transformations φ → φ′ = eiθφ. The energy ground state is where the Hamiltonian

H = ∂L
∂

(
∂μφ

)∂μφ + ∂L
∂ (∂μφ∗)

∂μφ∗ − L = ∂μφ∂μφ∗ + V (φ)

is minimal, which is the case for |φ| =
√

μ2

2λ . This minimumwill later on be identified
with the non-zero vacuum expectation value

v ≡
√

μ2

2λ
. (2.31)

The ground state is illustrated in Fig. 2.1. An expansion around the ground state

in the point

(√
μ2

2λ , 0

)
in Cartesian coordinates leads to

φ(u, v) =
√

μ2

2λ
+ 1√

2
(u + iv)

L =
[
∂μφ∂μφ∗ − V (φ)

]

φ=φ(u,v)
= 1

2
∂μu∂μu + 1

2
∂μv∂μv − V ′(u, v)

V ′(u, v) =
[

− μ2|φ|2 + λ|φ|4
]

φ=φ(u,v)
= −μ4

4λ
+ μ2u2 + μ

√
λu

(
u2 + v2

)

+ λ

4

(
u2 + v2

)2

Note that theϕ symmetry around the origin of the potential is not visible anymore
in this expansion. At the same time a complex structure of terms containing v and
u has emerged. The term μ2u2 formally corresponds to a mass term for the field u,
which can be identified with an excitation of the field in the confining direction that
leads horizontally out of the minimum, in which V ′(u, v) has been developed. The
field v, which does not lead out of the minimum of V ′(u, v), does not acquire a mass
term. This field corresponds to the Goldstone boson. Other terms lead to tri-linear
and quartic self-couplings of the fields u and v. There are no terms which are linear
in u and v. This is obvious from the fact that the field φ has been developed in the
minimum of the Hamiltonian function, for which the Taylor expansion starts with a
first non-trivial term in second order. This argument holds for any potential.

http://dx.doi.org/10.1007/978-3-319-18512-5_1
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Fig. 2.1 Up-view onto the
Goldstone potential
V (φ) = −μ2|φ|2 + λ|φ|4 as
discussed in Sect. 2.3 and
illustrated in Fig. 1.3. Both a
Cartesian and the cylindrical
coordinate system as
discussed in the text are
indicated in the figure. For
the examples given in the text
the potential is developed in

the minimum at

(√
μ2

2λ , 0

)

The symmetry of the system is better represented by cylindrical coordinates, in
which the Lagrangian density L takes the form

φ(χ,α) = eiα

⎛

⎝

√
μ2

2λ
+ χ√

2

⎞

⎠

L =
[
∂μφ∂μφ∗ − V (φ)

]

φ=φ(χ,α)
= 1

2
∂μχ∂μχ +

⎛

⎝

√
μ2

2λ
+ χ√

2

⎞

⎠

2

∂μα∂μα − V ′(χ)

V ′(χ) =
[

− μ2|φ|2 + λ|φ|4
]

φ=φ(χ)
= −μ4

4λ
+ μ2χ2 + μ

√
λχ3 + λ

4
χ4

the expressions for the self-coupling terms are simpler, the mass term is created
for the real field χ. Even though α does not appear any more in the potential, it
corresponds to the Goldstone boson. This is an example, where the Goldstone boson
corresponds to a gauge degree of freedom, which has been removed by the choice
of a proper gauge that inherently respects the symmetry of the problem.

2.3.2 Extension to a Gauge Theory

The extension of the Goldstone model to a gauge theory starts from the introduction
of the covariant derivative as described in Sect. 2.1. For simplicity reasons this is

http://dx.doi.org/10.1007/978-3-319-18512-5_1
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shown for the simple Goldstone model in cylindrical coordinates and an Abelian
gauge symmetry:

L = [(
∂μ + igAμ

)
φ
] [(

∂μ + igAμ
)
φ
]∗ − V (φ) − 1

4
Fμν Fμν |φ(χ,α)

=
∣
∣∣∣∣∣

1√
2
∂μχeiα + ieiα

⎛

⎝

√
μ2

λ
+ χ√

2

⎞

⎠ (
gAμ + ∂μα

)
∣
∣∣∣∣∣

2

− V ′(χ) − 1

4
Fμν Fμν

= 1

2
∂μχ∂μχ +

⎛

⎝

⎛

⎝

√
μ2

2λ
+ χ√

2

⎞

⎠ (
gAμ + ∂μα

)
⎞

⎠

2

− V ′(χ) − 1

4
Fμν Fμν

This leads to a quadratic mass term in the gauge field Aμ, the term ∂μα can
be absorbed into Aμ in the gauge Aμ + ∂μθ with θ = − 1

g α. Via V ′(χ) the field
χ obtains a mass, too, as described above and appears as a physical field. In this
example χ plays the role of the physical Higgs boson field in the SM, that will
be introduced later. In addition the model obtains characteristic coupling terms of
type ∼ χ2Aμ Aμ and ∼ χAμ Aμ of the Higgs boson field, χ, to the gauge field
and characteristic self-coupling terms, which originate from the specific form of the
Goldstone potential. The introduction of the Goldstone potential and the expansion
of the field φ → φ(χ,α) in the energy ground state, that is shifted to a non-zero

value, has dynamically generated a mass term g2μ2

2λ Aμ Aμ for the gauge field Aμ

from the coupling g2|φ|2Aμ Aμ between Aμ and φ. This mass term emerges from

the coupling of the gauge boson, Aμ, to the vacuum expectation value v =
√

μ2

λ .
As discussed before such a mass term alone would break the gauge symmetry. But
the additional presence of the new Higgs boson field, χ, and of tri-linear and quartic
couplings of Aμ to χ restore and protect the invariance. This leads to firm predictions
of the structure of these couplings. This coupling structure is the characteristic of a
Higgs boson which is different from a gauge boson or any other particle in this sense.

The field φ was originally complex with two degrees of freedom (φ1 and φ2). In
the final form the field χ is real with only one degree of freedom, while the field
of the Golstone boson α has been completely removed from the Lagrangian density
by the choice of a proper gauge. It seems as if the model had lost one degree of
freedom. In fact this is not the case. It reappears as an additional degree of freedom
of the gauge field Aμ: as a massless particle Aμ has only two degrees of freedom,
which are usually chosen as transverse polarizations. As a massive particle it gains
one more degree of freedom of longitudinal polarization. One says that the gauge
field has eaten up the additional degree of freedom of the Goldstone boson α and has
acquired mass on it. This shift of degrees of freedom from the Goldstone boson(s) to
the gauge field(s) is referred to as the equivalence theorem [6]. It is a main ingredient
of the Higgs mechanism.
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There are a few concluding remarks on the special choice of the Goldstone po-
tential, which might have appeared arbitrary on first sight:

• The Goldstone potential as chosen above leads to a symmetry breaking vacuum
expectation value in the theory,which is a prerequisite of themodel. It only depends
on |φ| and does not distinguish any direction in space. Furthermore it does not
lead to negative infinite energies, which is another prerequisite for the theory to
be stable.

• In the example the potential has been cut at order |φ|4. This can be motivated by a
dimensional analysis: in natural units the action S = ∫

Ld4x ∼ � is dimensionless,
x has the dimension [x] = −1 and the partial derivative has the dimension [∂μ] =
+1. This gives the field φ the dimension [φ] = +1. For these reasons, the coupling
constants in the potential obtain the dimension [μ] = 1 and [λ] = 0. Any coupling
of negative dimension would turn the theory non-renormalizable. For this reason,
it makes sense to stop the power series of the Goldstone potential at the lowest
needed dimension.

The incorporation of spontaneous symmetry breaking into a gauge theory was the
last missing piece of the Weinberg-Salam model of electroweak interactions, which
led to its completion to the SM. The electroweak sector of the SMwill be summarized
in the following section.

2.4 The Electroweak Sector of the Standard Model
of Particle Physics

The SU (2)L × U (1)Y gauge model as discussed in Sect. 2.2 provides the accurate
description of the weak and electromagnetic interactions. Its biggest shortcoming is
that the gauge symmetry strictly requires the gauge bosons to be massless. The fact
that the W and the Z boson do have a non-vanishing mass implies that the symmetry
is not manifest in nature. The solution to this puzzle is to have an energy ground
state of the quantum vacuum, which does not obey the symmetry and thus prevents
its direct manifestation. The fact that the Lagrangian density as discussed so far does
not lead to such a symmetry breaking energy ground state pointed to the existence
of a hidden sector in the theory with a new particle that had not yet been observed by
the time of its postulation and whose presence implements the spontaneous breaking
of the SU (2)L symmetry in the quantum vacuum in one or the other way. This part
of the theory is called the Higgs sector. Both the SU (2)L × U (1)Y gauge symmetry
and the Higgs model have been introduced in the preceding sections of this chapter.
In the following they will be fit together like a zip lock to result in the complete
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theory of the SM as formulated since the late 1960s. This construction starts from
Eq. (2.29), which is extended by an additional Lagrangian density term

LHiggs = ∂μφ†∂μφ − V (φ)

V (φ) = −μ2φ†φ + λ
(
φ†φ

)2
(2.32)

with a new field

φ =
(

φ+
φ0

)
φ† = (

φ∗+ φ∗
0

) ≡ (
φ− φ∗

0

)
(2.33)

which should transform like an SU (2)L isospin doublet with the coupling constant
g and the hypercharge Yφ = 1 under U (1)Y transformations. For the individual
components of the doublet this leads to the electric charges of q(φ0) = 0 and
q(φ+) = +1 according to the Gell-Mann-Nishijiama relation as discussed earlier in
this chapter. As an SU (2)L doublet φ transforms like

φ → φ′ = eiϑ′
Gφ

φ† → φ′† = φ†G†e−iϑ′
G = eiϑa ta ∈ SU (2) ϑa,ϑ′ ∈ R

(as discussed in Sect. 2.1), where ϑ′ and ϑa are continuous parameters. Enforcing lo-
cal gauge invariance ofLHiggs under SU (2)L ×U (1)Y transformations again implies
the introduction of a covariant derivative

∂μ → Dμ = ∂μ + ig′ Yφ

2
Bμ + igta W a

μ

as for Eq. (2.26). In the next step, φ will be expanded in the vicinity of its energy

ground state, in the minimum v =
√

μ2

2λ of the Higgs potential

φ =
(

0√
μ2

2λ + H√
2

)

where the new field H has been introduced. Note that the choice to do the expansion
around the non-vanishing vacuum expectation value in the lower component ofφ and
the assignment of Yφ is a consequence of the choice of the unitary gauge that has been
made at the beginning of this chapter. It does not contradict the fact that according to
gauge invariance the expansion could in principle be done in any other point in the
minimum of the vacuum. The important feature of the theory is that such a choice,
as for the unitary gauge, can be found. Since the SM is a gauge invariant theory any
other gauge would lead to the same observable quantities, but the correspondence
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with the quantum mechanical operators would be non-trivial. Setting the expanded
version of φ in the kinetic term of LHiggs leads to

Dμφ†Dμφ =
∣∣∣
∣∣∣

⎡

⎣ 1√
2
∂μH +

⎛

⎝

√
μ2

2λ
+ H√

2

⎞

⎠
(

igta W a
μ + ig′ Yφ

2
Bμ

)⎤

⎦
(
0
1

)
∣∣∣
∣∣∣

2

In the last step of this calculation the product of the unit vector of the isospin with
the ta, (a = +,−, 3) matrices is evaluated in each component:

Dμφ†Dμφ =
∣∣∣∣∣
∣

⎡

⎣ 1√
2
∂μH − i

2

(
gW 3

μ − g′Bμ

)
⎛

⎝

√
μ2

2λ
+ H√

2

⎞

⎠

⎤

⎦
(
0
1

)
∣∣∣∣∣
∣

2

+
∣∣∣∣∣
∣

⎛

⎝i
g

2
W +

μ

⎛

⎝

√
μ2

2λ
+ H√

2

⎞

⎠

⎞

⎠
(
1
0

)
∣∣∣∣∣
∣

2

(2.34)

The following remarks should help to understand Eq. (2.34): (i) the ascending
operator t+, which belongs to the field W +

μ has shifted the unit vector of the down
component up; (ii) the descending operator t−, which belongs to the field W −

μ eval-
uated to the unit vector of the down component is zero; (iii) the operator t3 evaluated
on the unit vector of the down component has flipped the sign of the term associated
with W 3

μ , according to the structure of the Pauli matrix σ3. Also note that

(
gW 3

μ − g′ Bμ

)
≡

√
g2 + g′2Zμ (2.35)

according to the definitions in Eq. (2.27). The evaluation of the absolute value squared
finally results in

Dμφ†Dμφ = 1

2
∂μH∂μH + g2 + g′2

4

⎛

⎝

√
μ2

2λ
+ H√

2

⎞

⎠

2

ZμZμ+

g2

4

⎛

⎝

√
μ2

2λ
+ H√

2

⎞

⎠

2

W +
μ W μ− (2.36)

thus generating mass terms for the gauge fields Zμ, W +
μ and W −

μ from the coupling
to the quantum vacuum, v. As in the simplified example of Sect. 2.3, a new physical
field, H , emerges as a radial excitation of φ in the quantum vacuum. This Higgs field
acquires a mass on its own given by the potential V (φ). As discussed before this is
independent from the specific form of the Goldstone potential. The couplings of the
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gauge bosons Zμ, W +
μ and W −

μ to H protect the gauge invariance in the theory. The
masses of the gauge bosons can be read off from the equations to be

(g

2

)2
v2 W +

μ W μ− ≡ m2
W W +

μ W μ−

(√
g2 + g′2
2

)2

v2ZμZμ ≡ m2
Z ZμZμ (2.37)

which appears like a quartic coupling of the gauge bosons to the non-vanishing
quantumvacuum, equivalent to the quarticHiggs coupling. Equation (2.37) illustrates
how from an underlying theory, like the SM, effective phenomenological parameters
like mW and m Z , can be further resolved to give deeper insights into the dynamic
processes of nature. Equation (2.37) furthermore leads to the relation

ρ ≡ m2
W

m2
Z · cos2 θW

= 1 (2.38)

From this relation, an accurate constraint on cos θW and a firm prediction of
m Z > mW arise. Note for the evaluation of the absolute value of Eq. (2.34) that the
second term in the absolute value, which is proportional to W +

μ , is also proportional
to the upper unit vector, while the first term is proportional to the lower unit vector.
This is why there are no mixed terms between these two parts in the absolute value.
The same is true for the kinetic term in the first part of the absolute value, which is
purely real, and the second term, which is proportional to Zμ and purely imaginary,
which again implies that there are no mixed terms.

It has been discussed in the previous section how in the Higgs mechanism the
Goldstone bosons are eaten up and commit their degrees of freedom to the gauge
bosons, which in turn become massive. Though this has not been shown explicitly
this is also the case here: the general complex SU (2)L doublet fieldφ has four (scalar)
degrees of freedom, of which three get eaten up by the W +

μ , W −
μ and Zμ boson. One

degree of freedom remains and turns into a real field: the Higgs boson field, H .
The vacuum expectation value v can be obtained from Eq. (2.37) and the relation

between the mass of the W boson, mW , and the Fermi constant, G F , which has been
very accurately determined from muon lifetime measurements [7]:

1

2
gv = mW =

√√
2g2

8G F
; v = 1

√√
2G F

= 246.22 GeV

Thevalue of v = 246.22GeV [8] sets the scale of electroweak symmetry breaking.
This knowledge allows the replacement of the self-coupling λ in the Goldstone
potential, leaving only the mass of the Higgs boson m H undetermined.
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2.4.1 Custodial Symmetry

The Lagrangian density of the Higgs boson sector

LHiggs = (Dμφ)†Dμφ − V (φ)

V (φ) = −μ2φ†φ + λ
(
φ†φ

)2
(2.39)

Dμφ =
(

∂μ + ig′ Yφ

2
Bμ + igta W a

μ

)
φ

does not only have a local SU (2)L × U (1)Y symmetry, which has been introduced
by construction, but also an approximate larger global symmetry, which happens to
be present by accident. This can be seen if the Higgs doublet field, φ, and its charge
conjugate

φc = 2i t2φ
∗ =

(
φ∗
0−φ−

)
(2.40)

are combined into a bi-doublet matrix

� = 1√
2

(
φc φ

) = 1√
2

(
φ∗
0 φ+

−φ− φ0

)
�† = 1√

2

(
φ0 −φ+
φ− φ∗

0

)
(2.41)

The definition of φc is in analogy to the charge conjugation of spinors. It obtains
the hypercharge Yφc = −Yφ = −1. It is a feasible exercise to show, that φc has an
SU (2)L × U (1)Y transformation behavior, which is equivalent to φ. In the matrix
representation φc, corresponds to the first column and φ to the second column of
the matrix �. Note that there is no such correspondence any more for �†. In this
notation Eq. (2.39) can be obtained from

LHiggs = Tr
(
(Dμ�)†Dμ�

)
− V (φ)

V (φ) = −μ2Tr
(
�†�

)
+ λ

(
Tr

(
�†�

))2

Dμ� =
(

∂μ� − ig′

2
Bμ�σ3 + ig

2
W a

μσa�

)
(2.42)

(
Dμ�

)† =
(

∂μ�† + ig′

2
Bμσ3�

† − ig

2
W a

μ�†σa

)

which can be verified when evaluating the term

Tr
(
�†�

)
= Tr

(
1

2

(
φ∗
0φ0 + φ+φ− 0

0 φ+φ− + φ∗
0φ0

))
(2.43)

= φ+φ− + φ∗
0φ0 ≡ φ†φ
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There is one subtlety in this notation to be noted: the fact, that Yφc = −Yφ has
lead to the introduction of a minus sign and the multiplication with σ3 from the right
in Dμ� for the term in the covariant derivative, which is affected by the hypercharge.
In this case it is important that σ3 is multiplied from the right. In this notation the
transformation behavior of SU (2)L × U (1)Y of � is given by

SU (2)L : � → L�

U (1)Y : � → �e− i
2σ3ϑ

where L is equivalent to the transformation matrix G as introduced in Sect. 2.1.1 (the
change from G to L in the notation will become clear in the next paragraph) and the
Pauli matrix σ3 has again been introduced due to the opposite hypercharges of φ and
φc. The global SU (2)L symmetry of LHiggs in this notation can be trivially verified
from

Tr
((

Dμ�
)† Dμ�

)
→ Tr

(
(
Dμ�

)† L†L︸︷︷︸ Dμ�

)
= Tr

((
Dμ�

)† Dμ�
)

≡ 1

V (φ) → V (Lφ) = −μ2Tr

(
�† L†L︸︷︷︸ �

)
+ λ

(
Tr

(
�† L†L︸︷︷︸ �

))2
= V (φ)

≡ 1 ≡ 1

which is not much of a surprise, since a global SU (2)L is part of the construction
of the local SU (2)L symmetry. The non trivial additional symmetry enters via the
transformation

SU (2)R : � → �R

where the SU (2) transformation matrix is multiplied from the right, corresponding
to rotations in a right-handed coordinate system. It is indeed non-trivial to show
that LHiggs is also invariant under such global transformations. It has to be done by
explicitly checking the relations

Tr
((

Dμ�
)† Dμ�

)
→ Tr

(
R† (

Dμ�
)† Dμ�R

)
≈ Tr

((
Dμ�

)† Dμ�
)

V (φ) → V (φR) = −μ2Tr
(

R†�†�R
)

+ λ
(
Tr

(
R†�†�R

))2 = V (φ)

(2.44)

which will be done in the following paragraphs. It should first be noted that the
matrix �†� will play a special role, which is why it has been written out ex-

plicitly in Eq. (2.43). In a first step, the invariance of the term Tr
(
σ†

a�†�σa

)

will be discussed, which appears several times in Eq. (2.44). Expressed in the ba-
sis of the SU (2)R generators the rotations R are linear combinations of the form
R(†) = 12 ± ∑

ϑaσa, a = 1, 2, 3. When multiplied from the left or right the trans-
formation will lead to terms of type A : 12�†�12, B : 12�†�σa , C : σa�†�12,
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D : σa�†�σb. Multiplication with σ1 from the left (right) swaps the rows (columns)
of �†�. The same is true for the multiplication with σ2 apart from additional factors
of i and −i that will appear in the elements of the matrix. The multiplication with σ3
from the left (right) adds a minus sign to all elements in the lower row (last column)
of �†�. This completes the ingredients needed to check the invariance of V (�) in
Eq. (2.44): terms of type A are trivially invariant; terms of type B and C will lead to a
swap of rows or columns, which will shift the off-diagonal zero elements in �†� on
the diagonal, these terms have thus no effect on the trace; for terms of type D, three
cases have to be distinguished: (i) if σ3 is multiplied from left and right the minus
sign applied once to the lower row and once to the last column leaves the lower right
element and thus the trace unchanged; (ii) if σ3 and σ1,2 appear in the product, this
will result in an effective swap of a row or a column and thus again have no effect
on the trace; (iii) if combinations of σ1,2 appear in the product the swap of rows
and columns will swap the upper left with the lower right diagonal element and thus
again leave the trace invariant. This is also true for the additional factors of i and −i
that might appear in the diagonal elements depending on the occurrences of σ2. To

translate these findings into the test of Tr
(

R†
(
Dμ�

)†
Dμ�R

)
the product will be

written out explicitly

Tr

(
R†

(
∂μ�† + ig′

2
Bμσ3�

† − ig

2
�†σa W a

μ

) (
∂μ� − ig′

2
Bμ�σ3 + ig

2
σa W a

μ�

)
R

)

(2.45)

Not the whole calculation will be done here. Instead, it will be shown in a first step
that the derivative part of Eq. (2.44) is exactly true for g′ = 0. In this case Eq. (2.45)
leads to three different types of traces, A′ : Tr (

R†�†�R
)
, B ′ : Tr (

R†�†σa�R
)

and C ′ : Tr
(
R†�†σaσa′�R

)
. The invariance of type A′ has been demonstrated

above, type C ′ can be mapped into A′, due to the orthogonality of the Pauli matrices,
σaσa′ = δaa′ . The only non trivial case to check are the traces of type B ′. This can
be done explicitly for each σa, a = 1, 2, 3 and leads to the result of Tr

(
�†σa�

) =
0, ∀a. Since the rotation by R will be without influence on the trace, as demonstrated
above, these terms will not contribute to the overall trace.

In a second step, an example is given to demonstrate that this invariance is not exact
in the case of g′ �= 0. In this case, the product of the middle terms in Eq. (2.45) will
lead to a trace of type Tr

(
R†σ3�

†�σ3R
)
. To give an example where the invariance

is broken from the expansions of R(†) = 12 ± ∑
ϑaσa the term is chosen, where σ2

is multiplied from left and right. This term leads to

Tr
(
σ2σ3�

†�σ3σ2

)
∝ Tr

(
σ1�

†�(−1)σ1

)
= −Tr

(
�†�

)

The residual minus sign demonstrates that those terms containing σ3 in general
violate the exact symmetry. Since g′ is small the symmetry is still approximately
valid. The fact that Eq. (2.44) holds, implies thatLHiggs has an additional approximate
global symmetry of type

SU (2)L × SU (2)R : � → L�R
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When the Higgs field φ acquires the non-vanishing vacuum expectation value in
matrix notation this is expressed by the matrix

〈�〉 = 1

2

(
v 0
0 v

)

which breaks both global symmetries SU (2)L and SU (2)R since

L〈�〉 �= 〈�〉 〈�〉R �= 〈�〉

But it leaves a sub-group SU (2)L+R unbroken in which R = L† since

L〈�〉L† = 〈�〉

Either SU (2)R or SU (2)L+R is referred to as custodial symmetry [9, 10]. It has
been shown that this symmetry is non-trivial. It is only approximate and appears due
to the special structure of �, which allows Eq. (2.44) to be true. Since SU (2) is a
three dimensional group, the number of broken generators from SU (2)L × SU (2)R

to SU (2)L+R is 3+ 3− 3 = 3. These give rise to three Goldstone bosons, which in
turn give mass to the W +, W − and Z boson, as demonstrated with the calculations
leading to Eq. (2.37). It can be shown that in the limit g′ → 0 the three heavy gauge
bosons transform like a triplet in the three dimensional adjoint space of SU (2)L+R ,
which explains why m Z and mW are so close to each other. In the limit of g′ → 0
they would even be the same and the difference only occurs due to the small violation
of the exact symmetry by g′ as can be seen from Eq. (2.37). The custodial symmetry
also protects the relation of Eq. (2.38) from large higher-order corrections, which
would move ρ away from being O(1). This is where the exceptional name of this
symmetry originates from. A similar custodial symmetry can be found in the sector
of Higgs quark Yukawa couplings, under the assumption that the quark masses are
the same, as will be briefly discussed at the end of the following section. Indeed,
the violations of these custodial symmetries by g′ and by the difference between the
masses of the b- and the top quark were exploited in the global parameter fits that had
been used to estimate mt and m H from their loop contributions to the electroweak
precision data taken at LEP as will be discussed in Sect. 3.2.

2.4.2 Giving Masses to Fermions

As has been discussed before, also naive mass terms of fermions are violating the
local SU (2)L × U (1)Y gauge symmetry, due to their unequal splitting in left- and
right-handedparts.Giving amass to the leptonswithout breaking the gauge symmetry
can also be achieved dynamically by adding a coupling of the lepton doublet to the

http://dx.doi.org/10.1007/978-3-319-18512-5_3
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Higgs boson field, φ. This is demonstrated for the electron-neutrino doublet in the
following paragraphs. The corresponding term in the Lagrangian density is

LYukawa
e = −ye

(
ēRφ†ψL

)
+ y∗

e

(
ψLφeR

)
ψL =

(
ν
eL

)

which corresponds to a common Yukawa coupling with the coupling constant ye.
The Lagrangian density LYukawa transforms like a SU (2)L × U (1)Y singlet as will
be discussed with the following arguments: (i) both φ and ψL , are SU (2)L doublets,
but their product is a SU (2)L singlet as well as eR . Therefore, the product of the
three elements also transforms like a SU (2)L singlet; (ii) the U (1)Y transformation
behavior is described by the product

e±i g′
2 (YR+Yφ−YL )ϑ′

where the minus sign in front of YL comes from the fact that φ and ψL are always
adjoint to each other, and which in the configuration YL = −Yφ = −1 and YR = −2,
as given in Table2.2, always equals to 1. Correspondingly, the product of the three
elements will also transform like a U (1)Y singlet. The coupling constant ye can be
chosen to be real. Any complex phase could be absorbed into a phase of eR , which
is also true for the quarks that will be discussed later. Again expanding the field φ in
its energy ground state

LYukawa
e = −ye

⎛

⎝

√
μ2

2λ
+ H√

2

⎞

⎠ (ēReL + ēLeR) = −me

(
1 + 1

v

H√
2

)
ēe

leads to a mass term for the coupling lepton. The Yukawa coupling is determined by
ye = me/v and thus proportional to the mass of the lepton and the inverse of the
vacuumexpectation value, v.Mass terms for down-type quarks can be introduced into
the theory in complete analogy, as will be demonstrated for the first flavor generation
quark doublet: in this case the Yukawa coupling takes the form

LYukawa
d = −yd

(
d̄Rφ†ψL

)
+ yd

(
ψLφdR

)
ψL =

(
uL

dL

)
(2.46)

There is one more subtlety when introducing mass terms for up-type fermions in
general: since φ is developed in its lower component, in the unitary gauge, it can
only serve to give mass terms for the fields in the lower component of the doublet.
Since neutrinos have been assumed to be massless throughout these considerations,
this did not become apparent for the lepton doublet. For the quark doublet it can not
be ignored any more. The way how to obtain mass terms for the upper components
of the doublets is again not a priori given. It would be possible to introduce a second
Higgs doublet field, φ̃, to serve this purpose. In the minimal SM it is achieved via
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the charge conjugate of φ, as defined in Eq. (2.40). In this formalism, the Yukawa
coupling to the up-type quark can be introduced as

LYukawa
u = −yu

(
ū Rφ†

cψL

)
+ yu

(
ψLφcu R

)
ψL =

(
uL

dL

)
(2.47)

All further considerations, including the check for the SU (2)L ×U (1)Y transfor-
mation behavior are in analogy to the case of the lepton doublet. The hypercharges
of the corresponding quark singlets and doublets are given in Table2.2.

As discussed for the pure Higgs sector of the Lagrangian density, LHiggs, before,
in Sect. 2.4.1, there is also a custodial symmetry in the Higgs Yukawa sector for
quarks, under the assumption that the quarks in the doublet have equal mass (i.e.
yu = yd = y). This can be seen if the right-handed quarks are grouped into a global
SU (2)R doublet ψR = (

u R dR
)
. In this notation, Eqs. (2.46) and (2.47) can be

rewritten in a compact form as

LYukawa
q = −√

2y
(
ψR�†ψL

)

using the matrix notation for � as introduced in Sect. 2.4.1. From the transforma-
tion behavior of ψL ,R under the global SU (2)L ,R transformations the invariance of
LYukawa

q under global SU (2)L × SU (2)R transformations can easily be seen from

SU (2)L : ψL → L ψL ψR → ψR

SU (2)R : ψR → R†ψR ψL → ψL

SU (2)L × SU (2)R : ψR�†ψL → (
R†ψR

)
(L�R)† LψL = ψR R R†

︸︷︷︸�† L†L︸︷︷︸ψL = ψR�†ψL

≡ 1 ≡ 1

This completes the discussion on the first generation of weak isospin doublets
including quarks. The last peculiarity of the electroweak interaction that will be
discussed in this context is not crucial for the discussion of electroweak symmetry
breaking and mass generation, while it adds to the distinctiveness of the electroweak
interaction in general. From the observation of decays like

n → p e− ν̄e and �0 → p e− ν̄e

it is obvious that the weak interaction allows transitions between the upper and
lower components of an isospin doublet not only within the same, but also across
different isospin doublets. In this case, the decay n → p e− ν̄e, is an example
for a normal transition from a d-quark to a u-quark within the same doublet. The
decay �0 → p e− ν̄e is an example for a transition from an s-quark to a u-quark,
which is a transition across two distinct doublets. Another important experimental
observation is that these transitions seem to be only allowed via the coupling to
the W and between up- and down-type elements of the doublets. So called flavor
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changing neutral currents (FCNC), e.g. from an s-quark to a d-quark, seem to be
highly suppressed.

In the SM, this behavior can be understood if the mass eigenstates of the quarks
are not the same as the SU (2)L flavor eigenstates. When only considering the two
weak isospin doublets for u-, d-, s- and c-quarks, this can be achieved by a unitary
rotation of the eigenstates against each other

(
d ′
s′

)
=

(
cosϕ12 sinϕ12

− sinϕ12 cosϕ12

)
·
(

d
s

)

where ϕ12 = 13.04(5)◦ [8] corresponds to the Cabbibo angle, which indicates the
amount by which the SU (2)L flavor basis is rotated against the basis of mass eigen-
states. It is thereby convention to express this rotation in the down-type components of
the doublets, while it would be equivalent and lead to the same predictions to express
the rotation in the up-type components. This rotation also protects the theory from
FCNC (at tree level) via the Glashow-Iliopoulus-Maiani or GIM mechanism [11],
which implies that such processes can only appear at higher orders in the SM.

The extension of the fermion fields to three generations of quark doublets leads to
the introduction of theCabbibo-Kobayashi-Maskawa orCKM matrix as an extension
of the simple two dimensional rotation via the Cabbibo angle [12]. In the standard
parametrization, this rotation matrix of the complex spinor fields reads as

MCKM =
⎛

⎝
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

⎞

⎠

=
⎛

⎝
1 0 0
0 c23 s23
0 c23 −s23

⎞

⎠ ·
⎛

⎝
c13 0 s13e−iδ13

0 1 0
−s13e−iδ13 0 c23

⎞

⎠ ·
⎛

⎝
c12 s12 0

−s12 c12 0
0 0 1

⎞

⎠

=
⎛

⎝
c12c13 s12c13 s13e−iδ13

−s12c23 − c12s23s13eiδ13 12c23 − s12s23s13eiδ13 s23c13
12s23 − c12c23c13eiδ13 −c12s23 − c12c23s13eiδ13 c23c13

⎞

⎠

ci j = cosϕi j ; si j = sinϕi j (i j = 12, 13, 23)

where the three real angles ϕi j correspond to the Euler angles in three dimensions
(corresponding to the three generations ofweak isospin doublets) and δ13 corresponds
to a complex phase, which remains also in the unitary gauge. The complex phase,
δ13, is the parameter that determines direct C P violation in the SM. If it were equal
to zero, direct C P violation would not be allowed. But since δ13 itself is only a
parameter which has to be determined by experiment it carries no further predictive
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power of the SM beyond incorporating the possibility of direct C P violation in the
theory. It is a peculiarity of the electroweak interaction that, in spite of the origin of
the quark masses being related to the electroweak sector of the SM, the eigenstates of
the electroweak interaction of the quarks are not the same as their mass eigenstates.

2.4.3 Summary and Conclusions

The complete Lagrangian density of the electroweak sector of the SM, which for
reasons of simplicity is only given for the first generation of leptons, reads as:

LSM = LLepton
kin + LCC

IA + LNC
IA + LGauge

kin + LHiggs
kin + LHiggs

V (φ)
+ LYukawa

e

LLepton
kin = i ēγμ∂μe + i ν̄γμ∂μν

LCC
IA = − q√

2 sin θW

[
W +

μ ν̄γμeL + W −
μ ēLγμν

]

LNC
IA = − q

2 sin θW cos θW
Zμ

[(
ν̄γμν

) + (
ēLγμeL

)] − q
[
Aμ + tan θW Zμ

] (
ēγμe

)

LGauge
kin = − 1

2
Tr

(
W a

μνW aμν
)

− 1

4
Bμν Bμν

∣∣∣
∣ Bμ → Aμ

W 3
μ → Zμ

LHiggs
kin = 1

2
∂μH∂μ H +

(
1 + 1

v

H√
2

)2

m2
W W +

μ W μ− +
(
1 + 1

v

H√
2

)2

m2
Z ZμZμ

(2.48)

LHiggs
V (φ)

= −μ2v2

2
+ μ2

(
H√
2

)2

+ 2
μ2

v

(
H√
2

)3

+ μ2

2v2

(
H√
2

)4

LYukawa
e = −

(
1 + 1

v

H√
2

)
meēe

The parts, which only contain the Higgs boson field, H , in LHiggs
V (φ)

+ LHiggs
kin cor-

respond to the Klein-Gordon equation for a scalar boson with a tri-linear and a
quartic self-coupling given by the explicit choice of the Goldstone potential. Due to
the self-coupling, there is no free Higgs boson field. A few more consequences of
the explicit coupling structure will be further discussed in Sect. 3.1, together with the

http://dx.doi.org/10.1007/978-3-319-18512-5_3
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triviality constraint within the SM. In LHiggs
V (φ)

the mass of the Higgs boson field, H ,
can be read off as

m2
H ≡ 2μ2 (2.49)

The coupling of the Higgs boson to fermions, heavy gauge bosons and to itself,
expressed by m H and v, can be read off from the Lagrangian density to be

fH→ f f = i
m f

v
(Fermions)

fH→V V = i
2m2

V

v
(Heavy Bosons trilinear)

fH H→V V = i
2m2

V

v2
(Heavy Bosons quartic) (2.50)

fH→H H = i
3m2

H

v
(H Boson trilinear)

fH H→H H = i
3m2

H

v2
(H Boson quartic)

Note that since H is an indistinguishable particle, each appearance, n, in the
scattering vertex needs to be taken into account by a combinatorial factor 1/n! , in the
description of the elementary scattering process, according to theFeynman rules [13].
This leads to an additional factor of 2! for fH H→V V , of 3! for fH→H H and of 4!
for fH H→H H . Both in the case of self-couplings and in the case of the coupling to
gauge bosons the tri-linear and quartic couplings have the same strength, with the
only difference that the quartic couplings are suppressed by one additional factor of
1/v . Further on, in contrast to the fermionic couplings, which depend linearly on the
mass of the fermions,m f , the bosonic couplings are proportional to themasses of the
bosons squared. As has been discussed before this coupling structure constitutes a
characteristic property of aHiggs boson.Whilewithmore stringency for the coupling
to gauge bosons than for the coupling to fermions, it constitutes a unique coupling
behavior, which is non-universal among fermion generations.

The individual non-trivial steps towards the full electroweak theory are summa-
rized below:

• In the first step, the Lagrangian density has been extended into the two-dimensional
SU (2)L weak isospace, which is comprehensible only for the left-handed compo-
nents of matter. The neutrino and the left-handed component of the electron have
been combined into an isospin doublet ψL = (

ν eL
)ᵀ, for which local SU (2)L

gauge invariance has been enforced. This has led to a description of the weak
theory. The right-handed part of the electron, eR , which does not take part in the
weak interaction behaves like a singlet under SU (2)L transformations.

• To also obtain a description for the electromagnetic force in addition local invari-
ance has been required for the global U (1)Y symmetry of the Lagrangian density,
which acts on the left-handed SU (2)L doublet, ψL , as a whole, and on the right-
handed SU (2)L singlet, eR , with the different hypercharges YL and YR . These
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two local gauge invariance requirements have led to the structure of electroweak
interactions and to the four gauge fields Bμ and W a

μ , a = 1, 2, 3.
• To achieve that the gauge coupling to the ν is governed by only a single physical
field, the Z boson field, the fields Bμ and W 3

μ have been transformed into the fields
Aμ and Zμ. This was possible by a trivial rotation in the plane of the neutral gauge
fields by the weak mixing angle θW .

• Up to this point the main issue of the model was, that local gauge symmetries
require all gauge boson fields to be massless, while the W +, W − and Z bosons
of the weak interaction have been measured to be massive. This finding implies
that the SU (2)L symmetry can not be manifest in the Lagrangian density. The
symmetry can still be immanent, but hidden, if it is broken in the energy ground
state of the system, which corresponds to the quantum vacuum.

• Since all fields and interactions in the Lagrangian density up to this point obey
the SU (2)L symmetry the incorporation of an energy ground state, which breaks
the symmetry implied the postulation of a new weak isospin doublet field, φ, with
a self-coupling and a potential imparting this property to the quantum vacuum.
The simplest potential, with these properties, which is bound from below, does
not distinguish any direction in weak isospace and still leads to a renormalizable
theory is the Goldstone potential defined in Eq. (2.32).

• The requirement of local SU (2)L gauge invariance to this field leads to a mass
term for the three SU (2)L gauge bosons, in the energy ground state of the quantum
vacuum. The mass terms appear as a coupling of the gauge bosons to the non-zero
expectation value of the quantum vacuum, v. Three out of four degrees of freedom
of the complex SU (2)L doublet field, φ, are eaten up by the gauge fields, which
in turn obtain an additional degree of freedom of longitudinal polarization, each,
due to the gained mass. One degree of freedom remains in the model, which in
unitary gauge can be expressed by the single real field H .

• The field H is called the Higgs boson field. As a single scalar field it obeys the
Klein Gordon equation and thus is a boson. It obtains amass due to its self-coupling
with the potential V (φ) → V (H). This mass term, ∝ H2 appears naturally and
irrespective of the exact form of the potential, from the first non-trivial term of the
Taylor expansion of the Lagrangian density, when developed in the minimum of
the energy ground state. The physical Higgs boson field, H , can be viewed as the
radial excitation of the Higgs doublet field, φ, in the minimum of the Goldstone
potential.

• The gauge invariance violating transformation behavior of the mass terms of the
heavy gauge bosons is compensated by additional coupling terms of the bosons to
the new physical Higgs boson field, H . This coupling is ∝ m2

V .• For fermions the problem of masses is different and it only occurs due to the chiral
nature of the weak interaction coupling to fermions, which requires the splitting
of fermions into left-handed SU (2)L doublets and right-handed SU (2)L singlets.
It is this distinction and the different behavior under SU (2)L transformations, of
left- and right-handed particle components which leads to the breaking of the local
SU (2)L gauge symmetry for fermion mass terms. Despite of its different nature
also this problem can be solved by the coupling of the involved fermion fields to
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the new Higgs boson field, φ, e.g. via a Yukawa coupling, ∝ ēRφψL . As in the
case of the massive gauge bosons the mass terms appear from the coupling to the
non-zero vacuum expectation value, v. Also here the gauge symmetry breaking
behavior of the mass terms is compensated by additional coupling terms of the
fermions to the new physical Higgs boson field, H . This coupling is ∝ m f .

• The vacuum expectation value, v, is developed in the lower component of φ.
This only allows to give mass terms to the lower components of the fermion
doublets. In the minimal SM, mass terms for the upper components of the fermion
doublets can be obtained from the charge conjugate of φ, φc. This is not possible
in supersymmetric extensions of the SM, were φ has to fit into the structure of a
larger multiplet.

These non-trivial points extend the Weinberg-Salam model of electroweak inter-
actions to the electroweak sector of the SM as a complete theory. It contains the
physical 21 fields for the neutrinos, the left- and right-handed components of the
leptons and quarks, as constituents of matter, the gauge fields Zμ, W +

μ , W −
μ and Aμ

as mediators of the electromagnetic and weak interaction, and the Higgs field H .
In this collection of fields the Higgs boson plays a special role in the theory: it

is the only particle with spin 0. In the theory this is expressed by the fact that it
is a scalar field with a single external degree of freedom, in contrast to a spinor-
or vector field. The Higgs boson is neither a constituent of matter, like the fermion
fields, nor is it a force mediating gauge field. It is omnipresent as an excitation of
the non-zero expectation value in the quantum vacuum. In this sense it is similar
to the omnipresent aether in the closing of the 19th century. This omnipresence
is manifest in the non-zero masses of the particles, which couple to the non-zero
vacuum expectation value, v, and to the excitations of the quantum vacuum, H , in
the same way. A brief summary of all involved fields in the electroweak sector of the
SM is given in Table2.3.

Table 2.3 Summary of all fields that appear in the electroweak sector of the SM

Spin 0 Higgs Field

H

Spin 1/2 Leptons† Quarks†

νe νμ ντ u c t

e μ τ d s b

Spin 1 Gauge Fields

W
+/− Z γ

All gauge fields have spin 1, the fields corresponding to the elementary constituents of matter, the
leptons and quarks have spin 1/2 . † Note that the lepton and quark fields describing elementary
particles with a finite mass have a left-handed and a right-handed component, of which only the
left-handed component is taking part in the weak charged current interaction. The Higgs boson is
the only field in the SM that has spin 0
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Chapter 3
Higgs Boson Searches Before the Advent
of the Large Hadron Collider

3.1 Constraints Within the Theory

The electroweak sector of the SM, as summarized for the first generation of leptons
in Eq. (2.48) has 17 open parameters, which can be chosen to be: (i) the coupling
constants g and g′, usually expressed by the electric charge, q, and the electroweak
mixing angle, sin θW ; (ii) the mass of the W boson, mW , and the mass of the Higgs
boson, m H ; (iii) three lepton masses and six quark masses (proportional to their
coupling strengths, yi , to the Higgs boson field); (iv) and finally the three Euler
angles and the complex phase of the CKM matrix. The mass of the Z boson, m Z ,
and the self-coupling of the Goldstone potential, λ, are fixed via the relations

m Z = mW

cos θW
; λ = m2

H

4v2
; (3.1)

Fifteen out of these 17 parameters are related to the phenomenology of electroweak
symmetry breaking, which introduces all masses, mixing angles, ϕi j , and the phase
δ13 into the theory as effective parameters. The common belief is that the SM is a low
energy approximation of a more fundamental theory, which will allow for a deeper
understanding of the electroweak symmetry breaking mechanism. In this perspective
the masses, mixing angles and phase, δ13, resemble our current ignorance for this
underlying mechanism and would themselves be composed of a smaller set of more
fundamental parameters, which govern the behavior in the low energy limit.

Apart from the mass of the Higgs boson, m H , all parameters of the SM had been
determined from measurements well before the discovery of the Higgs boson. A
summary of all SM parameters as introduced above and their uncertainties is given
in Table3.1. In the course of this book q will be discussed in Lorentz-Heavyside units
related to the dimensionless fine structure constant α ≈ 1/137 by q = √

4πα. The
only parameter that would have to be added for the inclusion of the strong interaction
to complete the parameters of the SM is the strong coupling constant, gs . Some of
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Table 3.1 Free parameters of the electroweak sector of the SM [1]

Parameters of the SM

Couplings

Electric charge q = √
4πα 0.3028221(31)

Mixing angle sin θW 0.23122(15)

Boson masses

W mW 80.385(15) GeV

Higgs m H 40–1600 GeV†

Fermion masses

Leptons

e me 510.998928(11) keV

μ mμ 105.6583715(35) MeV

τ mτ 1.77682(16) GeV

Quarks

u mu 1.7–3.1 MeV

d md 4.1–5.7 MeV

c mc 1.29±0.05
0.11 GeV

s ms 0.1±0.03
0.02 GeV

t mt 173.21(87) GeV

b mb 4.18(3) GeV

CKM angles and phase

ϕ12 13.04(5) ◦

ϕ13 0.201(11) ◦

ϕ23 2.38(6) ◦

δ13 1.20(8) rad

The breaking mechanism of the symmetry introduces all masses, the mixing angles,ϕij correspond-
ing to the rotation of the eigenstates of the weak isospin against the mass eigenstates in the quark
sector and the complex phase of the CKM matrix, δ13. The electric charge, q, is given in Lorentz-
Heavyside units related to the dimensionless fine structure constant α ≈ 1/137 by q = √

4πα. †
The boundaries on m H correspond to values that have been obtained from simplified calculations
of the triviality and stability bounds, as discussed in this section, assuming that the SM is valid up to
the TeV scale

the parameters, like the masses of the electron or the muon, are directly observable
and known frommeasurement to very high precision. The electroweakmixing angle,
θW , the quark masses and the parameters of the CKM matrix on the other hand are
not directly observable.

Even if the mass of the Higgs boson is a priori undetermined, its range is not
completely unconstrained in the SM. The constraints originate from the physical
bounding of scattering amplitudes, e.g. for elastic W +W − → W +W − scattering,
or from the validity of higher-order corrections to the parameters μ and λ of the
Goldstone potential. Three examples will be given in this section. The argumentation
follows the description given in [2, 3]. It should be noted that all boundaries that will
be discussed rely on the assumption that the SM is valid up to a certain scale. They
indicate the range of m H , for which the SM can be sustained as a self-consistent



3.1 Constraints Within the Theory 55

theory. The observation of a Higgs boson with a mass outside the given range would
indicate the non-applicability of the SM and in most cases the breakdown of the
perturbation series, from which the boundaries have been obtained.

3.1.1 The Unitarity Bound

In the SM, the scattering amplitudes of the longitudinal components of the gauge
bosons ZL and WL grow with their momenta. It is obvious that this growth has to be
tamed in one or the otherwaywith increasing energy, not to violate the unitarity of the
scattering process. This is shown explicitly for the case of elasticW +W − → W +W −
scattering. For center-of-mass energies s � m2

W the scattering amplitude of this
process will be dominated by the longitudinal component of the W boson and takes
the form [2]

A(W +W − → W +W −)
s�m2

W−−−−→ 1

v2

[

s + t − s2

s − m2
H

− t2

t − m2
H

]

where v and m H are the vacuum expectation value and the Higgs boson mass and s
and t are the Mandelstam variables corresponding to the center-of-mass energy and
themomentum transfer in the scattering vertex squared. According to the equivalence
theorem of the Goldstone theory this scattering amplitude can be expressed by the
Goldstone bosons, W ′, that have been eaten up in the unitary gauge, to give mass to
the W boson, and re-appeared as the additional longitudinal polarization degrees of
freedom:

A(W ′+W ′− → W ′+W ′−) = −
⎡

⎣2
m2

H

v2
+
(

m2
H

v

)2
1

s − m2
H

+
(

m2
H

v

)2
1

t − m2
H

⎤

⎦

(3.2)
The unitarity argument is based on the optical theorem, which relates the scattering
amplitude to the total cross section at small scattering angles [4]. For its quantification
it ismost suited to decompose the scattering amplitude into partial waves aJ of orbital
angular momentum J . For a 2 → 2 scattering process the partial wave amplitude aJ
can be obtained from the transformation

aJ (s) = 1

32π

∫ 1

−1
d cos θ∗ PJ (cos θ∗)A(s, θ∗) = 1

16πs

∫ 0

−s
dt PJ (t)A(s, t)

t = (p∗
μ − p′∗

μ ) = −
(
| 	p∗|2 + | 	p′∗|2 − 2| 	p∗|| 	p′∗| cos θ∗) = −2

(√
s/2
)2 (1 − cos θ∗)

d cos θ∗ = 2/sdt; cos θ∗ = −1 ⇒ t = −s; cos θ∗ = +1 ⇒ t = 0
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where PJ corresponds to the J th Legendre polynomial, p∗, p′∗ correspond to the
in-coming and out-going momentum of one of the scattering particles, and θ∗ to
the scattering angle, each expressed in the center-of-mass system of the two-body
scattering (which has been made explicit by the superscript “∗”). The variable trans-
formations in the lower part of the equation have been added to make it easier to
follow the transformation from cos θ∗ to t .

According to the optical theorem the cross section is given by the imaginary part
of the scattering amplitude in the forward direction, which leads to the unitarity
condition

|aJ |2 = Im(aJ )

|Re(aJ )|2 + |Im(aJ )|2 = Im(aJ )

|Re(aJ )|2 + (Im(aJ ) − 1/2 )
2 = 1/4

This condition corresponds to a circle with radius 1/2 around the point (0, 1/2 ) in
the complex plane, C. It implies the unitarity constraint of |Re(aJ )| < 1/2 . Taking
the partial wave for J = 0 of the scattering amplitude A(W ′+W ′− → W ′+W ′−)

as given in Eq. (3.2) (with P0(cos θ∗) = P0(t) = 1) translates this constraint into a
simple boundary condition for the mass of the Higgs boson, m H ,

|a0| = 1

16πs

∫ 0

−s
dt |A| = m2

H

16πv2

[

2 + m2
H

s − m2
H

+ m2
H

s
log

(
s

m2
H

+ 1

)]

s�m2
H−−−−→ m2

H

8πv2
<

1

2

which results in an upper bound for the mass of the Higgs boson of

m H �
√
4π · v = 870GeV (Unitarity Bound) (3.3)

The above discussion can also be led with the assumption that m H is very large and
out of reach of current accelerators (expressed by the limit s � m H ). This leads to
an estimate of

|a0|
s�m2

H−−−−→ s

32πv2
<

1

2
; √

s �
√
16π · v = 1.7TeV

corresponding to a boundary on the center-of-mass energy, above which new physics
phenomena have to set in to prevent unitarity violation in the W +W − → W +W −
scattering amplitude.

This discussion has only been based on the W +W − → W +W − scattering
process. In a more global analysis it can be extended to include the scattering ampli-
tudes of elastic ZL ZL , H H , ZL H , W +

L ZL and W +
L H scattering, which leads to a

slightly stronger constraint of m H � 700GeV or correspondingly to a limit on the
validity of the SM of

√
s � 1.2 TeV, in case of the absence of a Higgs boson [2].
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It should be noted that these estimates have been made at tree level in perturbation
theory, which is not applicable any more in the case of large Higgs boson masses,
leading to a large self-coupling λ of the Higgs boson. To be clear about this limitation
the boundary is often called perturbative or tree-level unitarity bound.

3.1.2 The Goldstone Potential at Higher Orders

The following inherent constraints of the SM are derived from the high energy behav-
ior of the parameters λ and μ in the Goldstone potential. This behavior is determined
by loop corrections, which can be taken into account to fixed order by renormaliza-
tion group equations. At one-loop accuracy the renormalization group equation of
the Higgs boson quartic self-coupling, λ, is given by [2]

dλ

d log Q2 = 1

16π2

⎡

⎢⎢⎢
⎣
12λ2
︸︷︷︸
Higgs

+ 6λy2t − 3y4t︸ ︷︷ ︸
top quark

− 3

2
λ
(
3g′2 + g2

)+ 3

16

(
2g′4 + (g′2 + g2

)2)

︸ ︷︷ ︸
gauge bosons

+ . . .

⎤

⎥⎥⎥
⎦

(3.4)

where g and g′ correspond to the electromagnetic and the weak coupling constants
and yt = mt/v to the Yukawa coupling of the top quark to the Higgs boson. Since
the coupling of the Higgs boson is proportional to the mass or to the mass squared,
the high energy behavior of λwill be driven by the loop contributions of the heaviest
objects that the Higgs boson couples to.

For m2
H much larger than a given scale, Q2, Eq. (3.4) will be dominated by the

first term (labeled by “Higgs”), which simplifies the equation to

dλ

d log Q2 = 3

4π2λ2(Q2)

This equation can easily be solved by separation of variables. Evaluated at the scale
of electroweak symmetry breaking v as a reference it has the solution

4π2

3

dλ

λ2 = d log Q2

4π2

3

(
1

λ(v2)
− 1

λ(Q2)

)
= log

(
Q2

/v2
)

λ(Q2) − λ(v2) = 3

4π2λ(Q2)λ(v2) log
(

Q2
/v2
)

(3.5)

λ(Q2) = λ(v2)

1 − 3
4π2 λ(v2) log

(
Q2

/v2
)
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For small values of Q2 � v2, the log
(

Q2
/v2
)
in the denominator of Eq. (3.5) is

negative, thus leading to a large positive denominator. The smaller Q2 with respect
to v2 the larger the denominator will be, damping λ to zero. For Q2 � v2 Eq. (3.5)
reaches a point, where the denominator approaches zero. The value of λ will grow
to infinitely large values, which renders the theory non-perturbative. This point that
is reached at

Q2
Landau � v2 · 10 4π2

3λ = v2 · 10
16π2v2

3m2
H

is called the Landau pole, where λ(v2) has been evaluated from Eq. (3.1). Beyond
this pole the logarithm will change sign, λ will take negative values and the theory
will not be physical any more.

A growth with the momentum scale Q2 is a general behavior for any φ4-theory
as in the case of LHiggs. For a bare φ4-theory the requirement to be perturbative at all
scales forces the coupling term λ to be zero, which means that the theory is without
coupling and therefore trivial.

Depending on the scale to which the theory should remain perturbative the Lan-
dau pole can be used to obtain an upper bound on the mass of the Higgs boson
corresponding to

m H �
√

16π2

3 · log (Q2
Landau/v2

) · v

m H (� ∼ 10 3 GeV) � 1.6TeV (3.6)

m H (� ∼ 1016 GeV) � 340GeV (Triviality Bound).

In literature this bound is referred to as the triviality bound. For small values of
m2

H � v, Eq. (3.4)will be dominated by those terms,which do not depend onλ, since
λ will be small according to Eq. (3.1). These terms have a gauge boson component,
which contributes with a positive sign and a top quark component, which contributes
with a negative sign. In this case the equation and corresponding solution becomes:

dλ

d log Q2 = 1

16π2

[
−3y4t + 3

16

(
2g′4 +

(
g′2 + g2

)2)]

dλ = 1

16π2

[
−3y4t + 3

16

(
2g′4 +

(
g′2 + g2

)2)] · d log Q2 (3.7)

λ(Q2) = λ(v2) + 1

16π2

[
−3

m4
t

v4
+ 3

16

(
2g′4 +

(
g′2 + g2

)2)]
log
(

Q2
/v2
)

If m H falls below a certain value, λ will turn negative, the Goldstone potential, will
lose its minimum and will not be bound any more from below. The requirement
λ(Q2) ≥ 0 leads to a lower bound for m H :
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m H �

√(
3m4

t

4π2v2
− 3v2

64π2

(
2g′4 + (g′2 + g2

)2)
)
log
(

Q2
/v2
)

m H (� ∼ 10 3 GeV) � 40GeV

m H (� ∼ 1016 GeV) � 160GeV (Stability Bound)

where again λ(v2) has been evaluated from Eq. (3.1). In the literature this bound is
referred to as the stability bound. The above discussion has been simple to give the
principle idea of the argumentation.Acomplete analysis of the stability bound ismore
evolved, including the effect of the renormalization group on the completeGoldstone
potential. There is a region of meta-stability, where a global minimum different from
the minimum at v = 246.22GeV can emerge. The stability of the electroweak
quantum vacuum then depends on the tunneling probability from the local into the
global minimum. In contrast to the unitarity bound the triviality and stability bounds
depend on the scale �, up to which the SM is assumed (or required) to remain valid
without any further contribution of new physics. These bounds as a function of� are
shown in Fig. 3.1. Also shown in the figure are the 10 and 1% levels of fine-tuning of
the higher-order corrections to the parameter μ = m H /

√
2 that are needed to obtain
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Fig. 3.1 Stability and triviality bounds on m H , depending on the scale up to which the SM is
assumed to be valid without any further contribution of new physics. Also shown are regions
determined from electroweak precision measurements that will be discussed in Sect. 3.2 (hatched
blue line) and regions of 10 and 1%of fine-tuning, corresponding to the level at which the bare value
of μ and higher-order corrections have to cancel each other to lead to an observable Higgs boson
mass at the scale of electroweak symmetry breaking of v = 246.22GeV (hatched red areas) [3]
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a physical mass of the Higgs boson at the scale of electroweak symmetry breaking,
including higher order corrections. In the literature this phenomenon is referred to as
the fine-tuning or naturalness problem. The name naturalness problem, is motivated
by the fact that the bare mass of the Higgs boson would have to be by many orders
of magnitude larger than the physically observable Higgs boson mass to compensate
the large corrections by higher-order terms. In this context a fine-tuning level of 1%
means that the bare mass of the Higgs boson and the corrections due to higher orders
would have to compensate each other by 99%, so that the physically observablemass
of the Higgs boson corresponds only to 1% of the bare value ofμ before higher-order
corrections. According to Fig. 3.1, both a physical mass of the Higgs boson smaller
than 130GeV, as well as larger then 300GeV implies fine-tuning by more than 10%
if the SM remains without any signs of new physics beyond a scale of � ≈ 5TeV.

3.2 Indirect Constraints from Electroweak Precision
Measurements

Particles which cannot be directly observed at lower energy scales still have an indi-
rect influence on observable quantities due to higher-order corrections in loops. These
corrections can result in shifts of particlemasses, coupling constants, branching ratios
or production cross sections, depending on whether they appear in propagator terms,
in the vertices or in the legs of a given leading-order process. The circumstance that
higher-order corrections can depend both, on the mass of the top quark and on the
mass of the SM Higgs boson has been utilized to predict these masses, even before
the discovery of each of these particles had been made. This has been done in a
global analysis of a number of observables that had been measured with very high
precision in e+e− collisions at the Stanford Linear Accelerator (SLAC) and the LEP
collider [5]. Two examples of loop corrections, via which the top quark influences
the decay of the Z boson into b-quarks in e+e− collisions, are shown in Fig. 3.2.
Some more examples of loop corrections to the bosonic propagator, via which both
the Higgs boson, and the top quark have influence on the mass of the W and Z boson,
are shown in Fig. 3.3.

3.2.1 Electroweak Precision Observables

Since the effect of loop corrections sets in at higher order, they are small (typically less
than 1% for electroweak corrections) and become significant only for observables
which can be measured with an equally high precision. The observables in question
have been:

• the mass, m Z , and decay width, �Z , of the Z boson;
• the hadronic pole cross section, σ0

had, of the process ee → qq̄;
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be
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Fig. 3.2 Two examples of higher-order corrections via which the top quark influences the decay
of the Z boson into b-quarks in e+e− collisions at LEP. The shown diagrams appear as corrections
O(α2), to the leading-order process, which is O(α) (where α = q2/4π refers to the fine structure
constant). Sinceα ≈ 1/137 , this results in corrections to the leading-order process,which areO(1%)

H

W/Z W/Z
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W/Z W/ZW/Z
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W/Z/γ W/Z/γf/f ′

Fig. 3.3 Schematic sketch for higher-order corrections to the propagator of the heavy gauge bosons.
In the left and middle sub-figure the exchange of a virtual Higgs boson is shown. In the sub-figure
on the right a fermion anti-fermion pair is running in the loop

• the ratio to the hadronic decay width, R0
f = � f

�qq̄
for the decay width for b-quarks

(R0
b), c-quarks (R0

c ) and leptons (R
0
l ) (excluding top quarks from �qq̄ , which were

not yet discovered by that time);

• the asymmetry A0,X
F B = σX

F −σX
B

σX
F +σX

B
of the forward and backward decay of Z bosons

into b-quarks (A0,b
F B ), c-quarks (A

0,c
F B) and leptons (A

0,l
F B), where “forward” refers to

the direction of the e− for particles and to the direction of the e+ for anti-particles;

• the asymmetry AX = g2L X −g2R X
g2L X +g2R X

of the coupling to left- and right-handed leptons

for b-quarks (Ab), c-quarks (Ac) and leptons (Al ). The observable Al could be
directly measured at the SLAC Large Detector (SLD), which was operated with
polarized beams. At the LEP experiments, which did not have access to polarized
beams, the distinction between left- and right-handed leptons was made in final
state decays making use of the polarization of τ -leptons;

• the effective electroweakmixing angle, sin2 θ
lep
eff , determined fromqq̄ charge asym-

metry measurements.

For all measurements referring to leptons, lepton universality had been assumed
and the observables had been corrected for initial and final state QED radiation and
final state QCD radiation.1 To indicate where such corrections had been applied to

1The QED corrections had been calculated up toO(α3), including initial and final state interference
effects up toO(α). The QCD corrections had been calculated up toO(α3

s ) andO(α · αs)), with αs
being the strong coupling constant. QCD corrections are necessary for all observables which imply
the presence of quarks in the final state.
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the measured observables, the observables had been marked by a superscript “0”.
Since these quantities do not correspond to the directly measured observables any
more, they were referred to as pseudo-observables in the literature. The wealth of
high precision calculations that have been applied to correct the measurements, give
an idea of the great effort, that has been made to reach a theoretical uncertainty
on the predictions of these observables that matches the experimental precision of
the analyzed data. This high level of theoretical and experimental precision is a
prerequisite for any analysis trying to make use of the contributions of higher-order
corrections to observable quantities as in this case.

After the LEP-I running period, these measurements have been complemented
by a precise measurement of the mass, mW , and the decay width, �W , of the W
boson as measured in the LEP-II running period [6] and at the Tevatron [7, 8] and
by the measurement of the top quark mass, mt , as measured at the Tevatron [9].
In addition the obtained results have been crosschecked with data obtained from
experiments operated at much lower energy scales, like the measurement of atomic
parity violation in cesium [10], measurements of the electroweak mixing angle in
Møller scattering at the E-158 experiment [11, 12] and the ratio of the neutral to
charged current scattering cross section measured by the NuTeV collaboration [13].

A summary of all measurements that have been used in the global analysis to
constrain m H and mt are summarized in Table3.2. The relative uncertainty of the
high precisionmeasurements at the Z -pole mass (including systematic uncertainties)
ranges from O(10−5), for m Z , O(10−4), for mW , to O(10−2), for �W .

3.2.2 Statistical Model

The statistical model, from which the constraints on mt and m H were determined,
was based on an estimate of higher-order corrections to Eq. (2.38)

m2
W = m2

Z

2

(

1 +
√

1 − 4
απ√

2G F m2
Z

· 1

1 − �r

)

For the calculations the corrections had been parametrized by �r = �α + �rW ,
where �α refers to higher-order vertex corrections to α due to vacuum polarization
effects. This term had been further split into contributions from leptonic, top quark
and light quark loops, �α = �αlep + �αtop + �α

(5)
had, according to the challenges

imposed by the calculations. The dependency on mt and m H enters via higher-order
corrections to the W boson propagator, as sketched in Fig. 3.3 and parametrized by
the term �rW . At one-loop level �rW (mt , m H ) takes the form

�rW (mt , m H ) � α

π sin2 θW

(

− 3

16

cos2 θW

sin2 θW

m2
t

m2
W

+ 11

24
log
(

m H/m Z

)
)

http://dx.doi.org/10.1007/978-3-319-18512-5_2
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Table 3.2 (Pseudo-)Observables that have been used as input for the global SM analysis performed
by the LEP Electroweak Working Group as given in [6]

(Pseudo-)observable Measured value Fit result (Omeas − Ofit)/σmeas

Z-pole Electroweak Precision Observables

�α
(5)
had(m Z ) 0.02750 ± 0.00033 0.02759 −0.3

m Z [GeV] 91.1875 ± 0.0021 91.1874 0.0

�Z [GeV]� 2.4952 ± 0.0023 2.4959 −0.3

σ0
had [nb] 41.540 ± 0.037 41.478 1.7

R0
l 20.767 ± 0.025 20.742 0.7

R0
b 0.21629 ± 0.00066 0.21579 1.0

R0
c 0.1721 ± 0.0030 0.1723 −0.1

A0,l
F B 0.0171± 0.0010 0.0164 0.7

A0,b �†
F B 0.0992± 0.0016 0.1038 −2.9

A0,c
F B 0.0707 ± 0.0035 0.0742 −1.0

Al (P�)† 0.1465 ± 0.0033 0.1481 −0.5

Ab 0.923 ± 0.020 0.935 −0.6

Ac 0.670 ± 0.027 0.668 0.1

sin2 θ
lep
eff 0.2324 ± 0.0012 0.231439 0.8

Al (SLD)�† 0.1513 ± 0.0021 0.1481 1.6

Additional High Energy Measurements

mW [GeV]�† 80.385± 0.015 80.377 0.5

�W [GeV] 2.085 ± 0.042 2.092 −0.2

mt [GeV]� 173.2 ± 0.9 173.3 −0.1

Crosscheck with Low Energy Measurements

QW (Cs) −72.74 ± 0.46 −72.909 0.4

sin2 θM S(MZ ) 0.2330 ± 0.0015 0.02311 1.3

g2νLud 0.30005 ± 0.00137 0.30397 2.9

g2νRud 0.03076 ± 0.00110 0.03011 0.6

In the second column themeasuredvalue and the uncertainty for eachobservable are given (including
theoretical uncertainties). The result of theχ2 minimization based on only the Z -pole high precision
data (upper part of the table) and the compatibility of this result with the data are shown in the third
and fourth column. The most sensitive single (pseudo-)observables for the determination of mt
(log(m H/GeV )) have been indicated by a � (†)

where mt (m H ) enters the calculation with a quadratic (logarithmic) dependency.
Since the leading-order relation of Eq. (2.38) is protected by a custodial symmetry,
as discussed in Sect. 2.4.1, �rW is expected to be small to all orders in perturbation
theory, such that the leading-order dependency, with which mt and m H enter the
calculation would not be subject any more to significant changes after corrections of
even higher order. The stronger dependency, in return, gives the stronger predictive
power to the estimate of mt .

For the final estimate the complete fermionic and bosonic two-loop corrections
to the propagator term had been used, including contributions of O(α · αs) in cases

http://dx.doi.org/10.1007/978-3-319-18512-5_2
http://dx.doi.org/10.1007/978-3-319-18512-5_2
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where quarks are involved. For the vertex correction the complete fermionic two-loop
corrections for the calculation of sin2 θ

lep
eff had been calculated, including three-loop

contributions from the top quark. The remaining theoretical uncertainties due to
missing higher orders had been estimated to be 4 MeV on mW and 4.9 × 10−5

on sin2 θ
lep
eff and thus negligible compared to the experimental uncertainty or the-

oretical uncertainties from the light quark component of the vacuum polarization
term. The correction term �αlep(m Z ) = 0.03150 had been calculated to third-order
accuracy with negligible remaining uncertainty, the term�αtop = −0.00007(1) had
been determined at second-order accuracy together with the corrections to mW . For
light quark loops a diagrammatic approach to calculate �α

(5)
had is not viable since

at such low energy scales perturbative QCD is not applicable any more. Therefore,
�α(5)

had = 0.02750 ± 0.00033, had been taken from an independent measurement
of the hadronic cross section in e+e− collisions based on the data of the experi-
ments BES, CMD-II and CLOE, which had been operated at lower center-of-mass
energies. The theoretical uncertainties on the prediction of mt (log(m H/GeV )) due
to �α

(5)
had were O(0.2GeV) (O(0.1)), resulting in the dominant uncertainty on the

theoretical description.
For the statistical inference, a five parameterminimumχ2 fit had been appliedwith

�α(5)
had(m Z ), αs(m Z ), m Z , mt and log(m H/GeV ) as parameters of interest following

the parametric dependencies of the observables in the theoretical model. In the main
analysis theχ2 minimization had been applied only to the input value of�α(5)

had and to
the fourteen Z pole measurements, as listed in the upper part of Table3.2. With these
fifteen input variables and the five parameters of interest, theminimization is left with
10 degrees of freedom. The result of the minimization is shown in the third column
of Table3.2. In the fourth column of the table, the compatibility of the minimization
result with the data is shown, expressed by the difference between themeasured value
and the central value of the fit divided by the combined theoretical and experimental
uncertainty of the measurement. This analysis constitutes the constraint only of the
high precision Z pole measurements made at LEP and SLAC onmt and log(m H/GeV ).
In an expansion of the analysis the minimization had been augmented by the most
precise measurements of mW , �W and mt , as listed in the middle part of Table3.2,
which had been obtained from the LEP-II data taking period and from the Tevatron
experiments. The observables from the low energy experiments, which are listed in
the lower part of Table3.2 have been found to have only little influence on the final
result and have only been used to crosscheck the results of the main analysis. The
observables being used as input for the minimization can be combined into three
groups:

• observables, which are among the five parameters of interest, like �α
(5)
had, m Z

and mt . These observables naturally lead to the most direct constraints on the
corresponding parameters;

• observables, which have a high sensitivity to the electroweak radiative corrections
and are therefore important for the determination of the five parameters of interest;
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• observables, which compared to their experimental uncertainty, do not have a
strong parametric dependency on the five parameters of interest, but are of rel-
evance to test other important properties of the SM, like the number of fermion
generations and the quantum numbers of weak isopin and electric charge. These
observableswere kept in theminimization procedure to guarantee that these impor-
tant properties are sustained. Examples for such observables are σ0

had and most of
the left-right and forward-backward asymmetries for quarks.

To obtain an estimate of the single observable sensitivity for the determination
of mt (log(m H/GeV )) the partial derivative of the parametrization with respect to
mt (log(m H/GeV )) for each of the eighteen observables had been multiplied with an
estimate for the uncertainty on mt (log(m H/GeV )) and compared to the experimental
uncertainty of the corresponding observable. For this estimate for mt the uncertainty
had been chosen to be 4.3GeV. For log(m H/GeV ) the uncertainty had been chosen to
be 0.2, which for a central value of m H ≈ 150GeV corresponds to a variation by
±50GeV. In this way mt , mW andAl(SL D) had been found to be the most sensitive
single observables for the estimate of mt (with �Z and A0,b

F B being the next most
sensitive observables, when restricted to only the Z -pole measurements). For the
estimate of log(m H/GeV ) mW , Al(SL D) and A0,b

F B have been found to be the most
sensitive single observables (with Al(Pτ ) being the next most sensitive observable,
when restricted to the Z -pole measurements). It should be noted that these estimates
are approximate and do not take the correlations of the measurements into account.

3.2.3 Results of the Likelihood Analysis

The results of the minimization in the main analysis, when using only the high
precision Z -pole observables as inputs, are shown in Table3.3. The minimization
procedure results in a χ2 of 16 for 10 degrees of freedom, corresponding to a χ2

probability of 9.9%. The largest (positive) correlation among the parameters of
interest in the minimization emerges between the two most interesting parameters
mt and log(m H/GeV ), with 89%.Thefit results in a prediction ofmt = 173±11.5GeV
(with an uncertainty of 7%) and a constraint ofm H = 111±160

90 GeV. It is remarkable
how well the analysis of only the Z -pole measurements predicted the mass of the
top quark mt , which was not yet known by the time of the first publication of the fit
results.

Adding mW , �W and mt to the input observables increased the χ2 to 18.3 for
13 degrees of freedom, corresponding to a χ2 probability of 15%. The corre-
lation between mt and log(m H/GeV ) was reduced to 67%, while it remained the
largest correlation among all parameters of interest. The prediction of mt changed
to 178.5 ± 3.9GeV (with a much reduced uncertainty, due to the constraint of the
direct measurement) and the constraint of m H changed to 129±74

49 GeV.
The χ2 probability is not exceptionally high, but still demonstrates good com-

patibility of the high precision observables with the predictions of the SM. A closer



66 3 Higgs Boson Searches Before the Advent of the Large Hadron Collider

Table 3.3 Most probable values and correlation matrix for the parameters of interest from the
χ2minimization only with�α(5)

had(m Z ) and the high precision Z -pole observables of the LEP-I data
taking period as input as given in [5]

Parameter Best fit value �α
(5)
had(m Z ) αs(m Z ) m Z mt log(m H/GeV )

�α
(5)
had(m Z ) 0.02759 ± 0.00035 1.0

αs(m Z ) 0.1190 ± 0.0027 −0.04 1.0

m Z 91.1874 ± 0.0021 −0.01 −0.03 1.0

mt 173 ± 11.5 −0.03 0.19 −0.07 1.0

log(m H/GeV ) 2.05 ± 0.385 −0.29 0.25 −0.02 0.89 1.0

The χ2/ndf of this minimization is 16/10, corresponding to a χ2 probability of 9.9%. The most
probable value of log(m H/GeV ) = 2.05 ± 0.385 corresponds to a value of m H = 111±160

90 GeV.

look into the differences between the fit result and the measurements, shown in
Table3.2 reveals a difference of +1.7σmeas for σ0

had (which is not very sensitive to
the determination of mt or m H ), a difference of +1.6σmeas for Al(SLD), a differ-
ence of −2.9σmeas for A0,b

F B and a difference of +2.9σmeas for the coupling g2νLud in

neutrino-nucleon scattering.Of those only A0,b
F B and g2νLud are reallyworrisomewhen

considering the number of observables and the size of the differences. The issue with
the large difference on g2νLud has been resolved by a reassessment of nuclear effects

in the determination of sin2 θW in [14]. The difference of A0,b
F B has been discussed

in detail in [5] and no issues have been found neither with the prediction nor with
the measurement. So the difference has been considered as a result of a fluctuation,
which is especially unfortunate since A0,b

F B turns out to be one of the most sensitive
variables, in the determination of bothmt andm H . It is this measurement which takes
the largest responsibility on the increased value of χ2, enhanced by Al(SLD) (with
a difference of +1.6σmeas) pulling the result of the minimization into the opposite
direction. It has been tested, that dropping A0,b

F B or Al(SLD) individually or both
at the same time in the minimization procedure, while significantly improving the
value of χ2/nd f (to 8.7/11 corresponding to a χ2 probability of 65%, when both
observables are dropped) changes the most probable value of m H by less than one
sigma of the obtained fit uncertainty when compared to the most probable value as
obtained when including both observables. More details can be found in [5].

While the high precision Z -pole measurements have been unchanged since their
publication in 2005, the measurements of mW and mt from the Tevatron had been
regularly updated. The last update of the analysis that had been made inMarch 2012,
shortly before the discovery of the new particle at the LHC, is shown in Fig. 3.4
(left), with mt on the x-axis and mW on the y-axis. The red dashed line in the figure
corresponds to the 68% confidence level (CL) contour of the fit to the LEP-I and
SLAC data only. This contour corresponds to the constraints as obtained from themain
analysis, as described above. The blue continuous line corresponds to the 68% CL
contour of the combination of the direct measurements of mW from LEP-II and the
direct measurements of mW and mt from the Tevatron experiments. The agreement
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between the indirect constraints and the direct measurements is remarkable. Also
shown is the relationship betweenmW andmt as predicted in the SM for a given value
of m H , in the mass range between 114 and 1000GeV. The (bright) yellow shaded
area indicates the ranges of m H that had already been excluded by the searches
at the LHC by that time, while the (dark) green shaded areas indicate the regions
that were still allowed. Obviously the indirect constraints and even more the direct
measurements of mW and mt favored a light over a heavy Higgs boson. Accurate
measurements of these three masses will constitute a strong test of the SM in future.
As discussed before the largest theoretical uncertainty in the analysis of the high
precision Z -pole data is the contribution of light quarks to the fine structure constant
α(m Z ). The arrow labeled by �α in the figure indicates the size and direction of the
effect of a change of α(m Z ) by +1σ of the estimate of this uncertainty on the lines
of constant m H .

In Fig. 3.4 (right) the difference of the χ2 function with respect to the global
minimum, �χ2, is shown, as a function of m H , based on the Z -pole measurements
and the direct measurements of mW , �W and mt from LEP-II and the Tevatron
experiments. It corresponds, in a good approximation, to a parabola with a minimum
at m H = 94±29

24 GeV. From the scan of �χ2 an upper limit of m H ≤ 152GeV at
95% CL could be derived. The (bright) yellow shaded areas in the figure correspond
to regions of m H that were experimentally already excluded by the searches at LEP
and at the LHC, by that time. The red dashed line indicates the effect of a different
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Fig. 3.4 Results of the indirect constraints of the high precision measurements at SLAC, LEP and
Tevatron [5]. On the left the indirect constraint on mW and mt is shown in comparison to the
direct measurements at LEP-II and the Tevatron. On the right the difference of the χ2 value of the
minimization based on the high precision Z -pole measurements, mW , �W and mt with respect to
the global minimum, �χ2, is shown, as a function of m H . These plots have been updated several
times to resemble the most up to date inputs from LEP-II and Tevatron. The last update has been
made in March 2012, shortly before the discovery of the new particle at the LHC. A more detailed
description of the plots is given in the text
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input value of �α
(5)
had and the magenta dotted line the effect of including the low

energy measurements listed in the lower part of Table3.2. It should be noted though
that the NuTeV data should not be considered valid any more as previously discussed
in this section. Since their beginning the global fits of the SM to the electroweak
high precision (pseudo-)observables from LEP, SLAC and the Tevatron experiments
favored low values of m H ≈ 100GeV. This was one of the main motivations for
the direct searches for the Higgs boson at LEP, which will be discussed in the next
section. The most recent fit before the discovery of the new particle at the LHC, as
shown in Fig. 3.4, was compatible within≈ 1σ with the allowed mass range between
120GeV and 130GeV given by the searches at the LHC experiments, by that time.
The prediction of mt and m H before the discovery of the top quark and the Higgs
boson constitutes a great triumph of the predictive power of the SM.

3.3 Direct Searches at the Large Electron Positron Collider

The LEP collider had been operated at a center-of-mass energy corresponding to
m Z from 1989 until 1995. After this period it was subject to a substantial energy
upgrade to open the kinematic phasespace for W boson pair production and to further
investigate the electroweak sector of the SM. The LEP-II data taking period lasted
from 1996 until 2000 [15]. During this time the LEP collider produced a dataset
of 2.461 fb−1 of e+e− collisions at center-of-mass energies of

√
s ≥ 189GeV,

including a subset of 0.536 fb−1 at center-of-mass energies of
√

s ≥ 206GeV. On
this dataset the four LEP experiments conducted a direct search for the SM Higgs
boson [16] which set path and defined the statistical framework for all subsequent
searches in the following years. This framework will be discussed in the context of
the SM Higgs boson searches at LEP in more detail in this section.

Since theHiggs boson coupling is proportional to the particlemasses the dominant
production mode at LEP was in association with Z bosons as illustrated in Fig. 3.5.
The accessible range of m H �

(√
s − m Z

) ≈ 116GeV was given by the maximal
center-of-mass energy of the collisions that could be achieved by the accelerator. The
main decay channel of the SMHiggs boson in this mass range is into b-quarks with a
branching fraction of 70% atm H = 115GeV, followed by the next largest branching
fraction of 7.65% for the decay into τ -leptons [17]. Therefore, the main search

Fig. 3.5 Schematic view of
Higgs boson production in
association with a Z boson,
which was the main mode for
SM Higgs boson production
in e+e− collisions at LEP H

e

e

Z∗
Z
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channel was in the final state with four jets, Z(qq̄)H(bb̄), complemented by the final
states Z(νν)H(bb̄), Z(��)H(bb̄) (where � stands for an electron, muon or τ -lepton),
and Z(qq̄)H(ττ ), indicating the final state particles in braces. Main backgrounds for
these searchesweremade up fromdiphoton, W W and Z Z production. For the search,
the data of all four LEP experiments had been combined into one single analysis.
From each experiment the data, the number of expected background events and the
number of expected signal events had been provided in the form of two-dimensional
distributions, given as a function of the reconstructed invariant mass of the Higgs
boson candidate, mrec

H , and one additional variable, into which several quantities had
been combined to distinguish the signal from the main backgrounds. The expected
signal and background processes had been obtained from simulation using Monte-
Carlo methods and taking all known effects of selection inefficiencies and object
resolutions into account to best knowledge, including potential non-Gaussian effects.
The expected number of signal events had been provided for several hypotheses of
m H . To obtain estimates also for values of m H that had not been fully simulated
linear template interpolation methods had been applied [18].

3.3.1 Statistical Framework

The statistical inference of the search had been made in form of a classical hypoth-
esis test, where the presence of a SM Higgs boson signal with a given mass, m H , in
addition to the expected background from non-SMHiggs boson events had been con-
sidered as the “signal plus background” (s + b)-hypothesis, while the presence only
of the expected non-SM Higgs boson processes was referred to as the “background
only” (b)-hypothesis. As test statistic a likelihood ratio had been chosen defined as

Q = Ls+b

Lb
=

N∏

k=1

⎛

⎝e−sk ·
nk∏

j=1

sk Sk j + bk Bkj

bk Bk j

⎞

⎠

Ls+b =
N∏

k=1

⎛

⎝ (sk + bk)
nk

nk ! e−(sk+bk) ·
nk∏

j=1

sk Sk j + bk Bkj

sk + bk

⎞

⎠ (3.8)

Lb =
N∏

k=1

⎛

⎝bnk
k

nk ! e
−bk ·

nk∏

j=1

bk Bkj

bk

⎞

⎠

where k runs over all independentmeasurements provided per experiment, run period
or decay channel, nk corresponds to the observed number of events and sk and bk

to the expected number of signal and background events per measurement. Since
the individual measurements were provided as binned distributions the quantities
Skj and Bkj correspond to the probability functions to observe a given event j in
a given bin, based on the signal or background hypothesis. The index j thus runs
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over all events for a given measurement, k. The two likelihood functions Ls+b and
Lb were constructed from Poisson distributions for each measurement based on the
(s + b)- and the b-hypothesis. In the likelihood functions sk and Skj did depend on
the hypothesis of m H .

Systematic uncertainties were incorporated in the form of nuisance parameters,
e.g. replacing the parameter bk , for the normalization of a background process by a
product with a log-normal probability density function

bk → bk · f (θk,σk, x) =
⎧
⎨

⎩

bk√
2πxσk

e−
(
ln (x) − θk

)2
/σ2k x > 0

0 x ≤ 0
(3.9)

where θk , corresponds to the best known value of bk and σk to its uncertainty. The
variable x in this function will be integrated out in the further steps of the statistical
inference as will be discussed in the following paragraphs.2 The likelihood functions
of Eq. (3.8) were thus extended by a product with a term of the type of Eq. (3.9) for
each considered uncertainty. Typical probability density functions for the incorpora-
tion of nuisance parameters for background normalizations (which are bound to be
≥ 0) are log-normal distributions as given above or truncated Gaussian distributions.

For convenience in the minimization procedure usually the logarithmic form of
the test statistic is used

q = −2 ln Q = 2
N∑

k=1

⎛

⎝sk −
nk∑

j=1

ln

(
1 + sk Sk j

bk Bk j

)⎞

⎠ (3.10)

which corresponds to the difference in χ2 for the comparison between Ls+b and Lb

in the limit of high statistics, according to the central limit theorem of de Moivre and
Laplace. In this representation each event in the analysis contributes with a certain
weight depending on whether it is more signal- or background-like. If the full dataset
is more (s + b)- than b-like, Q will be > 1 and q < 0. If the full dataset will be
more b-like, q will be > 0 correspondingly. The more (s + b)-like the dataset is the
smaller the quantity q will be. Within the dataset an event which is more signal- than

background-like will contribute with a larger weight ln
(
1 + sk Sk j

bk Bk j

)
to the sum of q.

For data the test statistic, q, can be obtained as a single number, which may vary
as a function of the tested hypothesis for m H . For the estimation of q the nuisance
parameters are evaluated at their a priori best known values θk . For an assessment
on whether the obtained value of q does point to an observation of signal or not, it

2To be accurate in the test statistic as used by the LEP experiments the probability functions,
f (θk ,σk , x) to obtained a measured value x for a true value θk were translated into a probability
function f̃ (x,σk , θk) to have a true value of θk for a measured value of x using Bayes’ theorem.
It was thus a frequentist-bayesian hybrid ansatz. This was still true for the test statistic as used by
the Tevatron experiments but not any more for the test statistic as used by the LHC experiments,
where f (θk ,σk , x) was used e.g. as given in Eq. (3.9) and estimates for the true value of θk , for
each hypothesis were obtained from the corresponding fit.
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needs to be compared to the expectation based on the (s + b)- and the b-hypothesis.
These expectations and their uncertainties are derived from probability density func-
tions, which are obtained from a large number of pseudo-experiments, based on
the expected number of events in each bin of the input distributions, according to
the corresponding hypothesis. For the creation of each pseudo-experiment a random
value is determined from each likelihood function in Eq. (3.8) to form a value of
q. For the determination of q not only the expectation values, θk , of the nuisance
parameters, but also their uncertainties, σk , are taken into account. To illustrate how
this works, an example will be given for a normalization uncertainty of a given
background process bk : assume that in the likelihood functions Lb and Ls+b the
fixed values for bk have been replaced by probability density functions as given in
Eq. (3.9). Prior to the creation of each pseudo-experiment, a random value b′

k is cho-
sen according to this probability density function. This procedure is equivalent to the
numerical integration of the variable x in Eq. (3.9).3 Since the probability density
function is normalized to unity the integration leaves the expected over all yields
unchanged. Normalization uncertainties which are correlated across measurements,
measurement bins or experiments, like theoretical uncertainties or uncertainties on
the measured luminosity, are evaluated based on the same random number. With the
values of b′

k the pseudo-experiment is created in a subsequent step. The creation of
pseudo-experiments to determine the expected values of q thus takes all uncertainties
due to limited knowledge of parameters and their correlations in the statistical model
fully into account. The process, in which the uncertainties on the nuisance parame-
ters are integrated out numerically during the creation of the pseudo-experiments is
called marginalization. In this example it would require nk random numbers for each
independent measurement plus nk additional random numbers for each uncorrelated
nuisance parameter for each measurement.4

Ideally the number of pseudo-experiments for both the (s + b)- and the b-
hypothesis is large to obtain a reliable estimate of the probability density functions.
Depending on the expense of computing time for the generation of a single pseudo-
experiment several millions of pseudo-experiments can be created. The mean or the
median of these distributions for the (s + b)- and b-hypothesis are chosen to define
the expected value of q for each hypothesis. The uncertainty on the expected value
is obtained from the double sided 68 and 95% quantiles of the corresponding prob-
ability density function. The median, which shows a more stable behavior against
statistical fluctuations than the mean, is usually the preferred choice for the expected
value of q. Typical probability density functions for theLEP search to obtain a certain
value of q for the b- and (s + b)-hypothesis and the observed value, qobs, for three
different values of m H are shown in Fig. 3.6. Important integrals for the statistical
inference are

3 In the frequentist-bayesian hybrid ansatz as described in Footnote2 each value of x in this inte-
gration corresponds to a pseudo-measurement of the true value of θk .
4In practice the marginalization can take place prior to the determination of the probability density
functions for q, leading to an additional broadening of the probability density functions due to all
possible values of b′

k , with the same result as described above.
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Fig. 3.6 Observed (black horizontal line) test statistic q = −2 ln Q as defined in the text and
probability density functions to obtain certain values of q for the (blue, dashed curve) b- and
(brown, dash-dotted curve) (s + b)-hypothesis [15]. Values of q for an (s + b)-like dataset are
< 0, values for a b-like dataset are > 0. The (bright) yellow area corresponds to the integral of the
probability density function for the b-hypothesis from the left (−∞), the (dark) green area to the
integral of the probability density function for the (s + b)-hypothesis from the right (+∞). These
integrals are further discussed in the text. The probability density functions are shown for three
different values of m H

(1 − C Lb) = ∫ qobs
−∞ Pb (p-value)

C Lb = ∫ +∞
qobs

Pb (C Lb confidence)

C Ls+b = ∫ +∞
qobs

Ps+b (C Ls+b confidence)

C Ls = C Ls+b

C Lb
(C Ls confidence)

(3.11)

wherePb corresponds to the probability density function for the b-hypothesis, shown
as blue, dashed curves, and Ps+b to the probability density function for the (s + b)-
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hypothesis, shown as brown, dash-dotted curves, in the figure. Two of the integrals of
Eq. (3.11) are also indicatedby colored areas in thefigure: the backgroundconfidence,
(1 − C Lb), or p-value, indicated by the (bright) yellow areas, corresponds to the
probability that a value of q ≤ qobs (i.e. more (s + b)-like than observed) might be
obtained from the b-hypothesis just due to statistical fluctuations in the measurement
bins. This is a measure of the probability to incorrectly assign the outcome of the
experiment to the (s+b)-hypothesis, while it belongs to the b-hypothesis (statistically
the error of first kind). The value C Ls+b, indicated by the (dark) green area in the
figure, corresponds to the probability to miss a discovery by incorrectly assigning
the outcome of the experiment to the b-hypothesis, while it belongs to the (s + b)-
hypothesis (error of second kind). All integrals of Eq. (3.11) are ≤1.

The p-value is used to establish an excess of signal over the b-hypothesis. The
C Ls+b value is used to exclude the (s + b)-hypothesis, if it falls below a predefined
threshold. This threshold is arbitrary and corresponds to the level of confidence
(CL), with which the hypothesis is rejected. In particle physics usually a value of
0.05 is chosen corresponding to a 95% CL. This means that the probability that
the experimental outcome might lead to a value of q ≥ qobs (i.e. more b-like than
observed) and that the exclusion of an actually true (s + b)-hypothesis is ≤ 5%. It
should be kept in mind, that with this convention there is still a 5% chance that the
(s+b)-hypothesis in the end turns out to be true even if it is excluded at 95%CL. The
more separate the probability density functions for the two hypotheses are the better
the measurement is suited to assign them, without misidentification. Figure3.6 gives
an impression howmuch the potential to separate the two hypotheses degraded when
m H reached the kinematic limit, which was a tribute to the fact that the production
cross section for the SM Higgs boson approached zero. For m H = 120GeV the two
hypotheses turned out to be nearly indistinguishable. The sensitivity reaching out
beyond the kinematic boundary is due to the fact that the Higgs boson could still be
produced virtually and decay into the visible decay products, which washes out the
kinematic boundary to some extent.

In practice the C Ls+b value is not used for exclusions in particle physics, the
reason being illustrated by the example of the test statistics for m H = 120GeV
in Fig. 3.6 (lower left). As discussed above in this case the analysis does not have
the power to distinguish between the (s + b)- and the b-hypothesis. Since both
probability density functions, Pb and Ps+b are nearly identical a fluctuation that
leads to a value of C Ls+b ≤ 0.05 has the same statistical meaning for the (s + b)-
as for the b-hypothesis. It should not lead to a 95% CL exclusion of the (s + b)-
hypothesis where on the other hand the b-hypothesis would still be trusted without
doubt. Moreover an experiment should not exclude the presence of a signal if it is not
sensitive to observe it. To prevent this unwanted behavior of the C Ls+b value, the
exclusion judgment is usually made based on the C Ls value as defined in Eq. (3.11)
[19, 20]. This value will always be larger or equal to the value of C Ls+b. It is thus a
more conservative estimate in the sense that an exclusion based on C Ls will always
imply an exclusion based on C Ls+b. In cases like the test for m H = 110GeV the
C Ls value will approach the C Ls+b value from above, since the integral of C Lb will
go to 1 from below. In cases like the test for m H = 120GeV on the other hand the
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C Ls value will be close to 1 and thus prevent the unwanted behavior of the C Ls+b

value.

3.3.2 Direct Search Results

The test statistic q as a function of the tested values of m H is shown in Fig. 3.7
(upper left). Shown are the observed value (black solid line), themedian (blue dashed
line), 68% quantile (darker green band) and 95% quantile (brighter yellow band)
of the expected probability density function for the b-hypothesis, and the median
(brown dash-dotted line) of the expected probability density function for the (s +b)-
hypothesis. The sub-figures in Fig. 3.6 can be viewed as horizontal slices through
this distribution for m H = 110GeV, 115GeV and 120GeV correspondingly. As
discussed before, an (s + b)-like (b-like) dataset corresponds to negative (positive)
values of q, as can also be seen from the course of the expected medians for the two
hypotheses. The larger the distance between the medians of the expected probability
density functions of the two hypotheses, the higher the power of the analysis to
distinguish between them. As can be seen from this sub-figure, the power of the LEP
experiments to observe the signal of a SM Higgs boson at 95% CL, corresponding
to a deviation below the bright yellow band, did not reach to values of m H beyond
� 114GeV. For lower masses the discovery potential grew rapidly, due to the clean
signature and the rising H → bb̄ branching fraction on the one hand and the drop
of the cross section for the main background of diboson pair production on the other
hand. The sub-figure points to a mild excess in the data, which leads to values of
q < 0 for a mass range ofm H > 115GeVwith a shallowminimum around 116GeV,
where the observed values of q also have a crossing point with the median of the
probability density function for the (s + b)-hypothesis.

This behavior translates into the p-value as a function of m H , which is shown in a
mass range between 80 and 120GeV in Fig. 3.7 (upper right). The expected median
of the p-value for a dataset compatible with the b-hypothesis is 0.5, as indicated by
the blue dashed horizontal line in the figure. Also indicated by horizontal lines are
the p-values corresponding to a significance of 2σ and 3σ. Around m H ≈ 98GeV a
deviation is observed, which corresponds to a 2.3σ excess above the b-hypothesis for
the given value of m H . This excess is not compatible with the expectation for the SM
Higgs boson, which should be by orders of magnitude larger than observed. This can
be seen from the expected p-value for the (s +b)-hypothesis, indicated by the brown
dash-dotted line with the bands corresponding to the 68 and 95% CL uncertainties,
which falls below the displayed axis range already for values of m H � 115GeV.
Anothermuch less significant deviation, which is compatible with the expectation for
a SMHiggs boson is observed atm H ≈ 115GeV, but this deviation is not significant.
The crossing point of the expected median for the (s + b)-hypothesis shows that no
observation beyond the 2σ level is expected for a SM Higgs boson with a mass of
m H � 116GeV. It is noteworthy that the 2.3σ deviation at m H ≈ 98GeV seemed
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Fig. 3.7 The test statistic q = −2 ln Q (upper left), p-value (1 − C Lb, upper right) and C Ls
value (lower left), as function of the test mass m H [15]. Values of q < 0 (q > 0) indicate (s + b)-
(b-)likeness of the analyzed data. The horizontal lines in the p-value plot indicate the line of full
compatibility with the b-hypothesis (dashed line at 1−C Lb = 0.5) and the p-value for a 2σ and 3σ
excess over the b-hypothesis. The horizontal line in theC Ls plot indicates the value ofC Ls = 0.05,
which corresponds to the 95% CL exclusion limit. The intercept points with the expected median,
for the b-hypothesis and with the observed C Ls values determine the expected and observed 95%
CL lower limits on the mass of the SM Higgs boson that can be obtained from the LEP data

to build up equally in all four experiments, while the deviation at m H ≈ 116GeV
was only seen in one of the LEP experiments.

The fact that no significant signal had been observed is expressed by a 95% CL
lower limit on m H , which is based on the C Ls value as discussed in Eq. (3.11). In
Fig. 3.7 (lower left) the value of C Ls is shown as a function of m H . The horizontal
line indicates the value ofC Ls = 0.05, corresponding to the 95%CL exclusion. The
crossing point of the observedC Ls line is atm H = 114.4GeV, which corresponds to
the yellow shaded area on the left of Fig. 3.4 (right). The crossing point of the median
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of the expectation for the b-hypothesis lies at m H = 115.3GeV. The fact that the
observed limit is slightly weaker than expected for the b-hypothesis corresponds to
the slight excess seen in the data.

3.4 Direct Searches at the Tevatron Proton Anti-Proton
Collider

Searches for the SMHiggs boson had also been conducted at theTevatron p p̄ collider
from 2010 on. The Tevatron has been operated at a center-of-mass energy of

√
s =

1.96TeV for the proton anti-proton collisions. For a hadron collider the center-of-
mass energy,

√
s, of the hadron hadron collision translates into significantly lower

center-of-mass energies,
√

ŝ, on the parton level, depending on the parton distribution
functions evaluated at the energy scale at which the hard scattering process is taking
place. A more detailed discussion will be given in Sect. 4.1.1. E.g. the production
of a Higgs boson with a mass of m H = 125GeV requires a mean fraction of the
(anti-)proton momentum of

〈x〉 =
√

m H√
s

=
√
125GeV

1.96TeV
≈ 0.25

The reduction of center-of-mass energy in the step from hadron to parton scattering
limited the experimental reach of the searches at the Tevatron to Higgs boson masses
below m H � 200GeV. The kinematic reach was maximal in quark anti-quark anni-
hilation processes, where the valence quarks took part in the hard scattering process.
Therefore, the main production channel was Higgs boson production in association
with a W or Z boson. In the accessible range of m H the main decay channels were
into b-quarks in the regime of m H � 130GeV and into W bosons already slightly
below the thresholdwhere this decay is energetically allowed. The last publication on
searches for the SM Higgs boson at the Tevatron has been made in 2013 [21]. It has
been based on all modes relevant for SMHiggs boson production at hadron colliders:
gluon fusion, vector boson fusion and Higgs boson production in association with
vector bosons or top quark pairs, and the decay channels into b-quarks, τ -leptons, W
bosons, Z bosons or photons. A detailed discussion of these production modes and
decay channels will be given in Sect. 4.2.1. The results correspond to the combination
of all search channels that have been analyzed at both Tevatron experiments, CDF
and D0, and based on the full dataset with a luminosity of 10 fb−1 collected with
each of the two experiments.

For the statistical inference the strategy and methods as developed for the LEP
search had been adopted, as described in Sect. 3.3.1. Tomaximize the search potential
and in light of increased computing power and the availability of more powerful
minimization tools, the test statistic of Eq. (3.10) had been modified such that the

http://dx.doi.org/10.1007/978-3-319-18512-5_4
http://dx.doi.org/10.1007/978-3-319-18512-5_4
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likelihood functionsLs+b andLb wereminimized before themarginalization5 to find
the most probable values, θ̂k , of all nuisance parameters, θk , for the given dataset,
varying the nuisance parameters within their a priori uncertainties. This treatment
allowed for the uncertainties in the analyses to be further constrained a posteriori by
the data themselves. In extreme cases nuisance parameters e.g. for the normalization
of a background process that was difficult to estimate otherwise, could even be left a
priori unconstrained, to obtain an a posteriori constraint during the priorminimization
procedure. These fits could become very complex with hundreds of parameters to
minimize, which in turn significantly increased the computing power needed for the
evaluation of the pseudo-experiments.

The results of the combined search are shown in Fig. 3.8. The test statistic q
(here labeled as Log-Likelihood Ratio) as a function of the tested values of m H is
shown in Fig. 3.8 (left). The plot can be directly compared to Fig. 3.7 (upper left)
for m H � 120GeV. As discussed before, negative (positive) values of q = −2 ln Q
correspond to the dataset being more compatible with the (s + b)- (b-)hypothesis.
The black dashed line with the uncertainty band (labeled as LLRb) corresponds
to the expectation for the b-hypothesis, the red dashed line (labeled as LLRs+b)
to the expectation for the (s + b)-hypothesis, estimated at each point of m H . The
solid black line corresponds to the observed value of q. The publication by Tevatron
had been made after the discovery of the new particle at the LHC on 4 July 2012.
Therefore the expectation in the presence of a SM Higgs boson at a fixed mass of
m H = 125GeV had been added to the figures as a blue dash-dotted line. As can be
seen for a mass around 160GeV, where the decay channel into W bosons opens up,
the sensitivity of the Tevatron searches increases rapidly, while the (s+b)-hypothesis
in this range of m H is disfavored by the observed values of q. This behavior is driven
by the non-observation of a signal in the decay channel into W bosons. In a mass
range around 120GeV the observation falls below the−2σ band of the b-hypothesis,
which roughly corresponds to the expectation in the presence of a SM Higgs boson
with m H = 125GeV, as can be concluded from a comparison with the course of
the blue dash-dotted line. The same trend can be seen from the p-value shown in
Fig. 3.8 (right). The observation scratches the edge of a 3σ evidence, while an effect
not larger than 2σ would be expected from the SM. The observation is compatible
with the expectation for a SMHiggs boson at m H = 125GeV within 1σ. An (s +b)-
like deviation from the b-hypothesis at m H ≈ 95GeV as visible in Fig. 3.7 (upper
right) could not be confirmed despite the similar productionmechanism and the same
dominant decay channel into b-quarks. The comparison of the p-value from both
experiments in this mass range (Fig. 3.7 upper right and Fig. 3.8 right) reveals that
the Tevatron experiments were by far less sensitive to observe such a deviation.

5 While this statement is true for the example given above in practice the minimization could
also happen after the marginalization step to find the most probable values of the b′

k and their
uncertainties. See Footnote4 for a comment on when the marginalization can take place.
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Fig. 3.8 (Left) test statistic q = −2 ln Q (here labeled as Log-Likelihood Ratio) and (right)
p-value, as function of m H for values between 90 and 200GeV [21]. In the left plot the black
dashed line (labeled as LLRb) corresponds to the expectation for the b-hypothesis, the red dashed
line (labeled as LLRs+b) to the expectation for the (s + b)-hypothesis. The blue dash-dotted line
in both sub-figures corresponds to the expectation in the presence of the SM Higgs boson with
m H = 125GeV, the solid black curve to the observed values
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Chapter 4
Discovery of the Higgs Boson at the Large
Hadron Collider

4.1 Setting up the Scene for Discovery

4.1.1 The Large Hadron Collider

The LEP collider, stopped operation after the 2 November 2000 to give space for the
construction of the LHC, which uses the same tunnel and infrastructure. In contrast
to LEP the LHC is a hadron hadron collider, designed to accelerate beams of protons
(or heavy ions) to energies up to 7TeV each, thus reaching out to center-of-mass
energies of the proton proton collisions up to 14TeV. The acceleration is reached via
radio frequency in the MHz range generated with klystrons and filtered by cavities
to obtain the proper wavelengths for acceleration. Analogue to accelerated charges
in antennas the projectiles loose energy due to synchrotron radiation, when forced
on a predefined path. In the case of circular acceleration this energy loss is given by

Psync = q2

6πR2 γ4 = q2

6πR2

(
E

m

)4

where q corresponds to the charge of the projectile, R to the radius of the accelerator
and γ = E/m to the gamma factor of the system of the accelerated projectile
with respect to the laboratory frame. The γ factor in this equation introduces a
dependency of the energy loss per revolution cycle on the mass of the projectile to
the power of m−4, which explains the gain in switching from electrons to protons:
the factor of m p/me ≈ 2000 in the mass of the accelerated particles suppresses
the energy loss per revolution cycle due to synchrotron radiation from ≈500kW
per cycle to a negligible level. The switch of the particle type to be accelerated has
two important consequences that will be discussed in the following: it is inherent
to proton proton collisions that the center-of-mass energy of the collision cannot be
completely transferred into the hard scattering process. Instead the protonmomentum
has to be folded with the probability to find a certain parton with momentum fraction
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x inside the proton. These probabilities can be obtained fromparton density functions
that have e.g. been determined in deep inelastic scattering experiments at the HERA
accelerator [1] making use of QCD factorization theorems like [2]. Typical parton
density functions evaluated at the energy scale of Q2 = (100GeV)2, are shown in
Fig. 4.1. Unless stated differently center-of-mass energies will always refer to the
proton proton collisions throughout this chapter. The second consequence is of more
technical nature: the larger mass of the accelerated particles requires strongmagnetic
dipole fields to keep the protons on their foreseen trajectories. For the LHC this is
assured by 1232 helium cooled superconducting dipole magnets, which can reach
magnetic field strengths of up to 8.3T. These fields are obtained from coils with
160 windings and currents of up to 11.8kA. At the maximum field strength in these
magnets an energy density of 500kJ/m is stored. Due to the high currents the coils
of the magnets have to be kept in place by support structures that have to cope with
a pressure of 200 000 t/m. With the choice of superconducting magnets the power
consumption of the complex can be kept at a manageable level: it is designed to be
operated with a power consumption of≈120MW, compared to the power production
of ≈1200MW of a typical atomic power plant. In turn the accelerator is run at a
calculated risk that one or several of the superconducting magnets might quench,
i.e. that they locally loose their superconducting quality and lead to the spontaneous
deposition of the complete stored energy into electrical power and finally heat. To
keep also this risk at a manageable level and to protect the accelerator from serious
damage, sophisticated quench monitoring and protection systems had been installed.

The protons are accelerated in bunched structures, which are naturally imposed by
the wells of the accelerating radio frequency waves. They are brought to collision at
several interaction points. The nominal collision times are often called bunch cross-
ings. Since collisions with high momentum transfer have a very small probability

Fig. 4.1 Parton distributions
functions (x f ) at the scale
Q2 = (100GeV)2, as
determined from the data
collected at the HERA
accelerator [1]. This
corresponds to the energy
scale relevant for the
production of the SM Higgs
boson with m H ≈ 100GeV.
Shown are the probability
density for observing a
valence quark (xuv and xdv),
a sea quark (x S) or a gluon
(xg), multiplied by the
momentum fraction of the
parton relative to the
proton, x
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to occur it is one of the main goals during the operation of the accelerator to bring
as many protons into collision during these bunch crossings as possible. This is
achieved by maximizing the number of protons per bunch, and the frequency, with
which the bunches are brought to collision. The rate of proton proton collisions, the
(instantaneous) luminosity, is therefore one of the most important parameters of the
accelerator apart from its energy. It is defined in analogy to the brightness of a light
source and usually measured in units of (collisions) cm−2s−1. The typical number of
protons per bunch in 2011/2012 was O(1011), the bunch crossing rate at the interac-
tion points was 20MHz, corresponding to a timespan between two subsequent bunch
crossings of 50ns. These specifications corresponded to instantaneous luminosities
up to 3.5×1033 cm−2s−1 (7.7×1033 cm−2s−1) in 2011 (2012). Since the probability
of a hard scattering process to occur is also measured in terms of a cross section, i.e.
in units of an area, luminosities can be translated into units, which are slightly more
intuitive for a particle physicist

L = 1033 cm−2s−1 ≡ 1 nb−1s−1

This implies that a process with a cross section of 1nb has an expected rate of one
Hz, a pair of top quarks with a production cross section of ≈250pb at 8TeV would
be produced any four seconds, supporting the view of the LHC being a factory for
the production of top quarks.

The high density of protons per bunch led to a mean number of 〈NIA〉 = 9 (21)
proton proton interactions per bunch crossing in 2011 (2012). Out of these usually
one interaction corresponds to a hard scattering process of interest, while the others
correspond to low energy and diffractive scattering processes. This can be inferred
from the extremely low probability of a scattering process with high momentum
transfer to occur. All other interactions but the one, which corresponds to the hard
scattering process are usually referred to as pileup. Their presence complicates the
identification and reconstruction of the hard scattering process and requires dedicated
methods to identify those objects that have been genuinely produced during the hard
scattering process, as will be discussed later.

4.1.2 Main Experiments and Event Reconstruction

To collect the collision data, among other experiments, twomainmultipurpose detec-
tors have been built, with their origin in one of the nominal interaction points of the
accelerator. The coordinate system used by the experiments is right-handed with the
y-axis pointing to the top and the z-axis pointing along the axis of the proton beams.
To optimally address their physics cases the detectors have been laid out to contain
all observable energy produced during a proton proton collision at 14TeV center-of-
mass energy and to provide reliable energy (transverse momentum) measurements
of all neutral (and charged) particles emerging from these collisions. The plane trans-
verse to the beam axis thereby is of special importance, for two reasons: (i) there
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is no residual momentum in the transverse plane expected in the initial state of the
collision, which via momentum conservation translates into the final state. This is
usually not the case along the z-axis, where the initial momentum of the scattering
partons in the proton due to the step from the proton level to the parton level is a
priori not known; (ii) for the same reason the system of the hard scattering process
can be boosted along the z-axis, but quantities, which are defined in the transverse
plane are not affect by such boosts, i.e. to first approximation they are the same in the
center-of-mass system of the collision and in the laboratory frame. For these reasons
the particles emerging from the collisions are usually characterized by the following
three quantities:

transversemomentum pT

azimuthal angle φ
pseudorapidity η = − ln (tan (θ/2 ))

where φ is measured in the transverse plane and the polar angle, θ, with respect
to the z-axis of the coordinate system. In contrast to θ, the pseudorapidity, η, is
approximately form invariant under Lorentz boosts along the z-axis thus that all three
quantities retain their intuitive geometrical meaning irrespective of the residual boost
of the scattering system along the axis of the proton beams. The classical method to
measure the (transverse) momenta of charged particles is via their bending due to
the Lorentz force in magnetic fields (parallel to the beam axis):

�pT = q · �r × �B; δ pT

pT
= (δB ⊕ δr)

q · | �r | · | �B|
where �pT corresponds to the transverse momentum of the charged particle, with
charge q, �r to the bending radius and �B to the strength of the magnetic field. To
achieve high relative momentum resolution it is obvious that both the uncertainty,
δB, of the magnetic field strength as well as the resolution, δr , of the bending radius
of the reconstructed trajectory of the particle have to be known with best possible
precision. Usually δB can be determined with high precision, leaving the over all
precision limited by δr . The relative precision of the (transverse) particle momen-
tum can be further increased if the magnetic field strength, B, is very high or if the
detector is large enough to measure even largest bending radii, r , with a large lever
arm. Both concepts have been followed up: the ATLAS detector has been build as a
barrel detector with 22m diameter and 45m length [3]. It is thus equipped with a
large lever arm to measure highest momentum tracks reconstructed from the traces
that charged particles leave along their trajectories in the active detector material, due
to their ionizing effect. In the design several magnetic systems provide independent
measurements of the particle momentum, among those an inner solenoid magnet
with a field strength of 2.5T, with field lines parallel to the proton beam direction
and an outer toroid magnet with a field strength of up to 4T, with a circular field
in the transverse plane. From inside out the detector comprises: (i) a silicon pixel
detector to identify the vertex of the hard scattering process; (ii) silicon strip detectors
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and multi-wire chambers to measure the bending of tracks and thus the transverse
momenta of the charged particles emerging from the collision, inside the supercon-
ducting solenoid magnet; (iii) and a lead liquid argon sampling calorimeter, which is
read out with different granularity to account for an electromagnetic and a hadronic
section outside the magnet and complemented by an iron plastic scintillator hadronic
sampling calorimeter in the barrel region. The momenta of a particle that penetrates
the whole detector can be measured from three bending radii of its trajectory: there
is the bending in the transverse plane in the inner and outer field of the solenoid
magnet. In addition there is the bending parallel to the beam direction in the field of
the toroid magnet. A sketch of the ATLAS detector and all its components is shown
in Fig. 4.2 (upper part). A strength of the ATLAS detector lies in the excellent highly
granular lead liquid argon calorimeter with fine lateral segmentation, which affords
to be located outside the solenoid magnet, following a classical design pattern and
in the redundancy that allows for a reliable measurement of even highest momenta.
A weakness might arise from the inhomogeneity and complexity of the detector.

TheCMS detector follows a concept, which is by farmore compact and in addition
more homogeneous than the ATLAS detector [4]. Compared to ATLAS the CMS
detector has nearly twice the weight in a third of its extension. The main feature of
CMS is a large superconducting solenoid magnet with roughly 6m diameter and the
capability to reach a magnetic field strength of up to 3.8T, with field lines parallel to
the proton beam direction. In contrast to ATLAS this magnet comprises not only the
inner track detector but also all parts of the main calorimetry, thus preventing energy
loss due to multiple scattering of electromagnetic particles in the solenoid coil before
reaching the calorimeters. The momenta of charged particles are measured using an
all silicon pixel and strip track detector covering the range of |η| < 2.5 (corresp.
to 10◦ < θ < 170◦). The inner track detector consists of 200m2 of active silicon
detector material, making it one of the largest silicon track detectors that has ever
been build so far, and resembling the choice to stick to a single detector technology
for track finding in the design. The inner track detector is surrounded by a lead
tungstate crystal electromagnetic calorimeter (ECAL), with a thickness of X0 = 28
radiation lengths, for electromagnetic showers, and an excellent energy resolution,
completed by a brass-scintillator hadron calorimeter (HCAL), with a thickness of
λi = 10 interaction lengths for the energy loss of hadrons, both used to measure
particle energy deposits and consisting of a barrel assembly and two endcaps. The
choice of lead tungstate for the ECAL guarantees high energy resolution and a large
stopping power for electromagnetic particles, which is of importance for the compact
design of the detector, inside the solenoid coil. On the other hand it requires careful
monitoring of the temperature and irradiation damage to the crystals. The ECAL
and HCAL extend to |η| < 3.0 (corresp. to 5◦ < θ < 175◦). A steel-quartz-fiber
Cherenkov forward detector extends the calorimetric coverage to |η| < 5.0 (corresp.
to 1◦ < θ < 179◦).

The CMS detector offers a single track momentum resolution of δ p/p = 0.5%
for the track of a 10GeV charged particle, in the inner track detector, an energy
resolution of δE/E = 1% for an electron or photon with an energy of 30GeV in
the ECAL and an energy resolution of δE/E = 10% for a single charged pion with
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Fig. 4.2 Schematic views of the (top) ATLAS [3] and (bottom) CMS [4] detector

an energy of 100GeV in the HCAL. These energies are typical for the analyses that
will be discussed in the following. Outside the magnet the field lines are closed by
an iron return yoke, which is instrumented with gas-ionizing detectors of different
technologies and optimized for momentum resolution or fast readout for the online
selection of interesting events, to form the muon system. Since the return yoke
fills roughly twice the volume of the detector inside the magnet the magnetic field
strength is approximately half and pointing to the opposite direction of the inner
magnetic field. Since the field strength that can be maximally reached in saturated
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iron corresponds to 2T the field strength in the inner detector in this way defines
the final size of the detector. The track of a muon, that penetrates the full detector is
correspondingly bent like an “S” in the transverse plane. For a transverse momentum
of up to a few 100GeV the momentum resolution of all charged particles and thus
also formuons is dominated by the precision of the inner track detector, while beyond
the muon system takes over. The momentum resolution of a 1TeV track in the muon
system alone is 10%.Amuon from the hard interaction process has to have an energy
of at least 4GeV to guarantee that it will penetrate the inner detector and reach the
muon system. A schematic view of the CMS detector is shown in Fig. 4.2 (lower
part).

All information that is read out from the detector during a bunch crossing is called
an event. If the whole CMS detector were read out with uncompressed information of
all readout channels at the nominal interaction rate of 20MHz this would correspond
to a data volumeof≈1PB/s. This hugeflowof information is reduced to amanageable
level by a three level trigger and online selection system. Each level of this system
is tuned for fast decision taking, whether to keep or to discard the event starting
from a coarse readout of the detector by custom hardware processors, up to software
implemented algorithms, which make use of nearly the complete readout of the
detector with full granularity. Since at each trigger level non-interesting events are
discarded, each proceeding trigger level can afford more processing time on the
remaining events. During the decision taking thewhole information for all interesting
events is buffered in readout pipelines. Typical numbers for the output rate at each
trigger level are 100kHz (≈100GB/s) after level one, 5kHz (≈5GB/s) after level
two and 300Hz (≈500MB/s) after level three. The latter finally corresponds to the
rate with which readout information is written to tape. The whole system can be
configured with a large menu of interesting event signatures that will compete with
each other within the available band width. This design guarantees a dead time free
readout of all interesting signatures. A similar trigger system has been laid out by
the ATLAS collaboration.

The two main assets of the CMS detector lie in the all silicon inner track detector
and in the high resolution crystal ECAL, inside the coil of the solenoid magnet,
such that its superior resolution is not too much compromised by pre-showering and
energy loss in front of the calorimeter. The compromise to the compact design choice
and the expensive ECAL is the HCAL with a thickness of only λi = 10 interaction
lengths and no granularity in the lateral readout. It turned out though that the potential
weakness of the HCAL could be largely compensated with the help of the excellent
inner track detector exploiting a dedicated particle flow algorithm [5, 6], with the aim
to reconstruct the full path of all particles emerging from the hard scattering process
on their way through the detector. The particle flow algorithm, which extends the
classical reconstruction, is based on the optimal determination of all independently
measured energy deposits in each individual detector component, as energy clusters
of different granularity in the ECAL and HCAL, and tracks in the inner and outer
track detectors.

In a first step these energy deposits are linked across all detector components. This
procedure starts from tracks in the inner detector, which are extrapolated through the
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active calorimeter material up to the first layers of the outer tracking chambers of
the muon system. Energy clusters in the calorimeters, which are crossed by the
extrapolated trajectories are linked to the corresponding tracks. Ambiguities after
linking are resolved according to the expected resolution in the calorimeters and
the track detector. Energy deposits in the calorimeters which significantly exceed
the track momentum are associated to neutral electromagnetic or hadronic particles.
If the extrapolated trajectory can be matched to a track in the muon system or at
least to a track segment and if the measured energies along the trajectory in the
calorimeter are compatible with the signature of a minimal ionizing particle, these
energy deposits are removed from the list of reconstructed objects and refitted to
obtain the best estimate for the energy and momentum of a combined reconstructed
muon track [7]. Linked energy clusters and tracks, which are compatible with each
other within the uncertainty of the track momentum measurement are also removed
from the list of reconstructed objects and refitted to obtain the best estimate of the
combined object, taking the resolution of the calorimeters and the track detector at
the given energy into account. This method assures that the energy or momentum
measurement of the combined object is driven by the detector component with the
best expected resolution, with a smooth transition between the detector components.
Tracks that can be linked to one or more energy clusters in the ECAL only, are
reconstructed as electrons. The reconstruction takes photons due to bremsstrahlung
into account [8, 9]. Tracks that can be linked to energy clusters in the ECAL and
HCAL are reconstructed as charged hadrons. Energy clusters in the calorimeters that
are not linked to any track are reconstructed as photons, if linked to clusters in the
ECAL only, and neutral hadrons if linked to clusters in the HCAL only or to clusters
in the ECAL and HCAL.

The result of the particle flow algorithm is a complete, unambiguous list of recon-
structed particles categorized into muons, electrons, charged and neutral hadrons,
which are the usual input for any further analysis. The particle flow algorithm allows
trivially to associate all charged particles to a reconstructed vertex that can be identi-
fied with the hard interaction vertex or with pileup. The vertex of the hard interaction
usually is chosen to be the one, with the highest transverse momentum squared,∑ �p2T , summed over all emerging tracks associated to it.

Quarks and gluons, which are involved in the hard interaction, due to their color
charge are produced together with a large number of additional quarks and gluons,
which freeze out into color neutral hadrons during a subsequent hadronization phase.
These particle sprays are usually clustered and collimated due to the highmomentum
transfer of the hard scattering process. This allows to determine the four momentum
of a single jet object composed from all individual reconstructed particles that it
contains. For all analyses described in the following this has been done using the
anti-kt clustering algorithm with an opening parameter of y = 0.5, as described
in [10]. The four momentum of this jet can be correlated back to the four momentum
of the initial quark or gluon with a finite resolution [11].

As mentioned in Sect. 1.3 throughout the text there will be an emphasize on the
measurements that have been made with the CMS detector. Where available the
public results from the ATLAS collaboration will be given for comparison at the end
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of the corresponding sections. It should be mentioned that the concept of having two
independent experiments to crosscheck each others results has been an important
design choice for the construction of the LHC. As discussed both experiments are
complementary in their layout, but have demonstrated a comparable performance
for the search for the SM Higgs boson that will be discussed in the following.

4.1.3 First Measurements of Known Standard Model Processes

The construction of the LHC took from 2000 till 2008. The accelerator started oper-
ation at 10 September 2008 but suffered from a major incidence during a quench,
that could not be controlled, only 9 days later. This incidence affected 100 dipole
magnets and set free 6t of helium, which evaporated into the tunnel system. A total of
53 superconducting magnets got seriously damaged or destroyed. When technicians
entered the affected tunnel sections for the first time two days after the incident they
entered a snow landscape due to the evaporated helium that had condensed the air
humidity on the walls of the tunnel system. The repair took another year and on
the 20 November 2009 the accelerator could finally be restarted. As a consequence
of the incidence the quench protection system had been significantly improved and
the energy of the proton beams had been reduced to 3.5TeV each in 2011, leading
to proton proton collisions at a center-of-mass energy of 7TeV. This reduction sig-
nificantly reduced the danger of uncontrolled quenches. This time the restart was a
full success, which led to a first data taking period with ≈5 fb−1 of collected proton
proton collisions in both main experiments in 2011. For 2012 the decision was taken
to increase the center-of-mass energy from 7 to 8TeV. At this center-of-mass energy
another dataset with ≈20 fb−1 of proton proton collisions per experiment could be
collected. These conditions set the scene for the hunt for the SM Higgs boson.

This hunt started off with an unprecedented campaign to find back and establish
all known and predicted processes of the SM, starting from the production of Z and
W bosons, via the production of top quarks in pairs (t t̄) and as single quarks up to
the pair production of W and Z bosons. The measurements were complemented by
theoretical predictions usually at a precision of up to NNLO in the strong coupling
constant, αs , which had been obtained in long lasting and challenging calculations
over many years. A snapshot of the knowledge and control that could be gained based
on these well established sectors of the SM is shown in Figs. 4.3 and4.4. In Fig. 4.3
the cross section of single W boson, single Z boson and top quark pair production, are
shown, inclusively and in association with additional jets. The first measurements
of the inclusive W and Z boson production cross section [14] as well as the first
measurement of the t t̄ production cross section [15] at a center-of-mass energy of
7TeV with the CMS experiment were based on a luminosity of ≈3pb−1 (≈0.012%
of the total collected dataset of the years 2011 and 2012). These measurements in
the first place probe the QCD based production in proton proton collisions (i.e. the
sector of strong interactions in the SM) and the understanding of the proton. The
production of W and Z bosons in association with jets are furthermore important
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Fig. 4.3 Snapshot of the understanding of the SM that had been achieved, here given for measure-
ments of the CMS collaboration, based on the data collected in 2011 and 2012, before the discovery
of the Higgs boson [12]. Shown are the measured cross sections for single W or Z boson produc-
tion and for top quark pair production in association with additional jets and the corresponding
predictions of the SM

background processes first for all measurements concerned with t t̄ production, and
in the next instance for the search for the SM Higgs boson, as will be discussed in
the following sections. The impressive agreement between the measurements and
the predictions based on the SM spans over six orders of magnitude. In Fig. 4.4 the
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Fig. 4.4 Snapshot of the understanding of the SM that had been achieved, here given for measure-
ments of the CMS collaboration, based on the data collected in 2011 and 2012, before the discovery
of the Higgs boson [13]. Shown is the ratio of the measured (σexp) over the predicted (σtheo) cross
section for several processes of inclusive diboson production

ratio of the measured (σexp) over the predicted (σtheo) cross section is shown for
several processes of diboson production. These measurements together with the first
measurement of single top quark production at the LHC [16] probe theweak sector of
the SM as discussed in Sect. 2.2. Also here the agreement between the measurements
and the predictions based on the SM is remarkable, maybe with a slight tendency for
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an enhanced production of dibosons in cases where W bosons are involved, which
only shines through since these production modes consistently appear slightly higher
than expected.

4.2 The Eve of the Hunt for the Higgs Boson

4.2.1 Decay Channels and Production Modes

The search for the SM Higgs boson seriously started in 2011, when enough events
had been accumulated to gain relevant sensitivity. It was conducted in a mass range
fromm H = 110 up to 1000GeV,whichwasmotivated by the unsuccessful preceding
searches at LEP and at the Tevatron and by the theoretical boundaries as discussed in
Sect. 3.1. The branching fractions as used for the search are shown in Fig. 4.5 [17].
In Fig. 4.5 (left), the total decay width, �H , as a function of m H is shown. Since the
Higgs boson coupling is proportional to the mass of the decay products the decay
width grows with increasing values of m H , as the decay into successively heavier
particles becomes energetically accessible. The first jump in �H at m H ≈ 160GeV
corresponds to the decay channels into W and Z bosons. This jump is additionally
enhanced by the fact that the coupling of theHiggs boson to themassive vector bosons
is proportional to the vector boson mass squared. A further increase can be seen at
m H ≈ 350GeV, where the decay channel into top quarks opens up. In Fig. 4.5 (right)
the decay fractions as derived from the total and partial decay widths are shown. It
illustrates a rich phenomenology with several competing decay channels for lower
values of m H , while above their kinematic thresholds the decay into W , Z bosons
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and finally into top quarks gain dominance over all other decay channels. The bands
in the figure correspond to the total theoretical uncertainty of each decay fraction
taking into account finite mass effects and uncertainties in the calculation of αs as
well as the effects of missing higher orders in the calculations, added linearly. For
m H ≈ 125GeV these uncertainties for the energetically and at the LHC accessible
decay channels are typically O(5%) [18].

The LHC search program for the SM Higgs boson comprised five main decay
channels: the decay into (i) W bosons (H → W W ), (ii) Z bosons (H → Z Z ),
(iii) photons (H → γγ), (iv) b-quarks (H → bb̄) and (v) τ -leptons (H → ττ ).
This choice guaranteed complete coverage of the whole relevant mass range down
to lowest values of m H , including all main decay channels, which are obviously
accessible at the LHC. It contains decay channels into vector bosons and fermions,
quarks and leptons to equal parts catching all most important characteristics of the
coupling structure of the SM Higgs boson that can be studied at the LHC. In the low
mass regime the decay channel into b-quarks is dominant, followed by the decay
into τ -leptons, giving access to the couplings to quarks and leptons. The decay into
photons appears unintuitive at first sight, since photons are massless objects (even
protected by the intact U (1)Y symmetry). But the coupling occurs at higher order
in perturbation theory and not at tree level as for the other decay channels. The
contributing leading-order diagrams proceed via a fermion or a W boson loop, as
shown in Fig. 4.6. Note that in loops always the coupling to the heaviest particle
dominates, leading to a dominant role of the top quark in the fermion loop. The same
is true when resolving the effective coupling to gluons, which follows the same line
of argumentation and plays a more important role in the discussion of the production
modes.

At 8TeV center-of-mass energy and for m H ≈ 100GeV the required fraction
of the parton momentum over the proton momentum is 〈x〉 ≈ 0.11. In Fig. 4.1
the probability to observe a valence quark (xuv and xdv) sea quark (x S) or gluon
(xg) for a given value of the parton momentum fraction, x , are shown at a scale of

H
W

γ

γ

H
t

γ

γ

Fig. 4.6 Sketch of the leading-order contributions to the decay of the SM Higgs boson into two
photons (γ), via a (left) W boson or (right) top quark loop. For the bosonic loop only the W boson
is of relevance, since the photon couples to the charge of the W boson. For the fermionic loop in
principle each fermion can contribute, but the dominant contribution is via the heaviest particle that
runs in the loop. In cross section calculations the fermion loop enters with a minus sign, leading to
a destructive interference terms and lowering the overall decay rate into photons, in the SM. This
will be further discussed in Sect. 5.3
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Fig. 4.7 Expected cross
section for SM Higgs boson
production at 8TeV, split by
production modes, as
determined from [17, 19,
20]. The curve on the top
(with the blue band)
corresponds to gg → H
production, followed by
(red) qq → H production
and Higgs boson production
in association with (green)
W bosons, (brown) Z bosons
and (magenta) t t̄ pairs. The
bands correspond to the
theoretical uncertainties
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Q2 = (100GeV)2. The figure illustrates the overwhelming dominance of gluons
over quarks as initial partons of the hard scattering process, which is in contrast to
the Tevatron, where much larger values of 〈x〉 ≈ 0.25 had to be probed to reach out
to a similarly large energies. Consequently the dominant mode for the production
of SM Higgs bosons at the LHC is gluon fusion (gg → H ) as shown in Fig. 4.7
[17, 19, 20]. This is the case although the effective coupling of the SM Higgs boson
to gluons proceeds only at one-loop level and not at tree level, as discussed before.
The next important production mode is via vector boson fusion (qq → H ), which
over the gluon fusion exhibits a specific event signature, emerging from the scattered
quarks, from which the vector bosons are radiated off, and characterized by two well
separated jets in the forward and backward direction of the detector with no further
hadronic activity in between. Less prominent production modes are Higgs strahlung,
which results in the production of Higgs bosons in association with Z (Z H ) or W
(W H ) bosons (the most important production mode at LEP and at the Tevtron) and
Higgs strahlung in association with top quark pairs (t t̄ H ). Typical diagrams for these
processes are shown in Fig. 4.8.

The expected cross section for each production mode as used for the final CMS
publications based on the LHC run-1 dataset of the years 2011 and 2012 are shown
in Table4.1. All but the cross section for the production in association with top quark
pairs have been calculated in NNLO in the strong coupling constant αs and at NLO
in the fine structure constant α. The production cross section in association with top
quark pairs has been calculated at NLO precision in αs . The first uncertainty in the
table corresponds to the uncertainty due to missing higher orders in the perturba-
tion series, usually estimated by a variation of the renormalization and factorization
scales by a factor of two. It is O(7%) for gluon fusion and O(1%) and below for
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H ), (lower left) Higgs boson production in association with vector bosons (Z H , W H ) and (lower
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Table 4.1 (Left) Cross section for the production modes of the SM Higgs boson, in proton proton
collisions at a center-of-mass energy of 8TeV and (right) branching fractions (BR) of the SMHiggs
boson, each for m H = 125GeV, as determined from [17, 19, 20]

Process Cross section
√

s = 8TeV, m H = 125GeV Final state BR
�H = 4.04MeV

gg → H 19.52 ± 1.47 ± 1.40pb γγ 0.00229

qq → H 1.578 ± 0.003 ± 0.043pb W W 0.216 (0.0106)

W H 0.6966 ± 0.0023 ± 0.024pb Z Z 0.0266
(0.000126)

Z H 0.3943 ± 0.0061 ± 0.014pb bb̄ 0.577

t t̄ H 0.1302 ± 0.0085 ± 0.010pb ττ 0.0637

On the left the first uncertainty corresponds to missing higher-order corrections, the second uncer-
tainty to insufficient knowledge of the parton density functions. On the right the values in braces
correspond to the decay chains with electrons and muons in the final state. The uncertainty on the
branching fractions is O(5%)

vector boson fusion and Higgs boson production in association with vector bosons.
The larger uncertainties on the production cross section via gluon fusion can be
explained from the fact that this production mode sets in only at one-loop level in αs

in contrast to the vector boson related production modes. The second uncertainty in
the table corresponds to the limited knowledge of the parton density functions in the
proton. It is again O(7%) for gluon fusion and O(3%) for the vector boson related
production modes. As can be seen from the table the vector boson fusion process
and the production in association with vector bosons are known with remarkable
precision (with the largest uncertainty from the insufficient knowledge of the quark
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density functions at medium parton momentum fraction x), while the knowledge of
the gluon fusion process is still moderate despite of the large effort that went into the
calculation of higher orders. This underlines the importance of higher-order calcu-
lations for the estimation of the production rates of purely QCD induced processes.
All production modes sum up to a total cross section of ≈22pb in proton proton
collisions at 8TeV center-of-mass energy, compared to a roughly 10× larger cross
section for the production of top quark pairs with ≈250pb and a cross section for
the production of single top quarks of ≈80pb. For a center-of-mass energy of 7TeV
the cross section for the production of the SM Higgs boson decreases by ≈20%, for
a center-of-mass energy of (13) 14TeV it increases by a factor of (2.25) 2.5.

4.2.2 First Searches and Statistical Methods

Searches for the SM Higgs boson were first published by the ATLAS and CMS col-
laborations based on the complete 7TeV dataset with roughly 5 fb−1 for each exper-
iment, in 2011 [21, 22]. All searches had been performed “blind”, which means
that the strategies for event selection, crosscheck of the normalization and kinematic
distributions of background processes and signal extraction methods as well as the
determination of reconstruction efficiencies and calibration constants were defined
by the analysts without knowing the data in the signal region of the search. This
procedure shall guarantee that the analysts are not influenced in their decision tak-
ing by the appearance or non-appearance of a potential signal in the data. These
decisions are taken to best knowledge in theory and simulation and according to the
assessment of control of the data in predefined background control regions. After the
analysts have declared the analysis to be final it is “frozen” and the signal region is
“unblinded”. After this “unblinding” step, the analysis is not allowed to be changed
any more.

The results of the searches were presented in form of upper limits on the produc-
tion cross section, σ, in terms of the cross section, σSM, as expected by the SM for a
given value of m H . For these limits again the search strategy and statistical methods
as developed for the searches at LEP were adopted to the needs and the technological
developments by that time. Theoretical and experimental uncertainties were imple-
mented in form of nuisance parameters θ in the definition of the likelihood functions.
Analogue to Eq. (3.10) the test statistic was defined as a likelihood ratio,

qμ =
L

(
n| μ · s(θ̂k,μ) + b(θ̂k,μ)

)

L
(

n| μ̂ · s(θ̂k) + b(θ̂k)
) 0 ≤ μ̂ < μ (4.1)

but this time estimated for a given test value of μ = σ/σSM for the (s +b)-hypothesis
(indicated by the subscript qμ in the equation) where, as in the Tevatron definition
a fit to the data was applied prior to any further statistical inference to determine

http://dx.doi.org/10.1007/978-3-319-18512-5_3
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the most probable values, μ̂ for μ and θ̂k,(μ) for the nuisance parameters, θk,(μ)

(for the given test value of μ). The ratio μ is called signal strength. In contrast to the
Tevatron definition, the signal strength was not explicitly set to 0 for the b-hypothesis
in the denominator of the likelihood ratio. Instead it was allowed to vary between
0 and the fixed test value, μ, in the numerator. In this way the θ̂k correspond to
the absolute minima and the θ̂k,μ to the minima for the fixed test value of μ. This
definition turns the likelihood ratio into a profile likelihood function and allows to
use asymptotic χ2 formulae in the further statistical inference [23], preventing the
CPU intensive evaluation of thousands of toys, as in the case of the Tevatron test
statistic. The confidence intervals C Ls+b, C Lb and the ratio of confidence intervals
C Ls remained the same as defined in Eq. (3.11). If C Ls ≤ α for μ = 1 and a
given value of m H , this mass point was considered excluded at the (1− α) CL. The
expected exclusion in the absence of a SM Higgs boson for a given value of m H

was also used to quantify the “exclusion sensitivity” of a given analysis, in terms of
multiples of σSM. The conventional value for α was chosen to be 0.05, translating
into exclusion statements at 95% CL as in previous searches. For the quantification
of an access the test statistic

q0 =
L

(
n| b(θ̂k,0)

)

L
(

n| μ̂ · s(θ̂k) + b(θ̂k)
) 0 ≤ μ̂ (4.2)

as a special case of Eq. (4.1) for μ = 0 was used to obtain the p-value, with slightly
modifiedboundary conditions for μ̂. The limits as published at the eveof the discovery
in July 2012 are shown in Figs. 4.9 and4.10. They correspond to the full dataset that
had been analyzed by that time with a center-of-mass energy of 7TeV, corresponding
to a luminosity of approximately 5 fb−1 for each experiment. In the upper parts of
the figures the 95% CL exclusion limits as measured by the ATLAS and the CMS
experiment are shown. The black points connected by the black line correspond to
the observed 95% CL upper limit on the production cross section in terms of σSM.
The median expected limit in the absence of a SM Higgs boson for a given value of
m H (corresponding to the b-hypothesis) is shown as dashed line with the 1σ (2σ)
uncertainty indicated by the dark green (bright yellow) band. For a fixed value of
m H the expected limit and its uncertainties correspond to the median and the 68 and
95% quantiles of a distribution equivalent to the distributions for the background
only hypothesis as shown in Fig. 3.6.

For the CMS experiment the expected exclusion limit at 95% CL ranged from
118 to 543GeV. The observed exclusion limit was in a range from 127 to 600GeV.
In a range between 118 and 127GeV the presence of a SM Higgs boson could not
be excluded and even in a slightly narrower range, between 121 and 126GeV, the
observed limit exceeded the expected limit by more than 2σ. This excess had its
maximum at a value of m H � 124GeV with a p-value of 0.001, corresponding to a
significance of 3.1σ. As can be seen from the bottom of Figs. 4.9 and4.10 this excess
in the data was strongest in the H → γγ decay channel for both experiments. At the

http://dx.doi.org/10.1007/978-3-319-18512-5_3
http://dx.doi.org/10.1007/978-3-319-18512-5_3
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Fig. 4.9 (Top) exclusion contour and (bottom) p-values for the search for the SMHiggs boson with
masses from 110 to 600 (150)GeV, based on the 7TeV dataset taken in 2011 and corresponding to
a luminosity of ≈5 fb−1, collected with the ATLAS experiment [21]

eve of the discovery in July 2012 the situation was the following: clear exclusions
had been set for finding a SM Higgs boson at higher masses, mostly driven by the
dominant high mass decay channels into vector bosons; there were hints of a signal,
which were not conclusive yet; and there were more data at the higher center-of-mass
energy of 8TeV to be analyzed.
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Fig. 4.10 (Top) exclusion contour and (bottom) p-values for the search for the SM Higgs boson
withmasses from 110 to 600 (145)GeV, based on the 7TeV dataset taken in 2011 and corresponding
to a luminosity of ≈5 fb−1, collected with the CMS experiment [22]. In the exclusion contour of
CMS also the excluded mass values from LEP and Tevatron by that time are indicated

4.3 The Discovery of a New Particle in the Bosonic
Decay Channels

In July 2012 both experiments ATLAS and CMS had analyzed the first 5 fb−1 of
proton proton collision data at the higher center-of-mass energy of 8TeV. On 4 of
July 2012 the discovery of a new boson was announced in a CERN seminar prior
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to the International Conference of High Energy Physics (ICHEP) in Melbourne,
Australia [24–26]. The evidence that had shown up in the 7TeV data already, was
confirmed. The excess had shown up in two independent decay channels and in
both experiments at approximately the same position of m H ≈ 125GeV, and the
combined measurements of all search channels for each individual experiment had
reached the 5σ level. The local p-value of the final publication based on the same
dataset for each of the experiments, as a function of m H , is shown in Fig. 4.11.

The figure shows that for each experiment the discovery was driven by the H →
γγ and H → Z Z decay channels, which have a relative mass resolution between
1–2% in m H . In the case of CMS the H → γγ decay channel alone reached a
significance of >4σ, followed by the H → Z Z decay channel with a significance
of >3σ at about the same value of m H . Both excesses are supported by an expected
broad excess of ≈2σ in the H → W W decay channel. The combination of all decay
channels added up to the 5σ excess that had been reported. For ATLAS the situation
was similar, while the excess was a bit larger and a small difference in m H was
observed between the H → γγ and the H → Z Z signal.

It is worth mentioning that the discovery could only be established in the decay
channels into bosons, which also most radically challenge the concept of local gauge
symmetries. Note that the problem of the SM with mass terms for fermions is only
introduced by the fact that the W boson couples only to left-handed fermions, and
that this problem could in principle be solved differently from the solution that has
been explained inChap.2. The question, whether theHiggsmechanism as introduced
in Chap.2 would also solve the problem of fermion masses in the SM still remained
unanswered: the two fermionic decay channels that were in the reach of the LHC,
H → bb̄ and H → ττ did not show any significant excess, which was a tribute to the
fact that both channels had not reached the sensitivity yet, to be able to see the excess
for a SM like Higgs boson. Indeed both decay channels at both experiments were
just around the corner to give a more conclusive answer to this question. Indirect
conclusions could be drawn from the over all consistency of the production and
bosonic decay structure, since both the main production process, via gluon fusion
(gg → H ) and the loop induced decay into photons would proceed (at least partially)
via a fermionic loop, as depicted in Figs. 4.6 and4.8.

The fact that the newparticlewas a bosonwas clear from its confirmed observation
in the decay channels into photons or Z bosons, which are both bosons with spin
1. These two decay channels also fixed the mass of the new particle, with the high
precision of a few hundredMeV tom H = 125GeV and thus the predicted production
cross section to the ≈22pb at 8TeV that have been discussed in Sect. 4.1. With the
mass of the new boson, when interpreted as the Higgs boson of the SM, the last
ambiguity of the SM was resolved.

In the wake of this discovery several updated results with increasing luminosity
have been presented at conferences, investigating the development of the excess and
first properties of the new boson, based on preliminary alignment and calibration
constants of the detectors, that had been used during data taking. The first data
taking period of the LHC was completed by the end of 2012 with a total amount
of 5 fb−1, taken at 7TeV, and 20 fb−1, taken at 8TeV center-of-mass energy. At this

http://dx.doi.org/10.1007/978-3-319-18512-5_2
http://dx.doi.org/10.1007/978-3-319-18512-5_2


4.3 The Discovery of a New Particle in the Bosonic Decay Channels 101

 (GeV)Hm
110 115 120 125 130 135 140 145 150

Lo
ca

l p
−

va
lu

e

-910

-810

-710

-610

-510

-410

-310

-210

-110
1

Expected Combined

Observed Combined

γγ→Expected H 

γγ→Observed H 

 llll→ ZZ* →Expected H 

 llll→ ZZ* →Observed H 

νlν l→ WW* →Expected H 

νlν l→ WW* →Observed H 

 bb→Expected H 

 bb→Observed H 

ττ→Expected H 

ττ→Observed H 

ATLAS 2011 + 2012 Data
s VeT7=, -1L dt ~ 4.6-4.8 fb∫ s VeT8=, -1L dt ~ 5.8-5.9 fb∫

σ0 
σ1 
σ2 
σ3 

σ4 

σ5 

σ6 

 (GeV)Hm

110 115 120 125 130 135 140 145

Lo
ca

l p
-v

al
ue

-1210

-1010

-810

-610

-410

-210

1
σ1
σ2

σ3

σ4

σ5

σ6

σ7

Combined  obs.
Exp. for SM H

γγ→H

 ZZ→H
 WW→H

ττ→H
 bb→H

Combined  obs.
Exp. for SM H

γγ→H

 ZZ→H
 WW→H

ττ→H
 bb→H

CMS
-1= 8 TeV, L = 5.3 fbs-1= 7 TeV, L = 5.1 fbs
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both experiments, (top) ATLAS [24] and (bottom) CMS [25, 26], on 4 July 2012, based on 5 fb−1

of data at 7TeV and 5 fb−1 of data at 8TeV center-of-mass energy

time the LHC entered an upgrade phase to restart a new measurement program with
increased instantaneous luminosity and increased center-of-mass energy of 13TeV,
with the aim to collect 300 fb−1 in a second period of three years data taking from
2015 on. These data should allow to measure the properties of the new boson at an
accuracy level of O(3–5%) across all main decay channels.
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In Spring 2014 the CMS experiment published the complete and final set of
analyses in the five main decay channels that had been presented by the time of
discovery, based on the full dataset of the first data taking period of 2011 and 2012
[27–31]. These results exploit the final calibration and alignment of the detector
and most refined analysis strategies, which represent the best understanding of the
data and lay path for analyses strategies from 2015 on. For the re-analysis the data
had been “re-blinded” to prevent selection biases. The analyses have been increased
in complexity, more elaborate signal extraction methods have been applied and the
event categorization has been increased to further exploit the characteristics of SM
Higgs boson production. In additionmore analysis channels and an inclusive analysis
for Higgs boson production in association with top quark pairs have been published.
Compared to the preliminary results they give a good and instructive example of
what can be achieved by the careful analysis of a closed high quality dataset in the
timespan of one year. These publications give the final word of the CMS experiment
on the first data taking period of the LHC. The following discussion will be based
on these final results. For the decay channels which have been part of the discovery
the simplifications that had been made by the time of the discovery will be briefly
discussed at the end of the corresponding sections. The results will be compared to
the results by the ATLAS collaboration where available.

4.3.1 The Signal in the H → γγ Decay Channel

The search for the SM Higgs boson in the decay channel into two photons for low
values ofm H [27] is one of the analyses that theCMS detectorwith its excellentECAL
has been built for. The signature of this decay channel consists of two high energetic
isolated high transverse momentum photons that are reconstructed as clusters in the
ECAL. The term isolated indicates that no significant hadronic activity in the vicinity
of the reconstructed photons is expected, since neither the Higgs boson, nor the
photons carry color charge and thus do not take part in the strong interaction.

The strength of this decay channel lies in the clear and easy to reconstruct signature
and in the high resolution of the invariant diphoton mass, mγγ that can be achieved,
which is of the order ofO(1–2%). Difficulties arise from the large background from
non-resonant QCD diphoton production or single photon production in association
with jets, of which fragments might be misidentified as a second photon. For a mass
of the SM Higgs boson of m H = 125GeV the branching fraction of this decay
channel is B R(H → γγ) = 0.00229 leading to an expectation of ≈1000 signal
events in the 8TeV dataset, not taking any reconstruction or selection inefficiencies
into account. The naively expected signal over background ratio (S/B) is O(1/10),
depending on the exact kinematics and topology of the events.

Tomaximize the sensitivity of the analysis, the standard reconstruction techniques
of CMS had been refined in several aspects. The final calibration of the reconstructed
photons had been obtained from amultivariate regressionmethodmapping the recon-
structed onto the true photon energy in simulated events. This calibration had been
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validated with well reconstructed and identified Z → ee events, where the electrons
had been reconstructed and selected as if theywere photons. In a comparison between
data and simulation an overall good agreement had been found as a function of the
photon kinematics and several reconstruction related quantities. Correction factors
and additional smearing coefficients had been derived and applied to account for
small residual imperfections of the detector description in the simulation.

The photons for the analysis had been selected to have transverse momenta of
pγ

T > 33(25)GeV for the (sub-)leading photon in addition to some loose selection
criteria based on the shape of the reconstructed photon clusters, the energy in the
hadronic calorimeter sections behind the reconstructed photons and a veto on the
reconstructed photon of being an electron. The latter can be easily achieved by
requiring that no charged particle track is pointing towards the reconstructed cluster
in the calorimeter. Any further identification had been left to a multivariate event
classifier based on a boosted decision tree (BDT) technique [32–34] for photon
identification (photon ID BDT score), with the following additional information as
input: the shape of the reconstructed photon shower in theECAL and in the preshower
detector; the energy deposits in the vicinity of the reconstructed photon; the median
of the energy density in the detector per unit area (a variable related to the amount
of pileup in the event); the pseudorapidity, η, and the energy of the reconstructed
photon cluster in the ECAL as well as of the fully reconstructed photon.

The photon ID BDT score had been validated comparing Z → μμγ or Z → ee
eventswith the simulation,where in the latter case the electron veto had been removed
from the selection and, as for the validation of the photon energy calibration before,
the electrons had been reconstructed as if they were photons. A comparison of the
photon ID BDT score as obtained in data with the simulation composed of γ-γ, γ-jet
and jet-jet events is shown in Fig. 4.12 (left). In the figure the black points with the
error bars correspond to the data and the black line with the dark (purple) shaded
band to the simulation. The expected photon ID BDT score for the H → γγ signal
is also shown by a red line. Note that in this figure the number of expected H → γγ
events has to be read off from the second axis on the right of the figure. In the final
event selection only those photons were considered, for which the photon ID BDT
score was above an optimized threshold, which was found to retain 99% of all signal
events, rejecting roughly a quarter of the events in data.

The resolution of mγγ does not only depend on the energy resolution of the
reconstructed photon clusters, but also on the calculation of the opening angle of
the two photons, which itself depends on the correct choice of the vertex of the
hard interaction. For this analysis the standard choice of the hard interaction vertex
had been replaced by a channel specific multivariate selection method, to assign
a probability of the chosen vertex to be correct (vertex probability estimate). To
achieve this, in a first step a multivariate discriminator had been build using not only
the

∑ �p2T of the emerging tracks as input, as used by the standard choice, but also the
sum of the pT of the emerging tracks projected onto the direction of the reconstructed
diphoton pair in the transverse plane, −∑

( �pT · n̂γγ
T ), and the asymmetry between
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the summed transverse momentum in the vertex and the transverse momentum of
the diphoton system,

Aγγ
vtx =

∣∣∑ �pT
∣∣ − | �pγγ

T |
∣
∣∑ �pT

∣
∣ + | �pγγ

T |
where the additional information was motivated by the idea that the transverse
momentum summed over the charged tracks in the correct interaction vertex should
balance the transverse momentum of the diphoton system.

The output of this discriminator for the vertices with the three highest scores,
the distances between the vertex with the highest score and the vertices with second
and third highest score, the total number of reconstructed vertices, the transverse
momentum, pγγ

T , of the diphoton system and the information whether none, one or
both photons had tracks from an intermediate γ → ee conversion associated, had
been fed into another multivariate classifier to obtain the final vertex probability
estimate for finding the vertex of the hard interaction. As a function of pγγ

T this
discriminator has a steep rise and reaches a plateau at a probability of about 96%,
for the 8TeV dataset. Integrated over pγγ

T the probability to assign the correct vertex
had been found to be 85% on the 7TeV dataset and 80% on the 8TeV dataset, where
the loss in efficiency in the 8TeV dataset could be attributed to the increased pileup
in the events.

The vertex probability estimate hadbeenvalidated comparing the data in dedicated
control samples with the simulation. These control samples consisted e.g. of a clean
selection of Z → μμ events, from which the charged particle tracks belonging to
the reconstructed muons had been used to identify the vertex of the hard interaction.
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In the subsequent step these tracks had been removed from the reconstructed event
and the vertex identification procedure as described above had been applied on the
remaining event. A comparison of the data with the simulation, both for events for
which the proper vertex could be assigned and for events, where this was not the
case, are shown in Fig. 4.12 (right). The open points with the error bars correspond
to the data for the events where the vertex of the hard interaction could be identified,
the black points with the error bars correspond to the events, where this was not
the case. These have to be compared with the open red and filled blue histograms
correspondingly. The correlation of the vertex probability estimate with the actual
probability to find the vertex of the hard interaction can be assessed from the display
of both event classes, which becomes more obvious from the crossing point of both
distributions at the value of 0.5 or from the dominance of correct vertex associations
at the value of 1.0. A very good agreement between data and simulation can be
seen over the whole range in both event classes, which demonstrates that the vertex
probability estimate is well under control.

For the final statistical inference, events with two well identified photons were
selected with a transverse momentum of pγ

T > mγγ/3 (mγγ/4) for the (sub)-leading
photon. In the rare case ofmultiple diphoton candidates, the onewith thehighest pγ1

T +
pγ2

T was chosen. The use of the pγ
T thresholds divided by mγγ prevents distortions

at the low end of the mγγ spectrum, that would occur if fixed thresholds would have
been applied. The discriminating variable was chosen to be mγγ in a mass range of
100 < mγγ < 180GeV. To increase the sensitivity of the analysis the events were
divided into categories exploiting specific characteristics of the SM Higgs boson
production modes or characterizing the event according to the expected signal to
background fraction (S/B) and resolution of mγγ . The classification according to
the characteristics of the production modes, qq → H , V H and t t̄ H affected only
1% of all selected events and should rather be taken as laid out for future analyses
from 2015 on. The classification of the remaining 99% of the events was made based
on another multivariate discriminator (diphoton BDT classifier score), built from the
following input variables: the photon transverse momenta, pγ

T /mγγ ; pseudorapidity,
η, and the value of the photon ID BDT score of each photon; the cosine of the
angle between the two photons in the transverse plane; an estimator of the expected
relative resolution of mγγ under the hypothesis of selecting the correct or a wrong
interaction vertex; and the value of the vertex probability estimate. This multivariate
discriminator for the 8TeV dataset is shown in Fig. 4.13, where the discriminator
has been transformed to be flat for the combined signal contribution. In the figure
the black points with error bars correspond to the data and the blue open histogram
to the expectation from the simulation. The split of the signal sample by SM Higgs
boson production modes is indicated by filled histograms in various shades of red.
Note that in this figure again the number of H → γγ events has to be read off from
the additional axis on the right.

Dashed horizontal lines indicate the thresholds that had been chosen for the event
categorization, where the event category with the highest S/B ratio and the best
resolution inmγγ can be found on the right of the distribution, with the highest values
of the diphoton BDT classifier score. Events with a small score, corresponding to the



106 4 Discovery of the Higgs Boson at the Large Hadron Collider

Transformed diphoton BDT classifier score
0 0.2 0.4 0.6 0.8 1

0.1

1

10

210

310

410

510

1

10

210

310

410

510

610
 (8 TeV)-119.7 fb

CMS
D

at
a 

ev
en

ts
 / 

0.
02

 e
ve

nt
s 

/ 0
.0

2
γγ

→
H

Data
MC Background

 = 125 GeV)
H

 (mγγ→H

ggH
VBF
WH/ZH
ttH
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shaded area on the left of the figure, were not considered for the further statistical
inference. In the best event category the signal over background fraction from the bare
number of events across the whole mass range is S/B ≈ 1/40, rapidly decreasing
for the less sensitive event categories.

Similar categorizations were derived in the qq → H classified events, as far as
the number of selected events in this event category allowed, resulting in a total of
25 independent event categories for the combined 7 and 8TeV dataset. The largest
expected purity of a single production mode with respect to the other production
modes was reached in the t t̄ H tagged event categories with usually �90%. On
the combined dataset these event categories had an expectation of ≈2.5 background
events within the expected resolution in the vicinity ofmγγ ≈ 125GeV and≈1.3 SM
Higgs boson events, while≈5 events had been observed. Themost sensitive inclusive
event category on the 8TeVdataset (as indicated in Fig. 4.13) had an expected fraction
of 75.7% for gg → H events and 11.9% of qq → H events when compared to the
sum of all SM Higgs boson production modes. In the vicinity of mγγ ≈ 125GeV
the expected number of background events was ≈5 and the expected number of SM
Higgs boson events ≈6, resulting in an S/B ratio in the mass region of interest of
≈1. The comparison to S/B ≈ 1/40, when determined from the event numbers in
this event category across the whole mass range, as indicated above, underlines the
importance of the mass resolution in this analysis. On the other hand the resolution
of mγγ must be controlled to an excellent level, which constitutes one of the main
challenges of this analysis.
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The mγγ distribution for all selected events summed over all 25 event categories
and weighted by the S/(S+ B) ratio in each event category is shown in Fig. 4.14. The
weighting roughly resembles the event weights in the test statistic in the statistical
inference as discussed in Sect. 3.4. The black points with the error bars correspond to
the weighted data events. The continuous and dashed red line with the bright yellow
and dark green bands corresponds to the models for the (s + b)- and b-hypothesis
and the one and two σ uncertainty of the b-hypothesis after applying an unbinned
maximum likelihood fit as used for the signal extraction. Both, the models for the
(s + b)- and b-hypothesis are analytical thus that no assumptions about the shape
of the background distribution enter into the statistical inference other than being of
non-peaking nature. Uncertainties on the assumed background modeling had been
carefully estimated and added in form of a discrete nuisance parameter to the likeli-
hood model. In the lower panel of the figure the same events are shown, where the
expectation from the b-hypothesis has been subtracted from theweighted data events.
A clear signal is visible on top of a huge background, which has been quantified by

http://dx.doi.org/10.1007/978-3-319-18512-5_3
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the p-value to correspond to an observed (expected) significance of 5.7σ (5.2σ) at
m̂ H = 124.7GeV on the combined dataset. These significances correspond to an
observed value of μ̂ = 1.14±0.25, well compatible with the expectation of μ = 1 as
predicted by the SM. Evaluated at m H = 125.0GeV the observed (expected) signif-
icance changes to 5.6σ (5.3σ), corresponding to a value of μ̂

∣∣
125GeV = 1.12±0.24.

Compared to the analysis as published by the time of the discovery, apart from
the increased number of events, the photon energy calibration on the final dataset
had been revised introducing a time dependent calibration, which resulted in an
improvement of themγγ resolution up to≈40% in themass range ofmγγ ≈ 125GeV.
Keeping in mind the importance of the mγγ resolution this constitutes a substantial
improvement of the analysis. The multivariate discriminators had been retrained and
adjusted to maximize the expected sensitivity of the analysis. In addition the number
of event categories had been increased from 11 to 25 and the assessment of the
uncertainty on the background modeling had been significantly improved.

Two crosscheck analyses had been made to validate the event classification and
the signal extraction method and in both cases similar results with less sensitivity had
been obtained.When split into the 7 (8)TeV dataset the values for μwere found to be
μ̂ = 2.22±0.59 (0.90±0.25). As already observed by the time of the discovery the
signal in the 7TeV dataset was higher than expected from the SM, while in the 8TeV
dataset it turned out to be slightly below, which can both be attributed to statistical
fluctuations. When checked across 24 out of the 25 independent event categories of
the analysis of the 7 and 8TeV dataset, the χ2 probability of the obtained values of
μ̂cat for each category was found to be 74%.1 From the plot shown in Fig. 4.14, even
though sitting on top of a huge pedestal of background events the discovery of the
new particle in the H → γγ decay channel is indisputable.

4.3.2 The Signal in the H → ZZ Decay Channel

Also the analysis in the decay channel into two Z bosons, H → Z Z [28], is straight
forward. Several sub-decay channels of the Z Z system are accessible, of which the
decay into four leptons (where the term lepton refers to an electron or muon through-
out this section) is often referred to as golden channel for the following reasons:
the event signature with four isolated leptons with high transverse momentum can
be easily identified; the event rate of all known background processes in the SM is
low and the leptons can be reconstructed with high accuracy. In addition the final
state with the four leptons preserves all kinematic information of the decay in the
reconstructed final state, which allows further detailed studies of the properties of
the new particle.

As the H → γγ decay channel the H → Z Z → 4� decay channel is
characterizedbyan excellent relative resolutionof the four lepton invariantmass,m4�,

1In one category the fit did not converge due to the limited number of events. This event category
is thus not part of the compatibility test.
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between 1–2%, but unlike the H → γγ decay channel across most of the interesting
range of m4� it furthermore profits from a very good S/B ratio. Challenges in this
decay channel arise from the low branching fraction of B R(H → Z Z → 4�) =
1.26 × 10−4, corresponding to a total of not more than ≈50 signal events before
reconstruction and selection in the 8TeV dataset. Consequently the highest prior-
ity in this decay channel must be assigned to the most efficient reconstruction and
selection of these few events over a small background. Backgrounds constitute from
diboson production, single Z boson production in association with jets, where parts
from the jets might be misidentified as leptons originating from another Z boson and
from top quark pair production where again, leptons and misidentified jets might
accidentally be interpreted as originating from Z bosons.

Three sub-channels were considered: (i) the decay channel into 4μ (with the best
resolution of m4�); (ii) the decay channel into 2μ2e and; (iii) the decay channel
into 4e. In the analysis electrons were required to have a transverse momentum of
pT (e) > 7GeV and to be fully contained within the geometrical acceptance of the
ECAL defined by |η(e)| < 2.5. The distinction of true electrons from jet fragments
and detector noise, which might accidentally have been reconstructed as electrons,
was performed with the help of a multivariate discriminant. Muons were required
to have a transverse momentum of pT (μ) > 5GeV and to be contained within the
geometrical acceptance of the muon system, defined by |η(μ)| < 2.4. Both electrons
and muons were required to be isolated, again motivated by the fact that they should
originate from a color neutral Z boson. The isolation requirement was based on
the sum of the transverse momenta (energies) of all reconstructed charged (and
neutral) particles in the vicinity of the lepton. Of the charged particles only thosewere
considered, which originated from the hard interaction vertex, which in this analysis
was chosen according to the standard selection as described in Sect. 4.1.2. The energy
from neutral particles in the isolation requirement was corrected for contributions
from pileup, which otherwise might degrade the efficiency of the selection. This
correction was based on an estimate of the median of the energy originating from
pileup, distributed across the detector (in the case of electrons) or from the sum of
transverse momentum, of charged tracks that have been associated to vertices from
pileup, which was then translated into an estimate for the neutral energy, using the
expected ratio of neutral to charged particles in proton proton collisions. Finally, the
sums of the energy were divided by the transverse momenta of the corresponding
leptons. In order to suppress leptons from charged kaon and pion in-flight decays or
muons from cosmic rays the impact parameter of the lepton candidates relative to
the hard interaction vertex was required to be smaller than 4 times the uncertainty of
this estimate. Selection efficiencies, energy scales and resolutions were monitored
and residual corrections were derived with the help of Z → �� events or low mass
resonances like the J/ψ and the ϒ to reach out to the lowest lepton transverse
momenta with the monitoring. To improve the resolution of the two and four lepton
invariant mass, an algorithm was applied to identify photons that might have been
radiated off from a selected lepton in a final state radiation, bremsstrahlung process.
The efficiency of correctly identifying such photons had been estimated to be≈50%
for a purity of ≈80%. The recovery of radiated photon energies lead to an efficiency
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gain of ≈3%, 2%, 1% in 4μ, 2μ2e and 4e events. It might be surprising that muons
seem to be more affected by final state radiation of bremsstrahlung photons than
electrons. This can be understood by twomeans: (i) indeed the transversemomentum
of muons and their bending in the 3.8T magnetic field of the CMS detector is not so
small, such that bremsstrahlung also for muons occurs more often than one might
naively expect; (ii) in the case of electrons the energy radiated off via bremsstrahlung
is already re-captured by the electron reconstruction algorithm, for which this was
an explicit design requirement.

The first step of selecting H → Z Z → 4� events was to require four well
identified and isolated leptons originating from the same reconstructed vertex of
the hard interaction. Candidates of Z bosons were then formed from same flavor
opposite charge leptons. When forming the Z boson candidates final state radiation
photons were taken into account if they brought the mass of the Z boson candidate
closer to the nominal Z boson mass, up to a maximum value of m��γ = 100GeV.
This affected 9%, 4.6%, 1.5% of all H → Z Z → 4μ, H → Z Z → 2μ2e and
H → Z Z → 4e events according to the simulation. Again the larger effect on events
containing muons can be explained by the reconstruction algorithms.

Form H < 2m Z one Z boson has to be produced off-shell.Of all possible opposite-
charge lepton pairs in the event, the one with the invariant mass closest to m Z was
declared as Z1. The mass of this Z boson candidate was required to lie within
40 < m Z1 < 120GeV. Then all remaining leptons were used to form a second Z
boson candidate referred to as Z2. The chosen Z2 candidate was required to satisfy
an invariant dilepton mass requirement of 12 < m Z2 < 120GeV. If more than one
Z2 candidate satisfied all object criteria the one with the highest scalar sum of the
lepton transverse momenta was chosen. Among the four selected leptons forming the
two Z boson candidates the transverse momentum of at least one lepton was required
to fulfill a transverse momentum requirement of pT (�) > 20GeV and the transverse
momentum of another lepton was required to be pT (�) > 10GeV, to guarantee
that the selected leptons fulfilled the criteria of the online selection. Furthermore it
was required that the invariant mass of any same flavor opposite charge pair of the
selected leptons be m�+�− > 4GeV to prevent that the leptons might have originated
from low mass resonances, heavy flavor quark decays, or jet fragments. Finally, the
search range was restricted to m4� > 100GeV.

The geometrical acceptance, reconstruction and selection efficiency for SMHiggs
boson events with this selection rapidly increases as a function of m H up to the kine-
matic edge of m H ≈ 2m Z , where it roughly flattens out. For m H ≈ 125GeV
the over all acceptance, reconstruction and selection efficiency was found to be
≈62%, 43%, 30% for SM Higgs boson events in the 4μ, 2μ2e and 4e final state,
where the acceptance has been estimated from the simulation of the gg → H pro-
duction mode with |η(�)| < 5 and m�+�− > 1GeV for each Z boson on the level
of the simulated hard scattering process. The relative four lepton mass resolution at
m4� ≈ 125GeV was estimated to be ≈1%, 1.5%, 2%, in the 4μ, 2μ2e and 4e final
state. For electrons andmuons it could individually bemonitored using the resolution
at m Z from events containing single inclusive Z bosons. The invariant dilepton mass
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Fig. 4.15 Invariant dilepton mass of the two reconstructed Z boson candidates, (left) the one with
the closest value of m�+�− to m Z (Z1) and (right) the one which is expected to be produced off-shell
(Z2) [28]. For these figures four-lepton events have been selected in a range of 121.5 < m4� <

130.5GeV

of the two reconstructed Z boson candidates, for those events that have been selected
in a window of 121.5 < m4� < 130.5GeV, is shown in Fig. 4.15.

To increase the sensitivity of the event selection also for this analysis a classifi-
cation of the events was made according to their production mode. The events were
classified into a dijet event category and a 0/1-jet event category, according to a linear
discriminant, Djet, combining the two most discriminating variables, the difference
of the pseudorapidity, |�η j j |, and the invariant mass, m j j , of the two leading jets
corresponding to the outgoing jets in the qq → H production mode. The discrimi-
nant was constructed to maximize the separation between the production modes of
gg → H and qq → H . With the help of this discriminant the expected fraction of
qq → H events with respect to all signal events could be increased from 4% (in the
0/1-jet event category) to 30% (in the dijet event category). Nevertheless the signal
events in each event category were still dominated by the gg → H production mode
(with 93% in the 0/1-jet event category and 53% in the dijet event category).

To set the scope of the enterprise to separate out the qq → H production mode by
this event categorization note that the number of expected signal events in this pro-
duction mode is ≈1.5 before any event categorization on the combined 7 and 8TeV
dataset. Accordingly also in this decay channel the categorization corresponding to
SMHiggs boson production modes can be viewed rather as a preparation step for the
upcoming data taking period from2015 on. Themost obvious discriminating variable
to separate between the SM Higgs boson signal and the non SM Higgs boson back-
ground is the four lepton invariant mass, m4�, as shown in a mass range from 70GeV
to 1TeV, for the full dataset of the 2011 and 2012 data taking period in Fig. 4.16.
The black points with error bars correspond to the data, the filled blue histogram to
the expected Zγ∗ and Z Z background and the open histogram to the expectation for
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Fig. 4.16 Invariant four lepton mass, m4�, in the range from 70GeV up to 1TeV [28]. The black
points with error bars correspond to the data, the filled blue histogram corresponds to the expected
Zγ∗ and Z Z background and the open histogram to the expectation for a SM Higgs boson with
m H = 126GeV. In the inlet the distribution in the mass range from 100 to 160GeV is shown for
the subset of events with Dkin

bkg > 0.5 as explained in the text

a SM Higgs boson with m H = 126GeV. The peaks at 90 and 180GeV correspond
to Zγ∗ and Z Z production. In addition to m4� the full angular information, ��, of the
decay was exploited consisting of five angles, as illustrated in Fig. 4.17: (i) the angle
θ∗ of the H → Z Z decay in the restframe of the Higgs boson candidate; (ii) the two
decay angles θ1,2 of the leptons in the corresponding Z boson restframes; (iii) the
azimuthal angle φ, between the decay planes of the two Z bosons; and the azimuthal
angle φ1 between the flight direction of one Z boson (conventionally chosen to be
Z1) and the H → Z Z decay plane. Probability density functions for a given set of
leptons to lead to a corresponding configuration of azimuthal and decay angles were
derived from the integral kernels of the leading-order matrix element calculations for
gg → H production and for the main backgrounds of non resonant qq → Z Z and
gg → Z Z production, including interference effects between the final state leptons.
These probability density functions were then combined into a discriminant of the
form:

Dkin
bkg = Pkin

0+

Pkin
0+ + Pkin

bkg

=
[

1 + Pkin
bkg(m Z1, m Z2 ,

��|m4�)

Pkin
0+ (m Z1, m Z2 ,

��|m4�)

]−1

(4.3)
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Fig. 4.17 Angles in the H → Z Z → 4� decay system as defined in the text

wherePkin
0+ corresponds to the probability for the leptons to endup in the given angular

configuration in the case of signal andPkin
bkg corresponds to the same probability in the

case of Z Z background. In Eq. (4.3) the index 0+ indicates the spin 0 and C P even
character of the SMHiggs boson signal, which is encoded in the angular distributions.

Defined in this way the variable Dkin
bkg carries no discriminating power based on

m4� between the signal and background contributions, which motivates its use as a
second discriminating variable. In the inlet of Fig. 4.16 the distribution in the mass
range from 100 to 160GeV is shown for the subset of events with Dkin

bkg > 0.5.
With this restriction both prominent peaks of the Zγ∗ and Z Z background can be
effectively suppressed, while the signal at m4� = 126GeV remains. Finally, in the
0/1-jet event category the transverse momentum of the four lepton system, p4�T and
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in the dijet event category the linear discriminant Djet were chosen to define the
following three dimensional likelihood functions

Lμ
3D ≡

⎧
⎨

⎩

P(m4�|m H , �H ) · P(Dkin
bkg|m4�) · P(p4�T |m4�) (0/1-jet)

P(m4�|m H , �H ) · P(Dkin
bkg|m4�) · P(Djet|m4�) (dijet)

(4.4)

as input for an unbinned maximum likelihood fit, for the five signal components
(gg → H , qq → H , Z H , W H , t t̄ H ) and three background processes (qq → Z Z ,
gg → Z Z and Z + X ), where P denotes the corresponding probability density
function and the upper part of Eq. (4.4) was used for the 0/1-jet event category, while
the lower part of Eq. (4.4) was used in the dijet event category. In this likelihood
function the first factor in the triple product is derived from the m4� spectrum, the
second factor from the expected angular distributions of the leptons and the third
factor from the transverse momentum spectrum or the likeliness of being a vector
boson fusion event.

Based on these likelihood functions and on the test statistic as defined in Eq. (4.2) a
signal could be established with an observed (expected) significance of 6.8σ (6.7σ)
for m̂ H = 125.7GeV. The observed significance corresponds to a value of μ̂ =
0.93 ± 0.25 (stat.) ± 0.11 (syst.), where the pure statistical uncertainty has been
obtained from the maximum likelihood fit neglecting all systematic uncertainties.
The value of μ has been found to be well compatible when split into the 7 and
8TeV dataset. Also here from the peak of m4� in Fig. 4.16 the discovery of the new
particle is without any doubt. Evaluated atm H = 125.0GeV the observed (expected)
significance changes to 6.5σ (6.3σ), corresponding to a value of μ̂

∣∣
125GeV = 1.00±

0.29, where the change in μ and in the expected significance is mostly due to the
steep rise of the branching fraction as a function of m H , at the point where this decay
channel opens up energetically. The change in the observed significance is due to the
fact, that m H = 125.0GeV does not correspond to the most probable value of m H

for this decay channel.
Compared to the analysis as published by the time of the discovery apart from

the increased number of events, the split into event categories had been introduced
and the signal extraction via the likelihood function as defined in Eq. (4.4) had been
extended by the third term, which also distinguishes between the event categories.
The gain in sensitivity due to this change was between 10–15%.

4.3.3 Evidence of the Signal in the H → W W Decay Channel

With a value of B R(H → W W → 2�2ν) = 0.0106 in the final state with two
leptons (where lepton again refers to an electron or muon in this section) the decay
channel into two W bosons, H → W W , has the largest branching fraction of the
bosonic decay channels, leading to an expectation of≈5000 SMHiggs boson events
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before reconstruction and selection in the 8TeV dataset. The signature consists of
two isolated leptons, which can be of same or different flavor and missing transverse
energy due to the escape of the neutrinos, which are part of the decay, from detection.
The escape of the neutrinos also marks one of the challenges of this decay channel,
since it will not allow the full reconstruction of m H . This will lead to a rather broad
thanpeaked excess over a givenbackgrounddistribution. In the analysis the resolution
of m H was found to be O(20%) [29], which is roughly ten times worse than in the
two high resolution channels that have been discussed before.

To increase the sensitivity of the analysis also here the events had been split
in event categories to distinguish events with leptons of same flavor (ee and μμ)
from events with leptons of different flavor (eμ) on the one hand, and to distinguish
events with zero or one jet on the other hand. This categorization has been implied to
address different background processes individually, which gain dominance in one or
the other event category. The most important background processes arise from: non-
resonant W W production (which is very weakly constrained both experimentally
and theoretically); single Z boson production (especially in the same flavor event
categories); and t t̄ production (especially in the 1-jet event categories). In the final
publication independent analyses had also been performed in two additional dijet
event categories, addressing the qq → H and W H production mode. For the latter
the W boson was assumed to decay hadronically, leading to the two additional jets
in the event. Furthermore two additional three lepton event categories had been
introduced, to address the W H production mode with three leptonically decaying
W bosons in the final state and the Z H production mode where the Z boson and
one of the W bosons in the final state decay leptonically, while the second W boson
decays hadronically. But these analyses were of no relevance for the discovery on
the available dataset and are more of importance in view of the future layout of
H → W W analyses from 2015 on.

For the main analysis electrons and muons were reconstructed and identified as
described in Sect. 4.1.2. Also for this analysis both leptons were required to be iso-
lated and the effect of pileup was taken into account not to compromise the efficiency
of this selection requirement. Events were selected if they contained exactly two iso-
lated leptons with (sub-)leading p�

T > 20(10)GeV. The escape of the neutrinos
can be indirectly observed, when assuming energy and momentum conservation,
from the momentum of all visible particles in the detector, which should balance
the vectorial sum of the momentum of all undetected particles. This is not possible
in beam direction, since the residual longitudinal momentum of the partons in the
hard scattering process is not known. But it is possible in the transverse plane of the
scattering process, which should not show any residual momentum as discussed in
Sect. 4.1.1. Correspondingly the negative vectorial sum of the transverse momentum
of all reconstructed particles in the detector is defined as missing transverse momen-
tum (or missing transverse energy), Emiss

T . It is one of the most difficult quantities
to control experimentally for several reasons: (i) it only allows statements about the
vectorial sum of all particles that have escaped detection, e.g. the transverse momen-
tum of each of the two neutrinos in the H → W W → 2ν2� decay individually
can not be resolved; (ii) it requires the efficient reconstruction of all objects of the
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hard scattering process and the complete coverage of the whole solid angle, e.g. all
particles that escape detection through the beam pipe in forward or backward direc-
tion of the scattering process will deteriorate the measurement; (iii) it requires the
most accurate energy (or momentum) measurements of each reconstructed object,
any mis-measurement will be picked up as missing energy (or momentum) in the
vectorial sum; (iv) the resolution of Emiss

T will suffer from the presence of additional
pileup. The typical resolution of Emiss

T determined from all reconstructed particles
in the CMS detector varies between 7, 12 and 15GeV for pileup corresponding to
0, 9, 21 additional interactions. To assure the presence of enough missing transverse
energy in the event the Emiss

T reconstructed from all particle flow candidates in the
event was required to be above 20GeV. To suppress background from Z → ττ
events, where the missing transverse energy due to neutrinos from leptonic τ -decays
are expected to be more aligned with the direction of the leptons, the projection of
Emiss

T perpendicular to the direction of the leading lepton was used instead of the
plain value of Emiss

T , when it was found to point into the direction of the leading
lepton within a cone of size π/2. To cope with the problem of mis-measured ener-
gies in the detector an alternative version of Emiss

T was calculated, based only on
tracks instead of all reconstructed particle flow candidates in the detector, with the
reasoning that for low energies the transverse momentum measurement from tracks
is more accurate than the energy measured in the calorimeters. In the selection the
requirement of Emiss

T > 20GeV was applied to the version of Emiss
T , that yielded the

smaller value. Further on, the invariantmass of the dilepton systemwas required to be
m�� > 12GeV, the transverse momentum of the dilepton system to be p��

T > 30GeV
and the transverse mass, which was defined as

mT =
√

2p��
T Emiss

T

(
1 − cosφ(��, �Emiss

T )
)

to be mT > 30GeV, where φ(��, �Emiss
T ) refers to the angle between the direction

of the dilepton system in the transverse plane and the missing transverse energy.
To cope with the large background due to single Z boson production in the same
flavor event categories, these requirements were tightened up to m�� > 20GeV
and p�

T > 15GeV for the sub-leading lepton. In addition, events where the angle
between the direction of the dilepton system and the direction of the leading jet
with pT > 15GeV in the transverse plane was larger than 165◦ and events with
an invariant dilepton mass, m��, within a window of ±15GeV around the nominal
mass of the Z boson were rejected, an additional multivariate discriminator was
used to suppress off-shell Z boson production, and the Emiss

T cut was increased with
increasing number of reconstructed vertices in the event. Events with top quark pairs
were suppressed exploiting the probability of jets to originate from a b-quark.

In the leptonic decay channel the W bosons in the final state reveal sensitivity to
the spin of their parent particle, which can be used to distinguish SM Higgs boson
events from the dominant residual background of non-resonant W W production.
This fact is illustrated in Fig. 4.18: in the restframe of the SM Higgs boson the two
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Fig. 4.18 Spin structure for the decay of the SM Higgs boson into two W bosons. To comply
with the spin 0 in the initial state the spins of the two W bosons have to add up to spin 0 as well.
In the subsequent decays of the W bosons the half-integer spins of the leptons also have to add up to
the spin of their parent particles. The (anti-) neutrino is purely (right-) left-handed and thus defines
the direction of flight for the corresponding charged lepton

W bosons decay back to back. Since the SM Higgs boson is a spin 0 particle the
spins of the two W bosons have to add up to 0 as well. Also in the restframe of
the subsequent decays of the W bosons the resulting lepton (�−/�+) and neutrino
(ν/ν̄) emerge with a back to back topology and their spins have to add up to the
spin of the corresponding W boson. Since the neutrinos are massless (which holds to
very good approximation for all considerations throughout this document) and since
W (+)− bosons only couple to (right-)left-handed (anti-)neutrinos, the latter will fly
(in) against the direction of the W boson spin. In the decay chain of an original spin
0 particle the spins of the W bosons will point in opposite directions and the two
leptons (and neutrinos) will fly in the same direction in the restframe of the mother
particle. This can be observed via a smaller opening angle, φ��, between the two
leptons, a smaller invariant dilepton mass, m��, and a smaller transverse mass, mT ,
than for non-resonant W W production, which is produced without any characteristic
spin polarization.

The invariant mass of the dilepton system, m��, and the transverse mass, mT ,
in the different flavor (eμ) event categories are shown in Fig. 4.19. To obtain these
figures the 0-jet and the 1-jet event category have been combined with a weight
according to the expected S/(S + B) ratio. The black points with error bars corre-
spond to the data and the stacked filled histograms to the expected number of events
from the known non-SM Higgs boson processes. The light blue histogram at the
bottom corresponds to the most important background from non-resonant W W pro-
duction, which is expected to dominate the event sample after the selection described
above. The shapes and normalizations of all background processes had been carefully
crosschecked with data in several dedicated sideband regions and good agreement
had been found. Residual uncertainties, e.g. due to a limited number of events in
the control regions had been taken into account in form of nuisance parameters in
the maximum likelihood fit prior to the statistical inference. The normalization of
the background from non-resonant W W production, which is weakly constrained
from experimental measurements had been left as a free parameter to have it con-
strained in the fit. The open histogram stacked on top of the expected number of
events from non-SMHiggs boson processes corresponds to the expectation for a SM
Higgs boson with m H = 125GeV, in accordance with the findings in the H → Z Z
and the H → γγ decay channels. The excess of the data over the expectation from
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Fig. 4.19 (Left) Invariant dilepton mass, m��, and (right) transverse mass, mT , in the H → W W
decay channel, in the different flavor (eμ) event categories, after the event selection as described in
the text [29]. For these figures the 0- and the 1-jet event category have been combined weighted by
their expected S/(S+B) ratio

the non-SM Higgs boson events is clearly visible and can be well explained by the
shape and event yield predicted for a SM Higgs boson with m H = 125GeV.

Ignoring the shape information and concentrating on the analyses for m H =
125GeV, 506 events are observed after thefinal selection in the eμ0-jet event category
for 429±34 expected non-SMHiggs boson events and 88±19 (2.19±0.22) expected
SM Higgs boson events in the gg → H (qq → H + V H ) production mode, in the
8TeV dataset. In the eμ 1-jet event category 228 events are observed for 209 ± 14
expected non-SM Higgs boson events and 37 ± 12 (6.53 ± 0.53) expected Higgs
boson events in the gg → H (qq → H + V H ) production mode, in the 8TeV
dataset. This corresponds to a S/B ratio of ≈1/5 in both event categories and a
fraction of ≈2.5% (15%) of SM Higgs boson events from the qq → H and V H
production mode with respect to the number of all expected SM Higgs boson events
in the 0-(1-)jet event category. These event numbers demonstrate the power of the
analysis to infer the presence of a SM Higgs boson already, from a pure counting
experiment, after the final selection. This has indeed been used by the time of the
discovery and as an additional crosscheck in the final publication, while the final
inference has been performed taking the shape information as shown in Fig. 4.19, for
all four event categories into account in a binned maximum likelihood fit. This has
been done based on the two most discriminating shapes, m�� and mT , which have
been combined into two-dimensional templates with 9 bins in m�� and 14 bins in mT

for all signal contributions and all backgrounds as indicated in Fig. 4.19.
Due to its superior exclusion power across a large mass range, the 95% CL limit

on the production cross section times branching fraction, B R(H → W W ) of the SM
Higgs boson in the range from 110 to 600GeV had been chosen as the main result
of this analysis, as shown in Fig. 4.20. In the figure the solid black line indicates the



4.3 The Discovery of a New Particle in the Bosonic Decay Channels 119

Fig. 4.20 95% CL upper
limits on the production
cross section times branching
fraction B R(H → W W ) of
the SM Higgs boson in the
mass range from 110 to
600GeV as determined from
the binned maximum
likelihood fit in the
H → W W decay channel on
the combined dataset [29]
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observed exclusion limit while the dashed black line with the dark green and bright
yellow band indicates the median and the 68 and 95% quantiles of the expected
exclusion limits for the b-hypothesis. For these results also the production mode
specific analyses have been used that have not been discussed in this section, since
they have only the effect of a few per cent on the result. As can be seen from the figure
the analysis did reach the sensitivity to exclude the SM Higgs boson at 95% CL for
m H � 115GeV, while it only excludes SM Higgs boson masses up to 130GeV.
Instead a broad excess is observed, which in a mass range from 110 to 180GeV
exceeds the 2σ uncertainty band of the expectation for the b-hypothesis. This excess
is compatible with the expectation in the presence of a SM Higgs boson with m H =
125GeV, where the broadness is caused by the poor mass resolution in this decay
channel. The observed (expected) significance of this excess can be quantified to
be 4.3σ (5.8σ), corresponding to a most probable value of μ̂ = 0.72 ± 0.19, for
m H = 125.7GeV. For the publication this mass value had been chosen, since it
corresponds to the most probable value of m H in the H → Z Z decay channel
that had already been published by that time. Evaluated at m H = 125.0GeV the
observed (expected) significance changes to 4.7σ (5.4σ), corresponding to a value
of μ̂

∣∣
125GeV = 0.83±0.21, where the change in μ and in the expected significance is

mostly due to the steep rise of the branching fraction as a function of m H , at the point
where this decay channel opens up energetically, as in the case of the H → Z Z decay
channel. Compared to the publication by the time of the discovery, the analysis has
been extended by the sub-decay mode specific event classes and the main analysis
has been extended from a counting experiment to the shape based signal extraction as
described above. This change has improved the sensitivity of the search byO(20%).
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Table 4.2 Significance and most probable value of the observed signal strength parameter μ̂, for
the decay channels into bosons, as published by the ATLAS and CMS collaboration, based on the
dataset of 10 fb−1, that had been collected by the time of the discovery announcement at 4 July
2012, and based on the final dataset corresponding to 25 fb−1

10 fb−1 25 fb−1

Significance (σ) Significance (σ) μ̂

ATLAS H → γγ 4.5 (2.5) [24] 5.2 (4.6) [35] 1.17 ± 0.27

H → Z Z 3.6 (2.7) [24] 8.1 (6.2) [36] 1.44 ± 0.37

H → W W 2.8 (2.3) [24] 6.1 (5.8) [37] 1.09 ± 0.21

CMS H → γγ 4.1 (2.8) [25] 5.7 (5.2) [27] 1.14 ± 0.25

H → Z Z 3.2 (3.8) [25] 6.8 (6.7) [28] 0.93 ± 0.27

H → W W 1.6 (2.5) [25] 4.3 (5.8) [29] 0.72 ± 0.19

The values in braces correspond to the expected significance, indicating the sensitivity of the corre-
sponding analyses to establish the signal. On the final dataset the values from theCMS collaboration
have been given for the best fit value of m H in the H → γγ and H → Z Z decay channel. The
results from the ATLAS collaboration have been given at a fixed value of m H = 125.4GeV

4.3.4 Conclusions on the Bosonic Decay Channels

The observed significances, in each of the three bosonic decay channels, which have
been discussed in the previous sections are summarized in Table4.2. The signifi-
cances given for 10 fb−1 correspond to the published values, based on the dataset
that had been collected by the time of the discovery announcement, on 4 July 2012.
The significances and values of μ̂ given for 25 fb−1 correspond to the final analyses
on the full dataset of the LHC run-1 data taking period. The results of the ATLAS
collaboration are given in the upper part of the table, the results of the CMS col-
laboration in the lower part. Also given in braces is the expected significance, as a
measure of the sensitivity of each analysis to establish the signal.

As discussed in the previous sections the sensitivity depends on the exact value
of m H , an effect which is stronger for the H → Z Z and the H → W W decay
channel, for which the rise of the branching fraction as a function of m H is relatively
steep. The numbers given in the table correspond to the values of m H , as used for the
original publications by collaborations. For the ATLAS collaboration these values
are m H = 126.0GeV for the significances in all decay channels as published by
the time of the discovery and m H = 125.4GeV for significances and values of μ̂
for all decay channels on the final dataset. For the CMS collaboration the values are
m H = 125.5GeV for the significances in all decay channels as published by the
time of the discovery, m H = 124.7GeV on the final dataset in the H → γγ decay
channel and m H = 125.7GeV on the final dataset in the H → Z Z and H → W W
decay channel, as discussed in the previous sections. In all analyses the sensitivity to
make a discovery of the SM Higgs boson with a mass of ≈125GeV with a statistical
significance of more than 5σ has been reached with the exception of the H → γγ
analysis of the ATLAS collaboration. The signal has been established in all, but the
analysis in the H → W W decay channel of the CMS collaboration, in which still a
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strong evidence is observed. For the analyses that have been performed by the CMS
collaboration the appearance of the signal can be seen from Figs. 4.14, 4.16 and4.19.

The expected value for the signal strength parameter μ in the SM is one. The
values as found in each decay channel are well compatible with each other and with
the expectation of the SM. The compatibility of the ATLAS results with the SM
expectation is χ2

ATLAS/nd f = 1.96/3, corresponding to a χ2 probability of 42%,
for the CMS results it is χ2

CMS/nd f = 0.91/3, corresponding to a χ2 probability
of 58%, for the values of μ̂ evaluated at the same value of m H = 125.0GeV. The
results of both experiments combined have a compatibility with the SM expectation
of χ2

LHC/nd f = 2.86/6, corresponding to a χ2 probability of 49%.
Treating all channels as independent measurements and ignoring correlations

between systematic uncertainties across decay channels or experiments a value for
μ̂ for each individual and a combination of both experiments can be obtained from
the weighted mean of the individual measurements. For the results from the ALTAS
experiment the weighted mean reveals a value of 〈μ̂〉ATLAS = 1.17 ± 0.15. For the
results from the CMS experiment a value of 〈μ̂〉CMS = 0.97 ± 0.14 is obtained. For
both experiments combined the value is 〈μ̂〉LHC = 1.06 ± 0.10. Correlated across
all decay channels for a single experiment is e.g. the uncertainty on the luminosity
(typicallyO(2–3%)). Correlated across the experiments are the uncertainties related
to the Higgs boson production cross section (typically O(3–10%)), as discussed in
Sect. 4.2. Since these correlations have been ignored the weighted mean should only
be viewed as an approximation for a combined most probable value, μ̂, which would
have to take correlations and non-Gaussian tails in the probability distributions into
account. Such a combined analysis for the CMS results will be discussed in Chap.5,
which allows a comparison of this approximation with the result of the properly
combined analyses.

It is assuring that in the H → γγ and H → Z Z high resolution channels, in
which the mass of the new boson can be determined precisely, the signal is observed
at the same value of m H ≈ 125GeV, which is true for both experiments. In the
H → W W decay channel where the mass resolution is worse the observed excess
is well compatible with the presence of the SM Higgs boson with m H = 125GeV,
while the presence of a SM Higgs boson with m H � 130GeV can be excluded at
95%CL, as has been shown for themeasurement of theCMS collaboration. An exact
mass measurement from the two high resolution channels based on the CMS results
will be discussed in Chap.5.

These findings confirm the discovery that had been announced in 2012 and
impresses inmany aspects: (i) the short timespan that has elapsed between the discov-
ery, the first preliminary results based on the full dataset and the final publications;
(ii) the consistency between the preliminary results and the results of the final pub-
lications, which demonstrate how well the data had already been under control by
the time of data taking; (iii) the consistency of the findings with the expectation for a
single Higgs boson, with a yield as predicted by the SM, which points out the quality
of the theory. The latter point will be discussed further in Chap. 5. The results are
found to be consistent across all decay channels and to be consistent between the
two experiments. They conclude the hunt for the elusive SM Higgs boson based on

http://dx.doi.org/10.1007/978-3-319-18512-5_5
http://dx.doi.org/10.1007/978-3-319-18512-5_5
http://dx.doi.org/10.1007/978-3-319-18512-5_5
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the available dataset of the years 2011 and 2012, in the three main bosonic decay
channels, with the confirmation of the discovery. In the golden H → Z Z → 4�
decay channel this discovery has been made only with a hand full of events, O(20),
which points to the fact that only the upcoming data taking periods of the LHC will
really open an era of high precision measurements in the Higgs boson sector. From
the discovery in the bosonic decay channels the bosonic nature of the new particle is
evident. A more detailed analysis of its properties will be discussed in Chap.5. Up
to this point one question still remained unanswered, which is the coupling of the
new particle to fermions.

4.4 Signs of the New Particle in the Fermionic Decay
Channels

As discussed in Chap. 2, in the SM the problem of massive fermions is independent
from the more fundamental problem of massive gauge bosons. It only occurs due to
the chiral coupling of the W boson to the weak isospin: in Chap. 2 this becomes evi-
dent from the distinction between left- and right-handed fermions, in isospin doublets
and singlets, which then leads to a mixture of fields belonging to singlet and dou-
blet components, when introducing mass terms, as demonstrated in Eq. (2.30). This
explicitly breaks the gauge symmetry unless compensated by an adequate counter
part in the theory. In the minimal SM as discussed in Chap. 2, such counterparts can
be obtained by introducing a Yukawa coupling of all massive fermions that take part
in the weak interaction to the isospin doublet field, φ, which naturally results in the
introduction of mass terms together with compensating coupling terms of the fermi-
ons to the physical Higgs field, H . Since an equivalent mechanism with a similar
result could be thought of, the question of the coupling of the new boson to fermions
sustains its impact even if the coupling to bosons came out as expected in the SM.
A common example of an equivalent ansatz to obtain mass terms for fermions is
the extension of the Higgs sector by a second Higgs doublet field φ̃, which governs
the mass generation for up-type fermions independently from the mass generation
for down-type fermions. Such an extension is e.g. a necessary ingredient for each
supersymmetric extension of the SM, as discussed in Sect. 1.1.

For m H � 160GeV there are two obvious choices to search for the SM Higgs
boson at the LHC in decay channels into fermions, exploiting the coupling to b-
quarks or the coupling to τ -leptons as can be seen from Fig. 4.5.2 The prerequisite of
m H � 160GeV prevents that the Higgs boson will predominantly decay into vector
bosons and top quarks. At these masses the decay channel into b-quarks is dominant
over all other decay channels, since the b-quark is the heaviest particle for which
the decay is energetically allowed. It therefore naively might appear as the most
promising search channel. In reality both fermionic decay channels are challenging,

2The figure also shows that in a mass range of 160 � m H � 350GeV a measurement of a coupling
of the SM Higgs boson to fermions would have been without hope.

http://dx.doi.org/10.1007/978-3-319-18512-5_5
http://dx.doi.org/10.1007/978-3-319-18512-5_2
http://dx.doi.org/10.1007/978-3-319-18512-5_2
http://dx.doi.org/10.1007/978-3-319-18512-5_2
http://dx.doi.org/10.1007/978-3-319-18512-5_2
http://dx.doi.org/10.1007/978-3-319-18512-5_1


4.4 Signs of the New Particle in the Fermionic Decay Channels 123

mostly due to the low mass of their decay products, which makes them difficult to
distinguish from background processes, which are not as highly suppressed as in the
H → W W and H → Z Z analyses. Moreover the reconstruction is too difficult to
reach a resolution in m H that could compete with the resolution in the H → γγ or
H → Z Z decay channel. Due to this circumstance by the time of the discovery the
question of the coupling of the new particle to fermions was still unanswered, as can
be seen from Fig. 4.11. Indeed it can be viewed as a second breakthrough that this
question could be addressed, only one year after the discovery, in 2013.

4.4.1 The Coupling to Leptons

τ -Leptons

The most promising channel to establish the coupling of the Higgs boson to fermi-
ons turned out to be the H → ττ decay channel. As the heavy brother of the
electron and the muon the τ -lepton is the heaviest known lepton with a mass of
1.77682(16)GeV [38]. It decays via the weak interaction with a lifetime corre-
sponding to a decay length of cτ = 87.11µm. Since its mass exceeds the mass of
light mesons, unlike its lighter lepton companions, it has the special feature that it
can decay into hadrons. This motivates the separation of the di-τ final state into six
exclusive decay channels ee, μμ, eμ, eτh , μτh and τhτh corresponding to the recon-
structed final state particles, where τh refers to a hadronic decay of the τ -lepton. The
branching fractions of the τ -lepton decays, which are most relevant for the analysis
are listed in Table4.3.

InCMS hadronically decaying τ -leptons are reconstructed from isolated jets either
as three-prong decays or as one-prong decays with one or two additional π0 candi-
dates,3 corresponding to the τ -decay modes via a ρ or an a1 resonance [39]. The term
“prong” here refers to a charged particle, which could be a pion or a kaon. The weak
decay of the τh is accompanied by one ντ , whose energy cannot be detected. The
invariant mass of the visible decay products of the reconstructed τh-leptons, mτh

vis,
in the μτh decay channel in the analysis is shown in Fig. 4.21 (left) [30]. The black
points with the error bars correspond to the data and the stacked histograms in dif-
ferent colors to the contributions of various SM background processes. Electroweak
processes, t t̄ events or QCD multijet events might contain genuine τh-leptons, elec-
trons, muons or jets that have been misidentified as τh . The dominating contribution
from Z → ττ → μτh events has been further split in the fractions of simulated
three-prong decays and one-prong decays with and without additional neutral pions.
The sharp peak in the distribution at 0.2GeV corresponds to the invariant mass of
the single charged pion from τ → πν decays, reconstructed as one-prong without
additional π0 candidate. The broad peak that ranges from 0.4 to 1.4GeV is composed

3In the detector the immediate π0 → γγ decay leads to the presence of additional photons in the
vicinity of the reconstructed prong.



124 4 Discovery of the Higgs Boson at the Large Hadron Collider

Table 4.3 Decay channels of the τ -lepton, which are most relevant for the analysis [38]

τ -lepton decay BR (%)

τ− → h−h−h+ντ 9.8

τ− → a−
1 ντ → π−ντ2π0 9.3

τ− → ρ−ντ → π−ντπ
0 25.5

τ− → π−ντ 10.8

τ− → e−νeντ 17.8

τ− → μ−νμντ 17.4

In this table h refers to a not further specified charged hadron, which could e.g. be a pion or a kaon
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Fig. 4.21 (Left)Visiblemass of the reconstructed hadronic τh -candidate,m
τh
vis and (right) transverse

mass, mT , in the μτh decay channel, which is driving the sensitivity of the analysis. Both quantities
are shown after an inclusive event selection for the 8TeV dataset [30]. The contribution of the SM
Higgs boson signal at this selection level is expected to be negligible

of the one-prong decays with additional π0 candidates and of the three-prong decays.
Also indicated in the figure is a hatched band corresponding to the uncertainty of the
prediction of the SM, after applying the fit that has been used for the signal extraction.
An excellent agreement between data and simulation is observed, which illustrates
the level control that has been reached over the reconstruction of τh-decays. A first
feeling of two main uncertainties in the analysis in the H → ττ decay channel, the
uncertainty on the reconstruction efficiency in each decay mode of the τh and the
uncertainty on the energy calibration of the visible parts of the decay can already be
obtained from this figure.

According to Table4.1 (right) the coupling of the SM Higgs boson to τ -leptons,
with B R(H → ττ ) = 0.0637, only yields the second largest branching fraction
of relevance for the Higgs discovery program of the LHC, which is significantly
smaller than the branching fraction into b-quarks. On the other hand the H → ττ
decay channel provides the cleaner signaturewith isolated high pT leptons in the final
state and the superior control over the dominating irreducible background, which in
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this case is not composed of QCD multijet production, but of Z boson production in
the di-τ final state. The delicacy of this background arises from its high similarity
to the signal, from which it can only be distinguished by the different spin and
C P properties and (more promising) by the invariant mass. For m H ≈ 90GeV, the
analysis practically turns into a counting experiment to establish an excess of events
on top of the yield of Z → ττ events, which therefore has to be controlled to an
excellent level. For m H �= 90GeV additional discriminating power can be gained
from the expected differences in the shape of the invariant mass peaks. But also this
requires a good control over the line shape of both the H → ττ signal and the
Z → ττ background.

Control over the line shape of Z → ττ events can be achieved fromdata exploiting
the embedding method: this method relies on the fact that due to the much smaller
mass and the thus dramatically reduced coupling of the SM Higgs boson to muons
Z → μμ events can be viewed as a literally background free sideband region in
data. Due to lepton universality of the gauge coupling these events to very good
approximation resemble the event kinematics, jet topology and event pileup as in the
di-τ signal region. In addition Z → μμ events can be selectedwith large statistics and
very high purity (of usually more than 98% in typical inclusive selections). The basic
idea of the embedding procedure is to interpret the four vector of the reconstructed
muons as τ -leptons and only to determine thewell known decay of the τ -leptons from
the simulation.Other important background processes are: the production of t t̄ events
(especially in the eμ final state); W boson production in association with additional
jets (W+jet), as shown in Fig. 4.3; and diboson production (usually subsumed into
electroweak backgrounds in this section), as shown in Fig. 4.4; Z → �� production
with electrons ormuons in thefinal state (especially in the subsequent ee andμμdecay
channels); and to a much smaller degree, the production of QCD multijet events,
which is highly suppressed by the selection of two isolated leptons and remains of
importance only due to its large production cross section.

The number of expected SM Higgs boson events with m H = 125GeV in the
H → ττ decay channel amounts to ≈30 000 before reconstruction and selection
in the 8TeV dataset. For a baseline selection two high pT isolated leptons were
required according to the decay channel with a typical transverse momentum of
pT > 30GeV for τh-leptons and pT > 20 (20–24)GeV for the muon (electron)
in the μτh (eτh) decay channel, pT > 20 (10)GeV for the (sub-)leading lepton in
the ee, eμ and μμ decay channel, and pT > 45GeV in the τhτh decay channel, in
the corresponding geometrical acceptance of the detector. In each case the level of
isolation of the leptons was determined from the transverse momentum (or energy)
of the reconstructed particles in the vicinity of the lepton, relatively to the transverse
momentumof the lepton in the case of electrons andmuons andby its absolute value in
the case of τh-leptons. For these estimates the energy in the vicinity of the lepton was
corrected for the effects of pileup as described in the previous sections. In theμτh and
eτh channel, the background from W+jets events was reduced by a requirement of

mT =
√
2pT (�)Emiss

T (1 − cos�φ) < 30GeV (4.5)
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on the transverse mass, mT , where pT (�) corresponds to the transverse momentum
of the electron or muon and�φ to the azimuthal angle between the electron or muon
and the direction of Emiss

T . The control over this variable in the μτh decay channel
is illustrated in Fig. 4.21 (right), where also the selection requirements for the sig-
nal region (labeled as “Baseline selection”) and for a high mT sideband region, to
control the normalization of W+jets events, are indicated. The black points with the
error bars correspond to the data and the stacked histograms in different colors to
the contributions of various SM background processes. The selection requirement of
Eq. (4.5) is indicated by the fine dashed line in the upper part of the figure. It is clearly
visible how the transversemass separates two distinct processes: W+jets events, with
high transverse mass (aroundmW , indicated by the label “Electroweak” in the figure)
and signal like Z → ττ events, with low transverse mass. This can be understood
from the fact in W+jets events the neutrino originates from the decay of the real
heavy W boson, while the neutrinos of the τ -lepton decays originate from virtual
W boson decays at the much lower scale of mτ and collinear with the visible decay
products. In the lower part of the figure the ratio of the data over the expectation from
the simulation is shown. In both sub-figures the systematic uncertainty as obtained
after the fit that has been used for the signal extraction is shown by a hatched band.

In the eμ decay channel, the more important background from t t̄ events was
reduced using a BDT discriminant exploiting kinematic variables, related to the
eμ system and Emiss

T , the distance of closest approach between each corresponding
lepton and the vertex of the hard interaction, and the probability of the leading jet in
the event to be initiated by a b-quark.

With the amount of the LHC run-1 data of the years 2011 and 2012 there was
no sensitivity, yet, to make use of the spin or C P nature of the SM Higgs boson
to distinguish signal from background. Thus the invariant mass of the di-τ system,
mττ , was the most important quantity for this purpose. The reconstruction of mττ

is complicated by the presence of the two to four neutrinos in the decay chains,
depending on the final state of the di-τ system, which can only be measured via
Emiss

T under the assumption that they are the only sources of Emiss
T in the event. The

simplest estimate of mττ is obtained, ignoring the contributions from the neutrinos
in the decay chain right away using the invariant mass only of the visible decay
products of each τ -lepton, mvis. While this is a robust estimate it misses all energy
that is carried away by the neutrinos and is thus deteriorated in terms of its response
and resolution with respect to the true di-τ mass.

A simple improvement can be achieved by the collinear approximation [40, 41],
which relies on the additional assumption, that the τ -leptons are highly enough
boosted, such that the flight direction of the neutrinos coincides with the flight direc-
tion of the visible τ -decay products. In this case the momentum sum of all neutrinos
of the two τ -lepton decays can be inferred from Emiss

T via a simple system of two
linear equations

Emiss
T,x = pν

τ1
· sin ϑτ1 cosϕτ1 + pν

τ2
· sin ϑτ2 cosϕτ2 (4.6)

Emiss
T,y = pν

τ1
· sin ϑτ1 sinϕτ1 + pν

τ2
· sin ϑτ2 sinϕτ2
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where Emiss
T,x,y correspond to the x and y component of Emiss

T , pν
τi
to the summed

momenta of all neutrinos and ϑτi and ϕτ i to the polar and azimuthal angle of �pν
τi
,

belonging to τi . The solution for pν
τi
takes the form

pν
τ1

= Emiss
T,x · sinϕτ2 − Emiss

T,y · cosϕτ2

sin ϑτ1 sin(ϕτ1 − ϕτ2)
pν
τ2

= − Emiss
T,x · sinϕτ1 − Emiss

T,y · cosϕτ1

sin ϑτ2 sin(ϕτ1 − ϕτ2)
(4.7)

and mττ can be calculated as

mττ = mvis√
xτ1xτ2

, xτi = pvisτi

pvisτi
+ pν

τi

where pvisτi
corresponds to the summed momenta of the visible decay products of

τi . The drawback of the collinear approximation is that it requires a boost of the
τ -leptons to lead to a good estimate of mττ and that the system in Eq. (4.6) turns
degenerate when the two τ -leptons emerge in a back to back configuration in the
transverse plain. In this case the solutions given in Eq. (4.7) diverge, resembling the
fact that pν

τ1
and pν

τ2
could become infinitely large compensating each other by a

small fraction consistent with the measurement of Emiss
T .

To further improve on the estimate of mττ the CMS collaboration has followed
an analytical likelihood approach that will be described in the following paragraphs:
six variables are needed to fully describe the hadronic decay of a τ -lepton. These
can be chosen to be the azimuthal and polar angle of the decay in the τ restframe,
the invariant mass of the visible decay products, mvis, and the three coordinates of
the boost into the τ restframe. For the leptonic decays these parameters have to be
extended by a seventh parameter, which can be chosen to be the invariant mass of
the two neutrinos, mνν , in the decay. These parameters have to be matched against
the four observable components of the visible decay products, which leaves 2 (3)
parameters undetermined. In the likelihood approach these undetermined parameters
were chosen to be: (i) the τ -energy fraction of the visible decay products in the
laboratory frame, x ; (ii) the azimuthal angle of the τ -lepton in the laboratory frame,
φ, and; (iii) the invariant mass of the neutrino system, mνν , in the case of leptonic
decays. These 2 (3) undetermined variables per τ -lepton add up to 4 (6) undetermined
variables for the di-τ system, depending on the decay channel. Under the assumption
that there are no other sources of missing energy in the event, additional information
on the neutrinos in the decay can be inferred from the x- and y-component of Emiss

T .
With these ingredients the likelihood function is composed as a product of three

terms: two terms corresponding to the probability of the visible decay products
of each τ -lepton to be compatible with the expected kinematics of the decay, and
one more term, which quantifies the compatibility of the resulting kinematics of
the neutrinos from the two decays with the measurement of Emiss

T . Each term can
be expressed by an analytical form: the kinematics of the hadronic decay of the
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τ -lepton had been expressed by the phasespace kinematics of a two body decay in
the τ restframe, treating the sum of the momenta of all visible decay products as a
single particle [38]

Lτh = d�

dx
∝ 1

1 − m2
vis/m2

τ

(4.8)

where the kinematic allowed phasespace is given by m2
vis/m2

τ ≤ x ≤ 1 and x cor-
responds to the energy fraction of the visible decay product(s) with respect to the
total energy in the τ restframe. Extensive checks had been made to assure that this
approach was in sufficient agreement with the complete matrix element calculation,
including spin and C P information of the decay as implemented in simulation pro-
grams as given in [42]. For the leptonic decay the leading-order matrix element in
the τ restframe had been used as given in [43]

Lτ�
= d�

dx dmνν
∝ mνν

4m2
τ

[
(m2

τ + 2m2
νν)(m

2
τ − m2

νν)
]

(4.9)

where the kinematic allowed phasespace is given by 0 ≤ x ≤ 1 and 0 ≤ mνν ≤
mτ

√
1 − x and x has the same meaning as for Eq. (4.8). The compatibility of the

neutrino kinematics in the decay with the observed Emiss
T in the event had been

inferred from a Gaussian model of the Emiss
T resolution in x and y

Lν(Emiss
T,x , Emiss

T,y ) = 1

2π
√|V |

× exp

(

−1

2

(
Emiss

T,x − ∑
pν

x
Emiss

T,y − ∑
pν

y

)T

· V −1 ·
(

Emiss
T,x − ∑

pν
x

Emiss
T,y − ∑

pν
y

))

(4.10)

where Emiss
T,x,y and

∑
pν

x,y correspond to the x and y component of Emiss
T and of the

sum of the momenta of the neutrinos in the decay, and V −1 and |V | to the inverse
and the determinant of the covariance matrix of Emiss

T , which can be estimated from
the reconstructed particle flow objects, on an event by event basis. The integral over
the product of the individual likelihoods for the corresponding decay then reads as

P(m j
ττ )=

∫
δ
(

m j
ττ − mττ (�yτ1 , �xτ1 , �yτ2 , �xτ2)

)
Lτh/�

·Lτh/�
·Lν(Emiss

T,x , Emiss
T,y )d�xτ1d�xτ2

(4.11)
where �yτi corresponds to the measured four vectors of the visible decay products

and �xτi = (φ, x, mνν)τi
for each τi . The value P(m j

ττ ) gives the probability of the
kinematics of the visible decay products, �yτi , and Emiss

T to be compatible with the

hypothesis of a decay into two τ -leptons, for a given value of m j
ττ . The dependency

of the likelihood on mνν,τi in the case of leptonic decays is evident from Eq. (4.9).
The dependency on xτi enters via the integration boundaries of Eqs. (4.8) and (4.9),
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the dependency on φτi enters via Eq. (4.10). The value m̂ j
ττ that leads to a maximum

of P(m j
ττ ) in a wide scan of values of m j

ττ is chosen to be the best estimate of mττ

under the hypothesis of a di-τ decay.
With this reconstruction method a resolution of mττ had been achieved, which is

superior to the invariantmass only of the visible decay products,mvis, and comparable
to the collinear approximation. Over the collinear approximation it has the advantage
that it does not rely on the di-τ system to be boosted and that it always leads to a
valid solution. Depending on the kinematics of the di-τ system the resolution of
mττ is approximately 10%, 15%, 20% in the τhτh , �τh , �� decay channels. In
Fig. 4.22 mvis and mττ as calculated from the maximum likelihood approach, as
described above, are shown in theμτh decay channel. The full histogram corresponds
to simulated events of themost important background process of Z → ττ production
and the open histogram to simulated events of the H → ττ signal process for a mass
ofm H = 125GeV. For the comparison of the shapes of the distributions both samples
have been normalized to unit area. The figure indicates the difficulty to separate the
two processes and how the separation between the two peaks increases when going
from mvis to the maximum likelihood approach. Also the most probable values of
the peaks are closer to the nominal masses of the Z boson and m H = 125GeV.

To increase the sensitivity of the analysis, the selected events were further divided
into categories of zero, one and two jets, in each of the six inclusive decay channels
with a further sub-categorization according to the pT of the (leading) lepton in the
final state and the reconstructed pT of the Higgs boson candidate, estimated from
the pT of the leptons and Emiss

T . These distinctions resulted in 27 event categories
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Fig. 4.22 Reconstructed invariant mass of the di-τ system, (left) using the invariant mass of the
visible decay products, mvis and (right) using the maximum likelihood approach as described in
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and for the signal process of H → ττ for m H = 125GeV for a center-of-mass energy of 8TeV in
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on the 8TeV dataset and a similar, but slightly smaller number of event categories
on the 7TeV dataset. The smaller number of event categories on the 7TeV dataset
is explained by the smaller number of events in this dataset, which restricts the
possibility to further categorize.With the large number of initial signal events (≈2 100
events in the vector boson fusion (VBF) production mode before reconstruction
and selection!), the H → ττ decay channel was the only channel, which allowed
realistically to tag signal events in the VBF production mode, in the two jet event
categories. The typical fraction of signal events in the VBF production mode with
respect to all other production modes in these event categories was expected to be
≈80%. At the same time these are the most sensitive single event categories of
the analysis (with an exclusion sensitivity at m H = 125GeV of ≈0.5 × σSM). The
invariantmass in theμτh and in the τhτh decay channel, in a looseVBFevent category,
with the largest expected S/B ratio are shown in Fig. 4.23. The black points with
error bars correspond to the data and the filled histograms, stacked on top of each
other to the events from all expected SM background processes. The uncertainties
of the background prediction are indicated by a hatched band.

In these event categories the expected signal contribution, indicated by the open
dashed line histogram, on top of the background expectation starts to become visible
already, by eye. The one jet event categories are designed to select signal events in
the gg → gH production mode with a Higgs boson with high pT , recoiling against
the selected high pT jet. In these event categories the additional jet and the high
pT of the recoiling di-τ system lead to a significant reduction of the background
from Z → ττ events. In addition the high pT of the recoiling di-τ system leads
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Fig. 4.23 Reconstructed invariant mass of the di-τ system, mττ , for the (left) μτh and (right) τhτh
decay channel in a loose vector boson fusion (VBF) tagged event category, with the largest S/B
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the filled histograms indicate the expected composition of the SM background processes. The blue
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signal for a SM Higgs boson with m H = 125GeV
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to a better resolution of Emiss
T which translates into a better resolution of mττ . The

one jet event categories yield the second most sensitive single event categories (with
an exclusion sensitivity at m H = 125GeV only slightly worse than the VBF event
categories). They contain much more events than the two jet event categories, but
also more background events, and are complementary to the two jet event categories
in that sense.

The zero jet event categories yield an exclusion sensitivity of the single event cat-
egories of typically 2 to 4×σSM at m H = 125GeV. The most important role of these
event categories lies in the in-situ inter-category cross-calibration of the most impor-
tant uncertainties in the analysis, like the τh-energy scale or the τh-reconstruction
and selection efficiency, which have already been discussed at the beginning of this
section. A general feature of this analysis, which might have occurred as a difficulty
on first sight, the diversity of decay channels in the classification of the di-τ system,
allows for such cross-calibrations, not only across event categories, but also across
decay channels and helps to increase the robustness of the analysis.

Apart from the six inclusive decay channels an independent analysis had been
performed based on the exclusive V H production mode in several multi-lepton final
states with very low background expectation. But this analysis will not be further
discussed, as it added less than 3% to the over all sensitivity of the combined analysis
in the H → ττ decay channel. In Fig. 4.24 (left), all selected events in all event
categories in the H → ττ analysis are shown, ordered by their values of S/(S + B).
The black points with error bars correspond to the data, while the colored stacked
histograms correspond to the expected number of background events split by event
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categories. The red hatched histogram corresponds to the expectation for a SMHiggs
boson with m H = 125GeV. In the inlet the data are shown after subtracting the
expected number of background events. The figure illustrates that those events with
the largest value of S/(S + B) are located in the one and two jet event categories
(the latter being labeled as “VBF tag”). In Fig. 4.24 (right) the local p-value is shown
for the combination of all events in all event categories (including the exclusive V H
analysis). The black points correspond to the observed p-value evaluated at each
tested value of m H on the x-axis, the dark and pale red band correspond to the 68%
and 95% CL uncertainties of the expected p-value for the (s + b)-hypothesis with
m H = 125GeV.

The data reveal an evidence for a signal with >3σ in a mass range between 115
and 130GeV, with a minimum at ≈120GeV. For m H = 125GeV the observed
(expected) significance is 3.2σ (3.7σ), corresponding to a most probable value of
μ̂ = 0.78 ± 0.27. In the full mass range, between 90 and 145GeV, in which this
analysis is sensitive, the observation is well compatible with the expectation for a
SMHiggs boson signal with m H = 125GeVwithin the 68%CL. The analysis in the
H → ττ decay channel has the peculiarity that the signal cannot be distinguished
from the signal in the H → W W decay channel. This was especially the case in
the eμ final state and in the exclusive V H analysis. In all other sub-decay channels
of the analysis the contribution from H → W W events was checked to be negligi-
ble. To assure that the analysis result resembles the coupling to fermions and not a
combination of fermions and W bosons, the expected signal for H → W W events
in the eμ decay channel and in the exclusive V H analysis had been treated as an
additional background, assuming the production cross section and branching frac-
tion as expected by the SM. Figure4.24 (right) thus explicitly shows the evidence for
the coupling of the Higgs boson to τ -leptons and hence to fermions. Including the
H → W W contribution to the signal and assuming the relative signal fractions as in
the SM results in an observed (expected) significance of 3.9σ (3.9σ), corresponding
to a most probable value of μ̂ = 0.91 ± 0.27, for m H = 125GeV.

Already shortly after the time of the discovery the analysis had been “re-blinded”
and the data re-analyzed with an improved definition of Emiss

T , which is based on
a multivariate regression approach. This approach led to a significant improvement
of the Emiss

T resolution and at the same time to a much reduced dependency on
pileup. Also the independent analysis in the V H production mode had been added.
Later on the rejection of background from t t̄ events in the eμ decay channel had
been revised and the event categorization substantially increased, from originally
three event categories, only based on the jet multiplicity in the event to the event
categories as discussed above. These extensions lead to an increase of the sensitivity
of the analysis in the H → ττ decay channel ofO(40%) in addition to the increased
dataset, which was a necessary prerequisite to make the observation of the evidence
possible.

Muons and Electrons

As discussed above with the number of events collected during the LHC run-1 data
taking period there is no realistic chance to observe a signal from the SMHiggs boson
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in the H → μμ and even less in the H → ee decay channel. The branching fraction
of H → μμ is 0.000221 and thus ≈290 times smaller than the branching fraction
to τ -leptons, resulting in an expected number of signal events before reconstruction
and selection of ≈100 on the 8TeV dataset. While this number is comparable to the
H → Z Z decay channel these events are buried under an overwhelming background
of Z → μμ events. Despite of the hopeless situation in the context of the SM, the
search has been conducted to exclude the presence of an anomalously high coupling
in both decay channels [44]. Both decay channels correspond to high resolution
channels with large background, implying a search strategy similar to the H → γγ
decay channel.

For the analyses events with two isolated muons (electrons) were selected. The
muons were required to have a transverse momentum of pT > 25 (15)GeV for
the (sub-)leading muon, where the higher threshold on the pT of the leading muon
was chosen to guarantee a high efficiency of the online selection. The pT of the
(sub-) leading electron was required to be larger 17 (8)GeV, with the same reasoning.
For a SM Higgs boson with m H = 125GeV the resolution of mμμ was found to be
between 3.8 and 5.9GeV in the full width half maximum, depending on the angular
orientation of themuons, which translates into aGaussian resolution between 1.6 and
2.5GeV. The resolution of mee was found to be between 4.0 and 7.2GeV in the full
width half maximum, corresponding to a Gaussian resolution of 1.7 and 3.1GeV.
To improve the sensitivity of the di-muon analysis, also here the selected events
where categorized into a two-jet and an inclusive 0/1-jet event category, representing
the topology of the gg → H and qq → H production modes. The two-jet event
category was further split into a tight vector boson fusion, a tight gluon fusion and
a loose gluon fusion event category. The 0/1-jet event category was further divided
into a tight and loose sub-category. Each of these sub-categories were then further
split according to the angular orientation of each muon distinguishing between the
barrel region (|η| < 0.8), a barrel endcap transition region (0.8 ≤ |η| < 1.6) and
the endcap region (1.6 ≤ |η|) of the outer track detectors of the muon system. This
resulted in a classification of the events in 15 exclusive event categories for the 7 and
8TeV dataset each.

In the di-electron analysis the events were divided into four event categories
according to a tight and loose two-jet event category and an inclusive 0/1-jet event
category split into a sub-category with both electrons in theECAL barrel (|η| < 1.44)
and a complementary event sub-category. The di-electron analysis had only been
performed on the 8TeV dataset.

For the statistical inference in both decay channels the invariantmass distributions,
mμμ and mee, were used in the mass range between 110 and 160GeV to search for a
narrow resonance on top of a continuous background. The signal was modeled by a
doubleGaussian distribution representing the experimental resolution in the different
regions of the detector. The background was modeled by the sum of a Breit-Wigner
function for the contribution from non-resonant Z → �� events and a 1/m2

�� term for
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the contribution from non-resonant diphoton radiation, multiplied by an exponential
function to describe the kinematic constraints from the parton distribution functions:

f (m��) = eλ·m��

(

C1 · β

(m�� − m Z )2 + �2/4
+ C2 · 1 − β

m2
��

)

where C1 and C2 were pre-determined normalization parameters, λ and β were free
parameters of the model and m Z and � were determined prior to the fit used for
the signal extraction from a fit to the reconstructed m�� distribution in a mass range
between 88 and 94GeV. This function had been checked to describe the background
distribution well also in the presence of other backgrounds than the ones motivated
above, e.g. like t t̄ events. Themμμ distribution in the range between 110 and 160GeV
in the inclusive 0/1-jet, tight event category with both muons in the barrel region
(labeled as “0,1-jet Tight BB”) and for the two-jet VBF, tight event category, for the
8TeV dataset are shown in Fig. 4.25. The black points with error bars correspond to
the data. The blue line with the bright blue band corresponds to the result and the
68% CL uncertainty of the maximum likelihood fit of the b-hypothesis. The signal
for a SM Higgs boson with m H = 125GeV, enhanced by a factor of ×20 is shown
by a red line for comparison. In the lower panels of the figures the data points are
shown after subtracting the expectation for the b-hypothesis and dividing by the fit
uncertainty.

In the absence of a signal 95% CL upper limits have been set on the cross section
times branching fraction (σ × B R), based on the test statistic as defined in Eq. (4.1)
in the mass range between 120 and 150GeV. For the 8TeV dataset the expected
and observed limit on σ × B R for the di-muon and for the di-electron channel are
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Fig. 4.25 Invariant mass of the di-muon system, mμμ, (left) in the inclusive 0/1-jet, tight event
category with both muons in the barrel region of the detector and (right) in the two-jet VBF, tight
event category, each for the 8TeV dataset [44]
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Fig. 4.26 95% CL upper limits on the production cross section times branching fraction, σ × B R,
as determined on the 8TeV dataset and as a function of the tested Higgs boson mass, m H (left) in
the di-muon and (right) in the di-electron channel [44]

shown in Fig. 4.26. No significant deviation is observed from the expectation for
the b-hypothesis in accordance with the expectation from the SM. The limits are
roughly of similar size for the muon and the electron analysis due to the comparable
resolutions and selection efficiencies in both decay channels. Form H = 125GeV the
observed (expected) limit on σ × B R in the di-muon channel is 0.084 (0.062)pb on
the 7TeV dataset and 0.033 (0.034)pb on the 8TeV dataset. Combining both datasets
under the assumption of the production cross section for the SM Higgs boson with
m H = 125GeV leads to an observed 95% CL upper limit of B R(H → μμ) ≤
0.0016, corresponding to an observed (expected) limit 7.4 (6.5) times larger than the
expected branching fraction by the SM.

The observed (expected) 95% CL upper limit on σ × B R for m H = 125GeV
in the di-electron channel is 0.041 (0.052)pb on the 8TeV dataset. Assuming the
production cross section for the SM Higgs boson with m H = 125GeV leads to
an observed 95% CL upper limit of B R(H → ee) ≤ 0.0019, corresponding to
an observed limit ≈3.7 × 105 times larger than the expected branching fraction by
the SM.

4.4.2 The Coupling to Quarks

Light Flavor and b-Quarks

The inevitable difficulty, when studying the coupling of the Higgs boson to quarks
lies in their color charge, which disguises them as jets of colorless particles in the
detector. The first challenge is to identify, the quark (or gluon) of the hard scattering
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process that initiated the jet, and to infer its kinematics from the jet energy and
direction. This is usually only possible on a statistical basis. Another main problem,
when searching for Higgs boson decays into quarks is to distinguish them from the
overwhelmingly large background from eventswith normalQCD induced jets, which
occur with a nearly indistinguishable signature and exceed the rate of the events of
interest bymany orders of magnitude. The high rate ofQCD multijet processes poses
the additional problem of getting the interesting events written to tape during the time
of data taking, which can be done only with a limited band width as discussed in
Sect. 4.1.2.

When studying the decay of the SM Higgs boson into quarks, the lightest quarks
u, d and s drop out form consideration right away, due to their lowmass and therefore
small coupling. The same is true for the c-quark, which might not be completely out
of scope, but still is too light and too difficult to be separated from the overwhelming
background. The only quark, for which the decay is energetically allowed for a
SM Higgs boson mass of m H = 125GeV and for which the identification and
reconstruction is possible is the b-quark. For m H = 125GeV the H → bb̄ decay
channel provides the largest branching fraction, with 56%, due to the high mass
of mb = 4.18(3)GeV, resulting in an expected number of ≈250 000 SM Higgs
boson events in this decay channel before reconstruction and selection, on the 8TeV
dataset. To distinguish these events from ordinary QCD multijet production and to
cope with the enormous rate of this background during the online event selection, the
analysis in this decay channel is focused on Higgs boson production in association
with vector bosons. In the decay channels of the W or Z boson into electrons, muons
or neutrinos this production mode provides event signatures, which are clean enough
to be isolated from other events. At the same time they rare enough to be written to
tape with an acceptable rate. This trade has to be made at a cost of losing 95% of the
expected 250 000 SM Higgs boson events, produced during the collisions, resulting
in a number of potentially ≈12 000 events in the recorded dataset.

In the final analysis six decay channels were considered: W (τν)H , W (μν)H ,
W (eν)H , Z(ee)H , Z(μμ)H , Z(νν)H , always with the subsequent H → bb̄ decay,
indicating the final state of the vector boson in braces [31]. As in the other decay
channels that have been discussed in the previous sections the decay channels with
electrons or muons in the final state profit from the clear signature of the isolated
leptons in the detector. The Z → νν decay channel, relies on the measurement
of Emiss

T , which is much more difficult to control. In return it brings a significant
gain in statistics, due to its branching fraction, which is 50% larger than the sum
of the Z → ee and the Z → μμ decay channel. The W (τν) decay channel in this
section only refers to hadronically decaying τ -leptons that have been discussed in
Sect. 4.4.1. The τ → μντνμ and τ → eντ νe decays had been subsumed in the
corresponding W (μν) or W (eν) final state for the further analysis. To increase the
purity of reconstructed τh-leptons, only those decay channels with exactly one one-
prong were considered.

Due to the choice of the specific production mode the dominant backgrounds in
the event selection did not primarily arise from QCD multijet production, but from
the production of vector bosons in association with jets (V + jets), t t̄ production and
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the production of diboson events (V V ). Among those the W Z and Z Z production
processes, with a subsequent Z → bb̄ decay are especially hard to distinguish from
the expected SM Higgs boson signal. On the other hand a reliable prediction of this
background can be used to benchmark the analysis and to crosscheck its validity
even when the analysis is still “blind” in the signal region.

For those events which fulfilled the final event selection, in each of the decay
channels, the efficiency to write the events to tape had been found to be well above
90% with the lowest efficiency of 88% for Z → νν events with 100 < Emiss

T <

130GeV. The final reconstruction efficiency ranged between 87–91% for isolated
high pT muons and 81–98% for isolated high pT electrons. The reconstruction
efficiency of τ -leptons corresponded to 50% with a mis-identification rate of 1%.
Particle jets originating from the hadronization of b-quarks were identified based
on the combined information of the impact parameters of the associated tracks, the
presence of secondary vertices and the shape of the jet, featuring the longer lifetime
of B-hadrons and the highermass of the b-quarkwhen compared to jets initiated from
light quarks, c-quarks or high pT gluons [45]. Several working points with different
expected purities for the jet being initiated by a b-quark were used throughout the
analysis with efficiencies for identifying jets initiated by b-, c-, light quarks or gluons
ranging between 50–75%, 5–25% and 0.15–3%.

In the decay channels containing W bosons, the boson was identified by the iso-
lated lepton and the Emiss

T in the direction of the lepton. The thresholds on the lepton
pT were required to be 20, 30, 40GeV for muons, electrons and τ -leptons, respec-
tively. The Emiss

T was required to be larger than 45GeV in the W (μν) and W (eν) case
and larger than 80GeV in the more challenging W (τν) case. Z → �� events were
identified by two isolated leptons of same flavor and opposite charge. The transverse
momentum of the leptons was required to be pT (�) > 20GeV each, and the invariant
dilepton mass to be within 75 < m�� < 105GeV. In the Z → νν decay channel
events were primarily selected based on Emiss

T . To increase the sensitivity of the
analysis all selected events were categorized according to the transverse momentum
of the reconstructed vector boson into maximally three boost categories, as summa-
rized in Table4.4, where the pT was reconstructed from the transverse momentum
of the vectorial sum of the momenta of the two isolated leptons, in the Z → �� cases
and from Emiss

T and the transverse momentum of the isolated lepton in the W → �ν
cases.

The reconstruction of the H → bb̄ decay was performed by considering all jets
in the event with |η( j)| < 2.5 and above a minimum pT ( j) threshold (depending on
the boost category and the decay channel). Of those jets the pair was chosen that led
to the highest value of the transverse momentum calculated from the vectorial sum
of the individual jet momenta, pT ( j j), if both jets had a high probability to originate
from a b-quark. After the full event selection the resolution of the invariant dijet mass,
m j j ≡ mrec

H , was found to be≈10%, depending on the pT of the reconstructed Higgs
boson candidate. This resolution could be improved by another ≈15% with the help
of a dedicated multivariate energy regression method. For the further analysis a
requirement of m j j < 250GeV on the dijet invariant mass was applied for all decay
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Table 4.4 Main event categorization used in the search for the SM Higgs boson in the H → bb̄
decay channel

Boost categories

Low Medium High

W (τν) – – 120GeV < pT (V )

W (μν) 100 < pT (V ) < 130GeV 130 < pT (V ) < 180GeV 180GeV < pT (V )

W (eν) 100 < pT (V ) < 130GeV 130 < pT (V ) < 180GeV 180GeV < pT (V )

Z(μμ) 50 < pT (V ) < 100GeV – 100GeV < pT (V )

Z(ee) 50 < pT (V ) < 100GeV – 100GeV < pT (V )

Z(νν) 100 < Emiss
T < 130GeV 130 < Emiss

T < 170GeV 170GeV < Emiss
T

Six exclusive decay channels in the production mode in association with a vector boson (V ) with
up to three event categories depending on the transverse momentum, pT (V ), of the reconstructed
vector boson resulted in 14 exclusive event categories

channels and in all event categories. In the low boost event category in the Z → ��

decay channels in addition the invariant dijet mass was required to be 40GeV< m j j .
In the final analysis step all selected events in all decay channels and boost cat-

egories were further categorized according to a set of BDT classifiers, exploiting
various differences in event kinematics and topology between the V H signal events
and all individual background processes. Input variables to these BDT classifiers
were the invariant mass of the dijet system, the transverse momenta of the selected
jets, the probability for these jets to originate from a b-quark, according to the value
of the b-quark discriminator, several angles of the jets, distances in angular space
between the jets and the number of additional jets in the event. From these input
variables three individual BDT classifiers were trained to separate the signal from
the three most important backgrounds of t t̄ , V + jets and V V events. All events were
passed through the first BDT classifier to separate the signal from t t̄ events. Those
events, which failed the selection based on this BDT were classified as enriched by
this background process. Those events that passed the selection were successively
passed on to the BDT classifiers to separate the signal from the V + jets and V V
events. Events, which failed the selection based on these BDTs were classified as
enriched in these background processes accordingly. Those events that passed all
three BDT selections were classified as enriched in V H signal events. In this way
four event classes were formed in addition to the separation in decay channels and
boost categories. These four event classes were then individually passed on to a final
BDT classifier, which was optimized to discriminate the V H signal from all back-
grounds. This further event categorization had been found to increase the sensitivity
of the analysis by 5–10%, relative to the single BDT discrimination. It has not been
applied in the Z → �� channels, were no such improvement was observed nor in the
W → τν channel, where the number of simulated events was too small to allow for a
separate training of more than one BDT. This further separation effectively increased
the number of event categories on the dataset of 2012 from 14 to 41.
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Fig. 4.27 (Right)Output of themultivariate discriminator (labeled as “BDToutput”) in the Z → νν
decay channel and the high pT (V ) event category as defined in Table4.4 and (left) output of the
probability for a reconstructed jet to originate from the hadronization of a b-quark (labeled as
“CSVmin”), in a control region which has been defined to test the normalization of the background
from W boson production in association with one or two b-quarks, in the same decay channel [31].
In both cases the template distributions for the individual background processes have been fitted to
the data, within their uncertainties

A typical shape of the final BDT classifier output, for the Z → νν high pT (V )

event category in the 8TeV dataset is shown in Fig. 4.27 (left), where the classi-
fication into the t t̄ enriched, V + jets enriched, V V enriched and signal enriched
sub-categories has been visualized in one final discriminant by rescaling and shift-
ing the value of the output discriminant of the final BDT classifier accordingly. The
subset of t t̄ enriched events is visible in the most to the left part of the distribution,
followed by the V + jets enriched and the V V enriched subset of events to the right.
The V H signal enriched subset of events is shown in the most to the right part of the
distribution. The black points with error bars correspond to the data. The expectation
from the simulation, has been split into themost important background processes and
is shown by filled histograms in different colors. Via the color coding a transition in
the expected event composition can be seen from blue (i.e. t t̄), via yellow and green
(i.e. V + jets) to gray (i.e. V V ) according to the event sub-categorization. The V H
signal is shown as an additional red histogram on top of all expected background
events and for better visibility once again as a red open line in addition to the stacked
histograms. In the lower panel of the figure the ratio of data over the expected number
of events by the simulation is shown, which demonstrates the good understanding of
the data across all sub-categories. The yellow band centered around one in the lower
panel corresponds to the systematic uncertainty that has been assigned for the final
signal extraction and further inference.

The normalization of each of the background processes shown in the Fig. 4.27
(left) has been crosschecked and if necessary corrected by scale factors according
to the findings in several dedicated sideband regions, in which each corresponding
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background had been enriched. For this purpose the simulated event samples for the
production of vector bosons in associationwith jets had been split in sampleswith jets
originating from b-quarks and samples with jets originating from light quarks. The
scale factors had then been determined for each event category by template fits to the
b-quark identification discriminant of the jets identified to be initiated by b-quarks
with the second highest score, indicated by CSVmin. A typical distribution of this
discriminant in the W + b(b̄)-quark enriched control region in the Z → νν decay
channel is shown in Fig. 4.27 (right). The black points with error bars correspond
to the data and the filled histograms in different colors to the expected number of
events from different background processes. As can be seen from the expected event
composition, events with W bosons and one or two b-quark induced jets are indeed
enriched in this control region. It can also be seen that the data points in this quantity
are well reproduced by the expectation from the simulated events, demonstrating the
good understanding of the data.

In Fig. 4.27 (left) a clear ordering of bins by S/B is visible with the bin with the
largest value of S/B on the right side of the distribution. A histogram, where all bins
from all channels and event categories have been filled according to their expected
value of log(S/B) is shown in Fig. 4.28 (left). For this figure all backgrounds have
been combined into one histogram, shown in pale gray. The most sensitive bin in
this distribution is shown on the right (with S/B ≈ 1). The statistical inference led
to a signal scale factor of μ̂ = 1.0± 0.5 and an observed (expected) significance for
m H = 125GeV of 2.1σ (2.1σ).

By the time of the publication the gg → Z H contribution to the Z H signal
processes, which became available at NLO accuracy and as a function of pT (Z) only
afterwards [46–49], had not yet been taken into account in the statistical inference.
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apart from diboson production have been subtracted [31]
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In the Z(νν)H and Z(��)H channels, the addition of this process led to an increase
of the expected signal yields between 10% for pT (Z) ≈ 150GeV and 30% for
pT (Z) > 150GeV. When combined with the unchanged W H channels, the overall
expected sensitivity for V H production in the H → bb̄ decay channel of the SM
Higgs boson increased by about 20% leading to an observed (expected) significance
of 2.1σ (2.5σ) for m H = 125GeV corresponding to a most probable value of μ̂ =
0.84±0.44. Despite all the analysis effort the significance of the excess is still small,
corresponding to a p-value of ≈0.02. This resembles the difficulty to extract the
signal, which compared to the bosonic decay channels is expected to be sizable,
from a much larger, nearly overwhelming background of events, with a comparable
signature. As a function of m H the highest significance can be found for a value of
m H ≈ 125GeV, while this minimum in the range of 110 < m H < 135GeV, where
this decay channel is sensitive, is very shallow. This corresponds to the resolution of
δmbb/mbb ≈ 10%.

The BDT based approach has been validated using W Z and Z Z events, with
the subsequent Z → bb̄ decay as signal process, instead of V H production, as
discussed at the beginning of this section. For this validation the V H signal as
expected for a SMHiggs bosonwithm H = 125GeVhadbeen treated as an additional
background. Within this validation procedure the signal for diboson production with
the subsequent Z → bb̄ decay, could be established with a significance of 7σ and
with a signal strength scale factor of μ̂V V = 1.19±0.28

0.23, confirming the potential of
the analysis to establish a discovery and at the same time confirming the consistent
determination of the scale factors for vector boson production in association with b-
quark induced jets, from the control regions. As a crosscheck an alternative analysis
had been performed, which was only based on the invariant mass of the selected
dijet system, mbb. In Fig. 4.28 (right), the distribution of mbb is shown summed
over the events in all channels and event categories (without sub-categorization),
and weighted by the S/(S + B) value determined in each event category. From this
distribution all expected background processes but diboson production have been
subtracted. The data are consistent with a signal from diboson production with the
subsequent Z → bb̄ decay and a normalization as determined in the main analysis
with a small additional excess consistent with the signal of a SM Higgs boson with
m H = 125GeV, which is indicated by the red histogram in the figure. For the V H
signal a scale factor consistent with the main analysis was found corresponding
to a significance of 1.1σ for a SM Higgs boson signal with m H = 125GeV. This
crosscheck demonstrates the gain obtained by the muchmore complex main analysis
based on themultivariate discriminator and the increased number of event categories.

Compared to the analysis as published by the time of the discovery, the W (τν)H
decay channel had been added, the main event categorization had been extended and
the event sub-categorization in the W (�ν)H and Z(νν)H decay channel had been
introduced as described in the text.

Top Quarks

Since for m H � 350GeV the decay into top quark pairs is energetically not allowed
the top quark is out of scope, when discussing decay channels. Assuming the SM
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the coupling to the top quark is indirectly constraint from its dominant contribution
to the gluon fusion production mode (gg → H ) and its contribution to the decay
into photons (H → γγ), which both would lead to significant deviations from the
predicted event yields if the coupling to the top quark were very different from the
expectation of the SM. A model independent estimate of the tree-level coupling
of the Higgs boson to the top quark can be obtained via the production mode, in
association with top quark pairs (t t̄ H ), as shown in Fig. 4.8 (lower right), which can
be inclusively analyzed in all decay channels. From Table4.1 (left) it is obvious that
this production mode, which contributes to less than 1% to the total production cross
section for m H = 125GeV, according to the expectation by the SM, will be difficult
to access within the statistical precision of the LHC run-1 dataset of the years 2011
and 2012.

Nonetheless the search has been conducted with the CMS experiment with a
publication based on all main decay channels that have been discussed before [50].
Since the emphasize in this analysis was on a high efficiency and a pure selection
of the production mode the analysis started off from the selection of the typical
topology for top quark pair production in addition to a Higgs boson. Since the top
quark nearly exclusively decays into b-quarks via the emission of a real W boson,
top quark pair production is characterized by the presence of two b-quark induced
jets and the decay products of the W bosons in the final state: (i) when both W
bosons decay into quarks the decay is classified as “all hadronic”, with six jets in the
detector, of which two originate from a b-quark; (ii) the channel, where one of the
W bosons decays leptonically is referred to as “lepton plus jets” decay channel, with
an isolated high pT lepton, moderate Emiss

T and four jets, of which two originate
from a b-quark; (iii) the decay channel where both W bosons decay leptonically
is referred to as “dilepton” channel, with two isolated high pT leptons, high Emiss

T
and two jets originating from a b-quark. All three of these signatures had been used
in the analysis. The selection of the decay channel of the Higgs boson candidate
on the other hand had been chosen to be very loose and, with the exception of the
diphoton final state not too channel specific. Instead the events had been grouped
into three main categories according to generic inclusive decays of the Higgs boson
candidate into hadrons, leptons or photons. These main event categories are expected
to have a different population of specific decay channels as lined out in Table4.5.
The H → γγ event category forms the only exception of this inclusive treatment of
the decay channels due to its distinct signature and the high resolution of mγγ , in this
decay channel, which has also been used for signal extraction as will be discussed
below.

Each main event category had been split into further sub-categories according to
the decay channel of the t t̄ system and theHiggs boson candidate. The H → hadrons
sub-categories were then further split according to the number of reconstructed jets
and the number of jets identified as originating from a b-quark, resulting in seven
final event classes in the H → hadrons (� + jet) sub-category, three event classes
in the H → hadrons (2�) sub-category and six event classes in the H → hadrons
(hadronic τ ) sub-category on the 8TeV dataset. The H → leptons (�±�±) sub-
category was further split into an ee, μμ and eμ class according to the flavor of the
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Table 4.5 Event categorization for the inclusive analysis in the Higgs boson production mode in
association with a top quark pair (t t̄ H )

H → hadrons H → γγ H → leptons

� + jets 2� Hadronic τ Leptonic Hadronic �±�± 3� 4�

H decay bb ττ /W W γγ ττ /W W Z Z

t t̄ decay �ν j j �ν�ν �ν j j �ν�ν/j j j j j j �ν j j �ν�ν

The inclusivemain categories are indicated in thefirst, the sub-categories in the second line. The third
and fourth line indicate the decay channels of the Higgs boson and of the t t̄ pair that are expected
to contribute to each corresponding event (sub-)category. In the H → hadrons event category fully
hadronic ττ/W W decays are subsumed, the H → leptons event category is supposed to contain
all (semi-)leptonic ττ/W W decays. Each sub-category was further split into another set of classes
resulting in 23 event classes on the 8TeV dataset

leptons in the decay. The full characterization of the selected events thus spanned
over 23 final event classes on the 8TeV dataset. Finally, all event classes based on
the 8TeV dataset had been combined with one further event category based on the
7TeV dataset in the H → γγ category and with the search for the SM Higgs boson
in the t t̄ H production mode in the H → bb̄ and H → ττ decay channels based on
the 7TeV dataset as published in [51].

The H → ττ and the H → W W decay channels are the most difficult to separate
from each other. These decay channels are mostly located in the H → hadrons
(hadronic τ ) and H → leptons (�±�±) and (3�) event categories: the H → hadrons
(hadronic τ ) event sub-category is expected to be equally populated by Higgs boson
events in the H → ττ decay channel, where both τ -leptons decay hadronically, and
Higgs boson events in the H → W W decay channel, in the subsequent W → τν
decay, where the τ -lepton decays into hadrons. The H → leptons �±�± and 3�
sub-categories are expected to be populated by Higgs boson events in the decay
channels, where at least one τ -lepton or W boson (�±�±), or both τ -leptons or W
bosons (3�) decay leptonically, in each of these cases in the � + jets decay channel
of the t t̄ system. The dominant background contribution mostly originates from t t̄
production in association with additional jets originating from light flavor, c- or
b-quarks or from the production of t t̄ pairs in association with vector bosons.

In the H → γγ sub-categories, mγγ had been used to extract the signal on top of
the background. In these categories, care had to be taken to separate the actual t t̄ H
signal fromHiggs boson events originating from other productionmodes, which con-
tribute to the same peak in mγγ . In the H → hadrons and the H → leptons decay
channels the separation between signal and backgrounds was achieved by train-
ing multivariate BDT discriminators in each category, usually based on O(10–15)
discriminating variables, resembling the kinematics of the process, the probabili-
ties of the reconstructed jets to originate from a b-quark and the specific topology
of the events. These discriminators were trained with simulated t t̄ H events with
m H = 125GeV as signal and simulated t t̄ events in association with additional jets
as background. The simulation had been checked to represent the shape and cor-
relations of the input variables as observed in data using various dedicated control
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Fig. 4.29 Observed and expected 95% CL upper limits for the production of the SM Higgs boson
in association with a top quark pair (t t̄ H ) [50]. The limit is shown split by the main sub-categories
as discussed in the text and given in Table4.5 and in the combination of all event categories (bottom
line). The H → hadrons (� + jet) and (2�) sub-categories have been combined into one category
labeled by “bb̄”, the H → hadrons (hadronic τ ) event category is labeled by “τhτh” in the figure

regions and correction factors had been derived and applied to improve the simu-
lation where necessary. For this purpose the background simulation had been split
in the individual contributions from t t̄ production in association with additional jets
originating from light flavor, c- and b-quarks, to be able to address the different
levels of uncertainty associated to each of these background production channels
individually. In the H → leptons (4�) category the jet multiplicity, N (jet) was used
to extract the signal due to the limited number of simulated events, which did not
allow to train a dedicated BDT for signal extraction. In this sub-category only one
event, with three additional jets, had been found after the final selection.

For the statistical inference, 95% CL limits were set using the test statistic as
given in Eq. (4.1). Input distributions to this analysis were the distributions of the
BDT discriminants or N (jet) in the H → hadrons and H → leptons sub-categories
and mγγ in the H → γγ sub-categories. The resulting limit is shown in Fig. 4.29,
where the limits are shown split by event sub-categories and in the combination of
all events, in the different rows. The black points correspond to the observed limits,
while the black dashed lines with the dark green and bright yellow bands correspond
to themedian and the 68 and 95% quantiles of the expected exclusion limits based on
theb-hypothesis. The reddashed line indicates themedianof the expected limits in the
presence of a SMHiggs boson with m H = 125GeV. In the figure, the H → hadrons
(� + jet) and (2�) sub-categories have been combined into one event sub-category
labeled by “bb̄”, the H → hadrons (hadronic τ ) sub-category has been labeled by
“τhτh”.

For the combination of all event classes the observed (expected) limit is 4.5×σSM
(1.7 × σSM). The expected limit in the presence of a SM Higgs boson with m H =
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Fig. 4.30 (Left) jet multiplicity, N (jet), and (right) BDT output in the H → leptons μ±μ± event
category, which is driving the excess of the observed over the expected limit in the statistical
inference in the inclusive search for t t̄ H production [50]

125GeV is 2.7 × σSM. The expected limit based on the b-hypothesis leads to the
conclusion that the sensitivity to observe the SM Higgs boson in the t t̄ H production
mode has not been reached, yet. The high observed limit with respect to the expected
limit (based on the b-hypothesis) corresponds to an excess of 3.4σ (equivalent to a
p-value of 0.04%) for an expected significance of 1.2σ. With respect to the expected
limit in the presence of a SM Higgs boson at m H = 125GeV it corresponds to an
upward fluctuation of 2.1σ (equivalent to a p-value of 2.0%). The observed limit
corresponds to a signal strength value of μ̂ = 2.8±1.0

0.9. This excess is driven by the
H → leptons (�±�±) and (3�) sub-categories with the largest excess over the b-
hypothesis in the H → leptons (μ±μ±) event class. The jet multiplicity, N (jet) and
the output of the BDT discriminant as used for the statistical inference in this event
class are shown in Fig. 4.30. The black points with the error bars correspond to the
data. The filled histograms in different colors to the expectation from all expected
backgrounds and the t t̄ H signal. Also shown is the t t̄ H signal ×5 as an extra red
dashed histogram, to allow shape comparisons. In the lower parts of the figures the
ratio of the data points over the expected event yields is shown, where the bright cyan
colored band around 1 corresponds to the systematic uncertainty of the background
expectation. A slight broad excess is visible across N (jet), which appears more
localized in the signal region in the BDT distribution. The figure also shows, that this
excess is based on only a hand full of events. While the excess is driven in the same
chargeμμ event class in fact it builds up acrossmore event classes, also in the (3�) and
(γγ) sub-categories as visible from Fig. 4.29. The compatibility of the H → leptons
(μ±μ±) (μ̂ = 8.5±3.3

2.7), (e
±e±) (μ̂ = 2.7±4.6

4.1), (e
±μ±) (μ̂ = 1.8±2.5

2.3), (3�) and (4�)
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event sub-classes was found to be 16%. The compatibility of the results in the six
independent event classes shown in Fig. 4.29 was found to be 29%. Several tests had
beenmade to assure that the excess is not due to a mis-measurement or mistake in the
analysis. According to these tests the excess is still well compatible with a statistical
fluctuation. The increased datasets of the upcoming data taking periods of the LHC
will shed more light on this question.

4.4.3 Conclusions on the Coupling to Fermions

The observed significances, in each of the three fermionic couplings,which are acces-
sible at the LHC are summarized in Table4.6. The results of the ATLAS collaboration
are given in the upper part of the table and the results of the CMS collaboration in
the lower part. All significances are given for m H = 125GeV, while their sensitivity
to the exact value of m H is much lower than in the case of the bosonic decay chan-
nels. For the H → bb̄ decay channel in the case of both collaborations the values
are given including the gg → Z H contribution to the Z H production mode as dis-
cussed for the CMS analysis in Sect. 4.4.2. The expected significance, as a measure
of the sensitivity of each analysis to establish the signal is also given in braces. The
significances given for 10 fb−1 correspond to the values that had been published,
based on the dataset collected by the time of the discovery announcement, on 4 July
2012. By the time of the discovery there was no dedicated analysis, yet, for a direct
test of the tree-level Yukawa coupling to top quarks via Higgs boson production in
association with top quark pairs (t t̄ H ) from neither of the experiments. Also the
Higgs boson discovery announcement by the ATLAS collaboration had only been
based on the bosonic decay channels, which is why no results for the coupling to
fermions from the ATLAS collaboration are available from that time. In the analy-
sis of the H → ττ decay channel of the CMS collaboration no excess had been

Table 4.6 Significance and most probable value of the signal strength parameter μ, for the decay
channels into fermions, as published by the ATLAS and CMS collaboration, based on the dataset
of 10 fb−1, that had been collected by the time of the discovery announcement at 4 July 2012, and
based on the final dataset corresponding to 25 fb−1

10 fb−1 25 fb−1 μ̂

Significance (σ) Significance (σ)

ATLAS H → ττ – 4.5(3.4) [52] 1.43 ± 0.40

H → bb̄ – 1.4(2.6) [53] 0.52 ± 0.40

t t̄ H(γγ) – – [54] 1.30 ± 2.20

CMS H → ττ –(1.4) [25] 3.2(3.7) [30] 0.78 ± 0.27

H → bb̄ 0.7(1.9) [25] 2.1(2.5) [31] 0.84 ± 0.44

t t̄ H – 3.4(1.2) [50] 2.80 ± 0.95

The values in braces correspond to the expected significance, indicating the sensitivity of the
corresponding analyses to establish the signal. All values are given for a SM Higgs boson with
m H = 125GeV
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observed, for an expected significance of 1.4σ in the presence of a SM Higgs boson
with m H = 125GeV, which is why this number had also not been reported. In spring
2013 the H → ττ channel was the first single decay channel into fermions, in
which the evidence of the direct coupling of the Higgs boson to fermions could be
established with a significance of >3σ. This was one of the main results and major
achievements of the LHC experiments in the year after the discovery.

The significances and values of μ̂ given for 25 fb−1 correspond to the final analyses
on the full LHC run-1 dataset of the years 2011 and 2012. For the CMS collabora-
tion these results correspond to the analyses as discussed in the previous sections.
In addition to the values given in the table95% CL upper limits had been set of
B R(H → μμ) ≤ 0.0016 and B R(H → ee) ≤ 0.0019. Since the branching fraction
of the Higgs boson to τ -leptons has been found to be consistent with the expectation
of the SM, corresponding to B R(H → ττ ) = 0.0637 (≈40 times larger than the
limit, that has been set on B R(H → μμ)) this is the first manifest evidence that
the coupling of the Higgs boson to leptons, in contrast to the gauge couplings is not
universal across the lepton flavor generations.

Determining the coupling to quarks still remained challenging mostly due to the
difficulty to separate the signal from the overwhelming background of QCD multijet
production and the production of top quark pairs in association with additional jets.
In the Higgs boson production mode in association with top quark pairs an analysis
which was inclusive in all decay channels reached a sensitivity to exclude the signal
in this production mode up to a cross section of 1.7 × σSM, or alternatively to
establish it with a significance of 1.2σ, assuming the couplings to the other fermions
and bosons as predicted by the SM. Indeed an excess of signal events had been
observed, which formed in event classes with more than one lepton. This excess
corresponds to a significance of 3.4σ over the b-hypothesis and 2.1σ over the (s +b)-
hypothesis for a SM Higgs boson with m H = 125GeV, corresponding to a p-value
of 2% for the (s + b)-hypothesis. An analysis searching for the production of Higgs
bosons in association with top quark pairs has also been published by the ATLAS
collaboration, but this analysis only covers the H → γγ decay channel and therefore
is less sensitive. This analysis has obtained a value of μ̂ = 1.3±2.2 and an observed
(expected) 95% CL upper limit of 6.7×σSM (4.9×σSM). The corresponding values
of the CMS result restricted to the H → γγ event classes is μ̂ = 2.7 ± 2.2 with an
observed (expected) 95% CL upper limit of 7.4× σSM (4.7× σSM) (corresponding
to the first row of Fig. 4.29).

All reported values of μ̂, in the fermionic decay channels, are compatible with
each other and with the expectation from the SM within their uncertainties with
a value χ2

ATLAS/nd f = 2.5/3, corresponding to a χ2 probability of 36%, for the
results obtained by the ATLAS collaboration and χ2

CMS/nd f = 4.39/3, correspond-
ing to a χ2 probability of 23% for the results obtained by the CMS collaboration.
For all reported values across both experiments the compatibility with the SM is
χ2
LHC/nd f = 6.89/6, corresponding to a χ2 probability of 28%. Ignoring all corre-

lations across uncertainties the weighted mean of the individual values of μ̂ results
in a value of 〈μ̂〉ATLAS = 0.96± 0.28 for the results obtained by the ATLAS collabo-
ration and 〈μ̂〉CMS = 0.91± 0.22 for the results obtained by the CMS collaboration.
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The weighted mean across both experiments results in a value of 〈μ̂〉LHC =
0.93 ± 0.18. The comparison with the uncertainties in the bosonic decay channels
illustrates how much more challenging the analyses in the fermionic decay channels
are due to the more challenging signal and background separation.

The weighted mean of the individual μ̂ values for all bosonic and all fermionic
decay channel is 〈μ̂〉ALAS = 1.12 ± 0.13 for the results obtained by the ALTAS
collaboration, 〈μ̂〉CMS = 0.95 ± 0.12 for the results obtained by the CMS collabo-
ration and 〈μ̂〉LHC = 1.03 ± 0.09 when combining the results of both experiments.
A more detailed analysis of the signal strengths obtained from the combination of
all decay channels of the CMS analyses taking all correlations into account will be
given in Chap.5. The comparison of the weighted mean with this result indicates
the importance of a correct treatment of all correlated uncertainties in the likelihood
analyses.

The exciting LHC data taking period of the years 2011 and 2012 concluded
with the clear discovery of a new particle in the bosonic decay channels and a
convincing evidence of the coupling of the new particle to fermions driven by the
analysis in the H → ττ decay channel. In the combination with the results from the
H → bb̄ decay channel of the CMS collaboration this evidence has been reported
in the Nature Physics Journal [55]. The physics results of this timespan of the SM
Higgs boson search were a tremendous success of all participants in the areas of the
accelerator, experiments and theory. The tree-level Yukawa coupling to the top quark
was furthermore probed in the t t̄ H production mode. The preceding discussion has
shown that the analysis of the fermionic decay channels of the Higgs boson is more
challenging than it is the case for the bosonic decay channels. The full exploration of
the fermionic decay channels has still been left to the upcoming data taking periods
from 2015 on. The evidence of the new particle in all analyzed production modes
and nearly all decay channels already now allowed for an impressive first check of
the properties of the new particle, based on the LHC run-1 dataset, which gives an
impression of how much information will be extracted from the increased datasets
in the upcoming data taking periods. The first checks already allowed to conclude
that the observed particle is not only a boson, but a Higgs boson. All what is known
about its properties will be discussed in the following chapter.
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Chapter 5
Properties of the New Particle

The observations in themain SMHiggs boson decay channels as discussed in Chap.4
have lead to the following conclusions: (i) the observation in all three bosonic decay
channels is consistent with a single particle resonance; (ii) the two bosonic high
mass resolution decay channels H → γγ and H → Z Z , pin this mass to a value of
m H ≈ 125GeV; (iii) there is an evidence that this new particle couples to fermions,
with a coupling strength to b-quarks and τ -leptons as expected for a SMHiggs boson
with the given mass; (iv) this coupling is non/universal across the lepton generations.

These findings corroborate the discovery of a unique new particle, with properties
as expected for a Higgs boson. These properties have been inferred from several
comprehensive analyses of the single observations: since a particle with half-integer
spin can not decay into two particles with integer spin the bosonic nature of the new
particle was already evident from the fact that the discovery had been made in the
bosonic decay channels; the mass of the new particle could be measured with an
accuracy of a few hundred MeV in the combination of the H → γγ and H → Z Z
decay channel; also the decay width and the C P properties of the new particle could
be constrained to an unexpected level of accuracy in the further analysis of the few
events in the H → Z Z decay channel; finally the coupling strength that could be
inferred for topquarks,b-quarks, τ -leptons,muons,W bosons and Z bosons indicates
that the coupling of the new particle increases linearly with the mass of the fermions,
m f , and quadratically with the mass of the heavy vector bosons, mV , that the new
particle couples to, as expected for a Higgs boson. These analyses will be discussed
in the following sections.

5.1 Mass and Decay Width of the New Particle

5.1.1 Canonical Estimate of the Mass and Decay Width

In the H → γγ decay channel the mass of the observed particle is obtained from
the distribution of mγγ in all event categories that have been described in Sect. 4.3.1
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performing a scan of the likelihood function in a mass range between 123.6 and
125.8GeV and using the same signal model as for the extraction of the signal
strength, μ, consisting of several Gaussian distributions with different widths on
top of a continuous background distribution [1]. To obtain an unbiased estimate of
m H , which does not rely on information about the expected signal strength as a func-
tion m H , or on the expected coupling structure of the new particle, two additional
parameters, μVBF,VH and μggH,t t̄ H had been added to the statistical model, allow-
ing those signal processes that involve the coupling to vector bosons or fermions
to float independently in the fit. The most probable value of m H was found to be
m̂ H = 124.70 ± 0.31 (stat) ± 0.15 (syst)GeV, where the purely statistical com-
ponent of the uncertainty had been determined from a likelihood model where the
nuisance parameters of all systematic uncertainties had been set to their most proba-
ble values and the uncertainties had been removed from the likelihood function. This
estimate reveals a mass measurement with an uncertainty of ≈2.5%, which is still
dominated by the statistical component. The limit of precision of this measurement
given by the systematic uncertainties is at≈1.2%.The systematic uncertainties repre-
sent the limited knowledge of residual differences in the energy response for electrons
and photons in the ECAL, which appear since the energy response of the ECAL had
been validated with Z → ee events; the limited knowledge of the linearity of the
photon energy scale; and the residual uncertainties on the calibration of the energy
scale and resolution. The most probable values of the two individual signal strength
parameters came out to be μ̂VBF,VH = 1.15±0.63

0.58 and μ̂ggH,t t̄ H = 1.13±0.37
0.31. When

combining both parameters into a single parameter μ in the statistical model, this
parameter takes the value μ̂ = 1.14±0.26

0.23, as reported in Sect. 4.3.1 while the value
of m̂ H varies by less than 1σ of the estimated uncertainty. The likelihood function
for different values of m H , as used with two independent parameters μ̂VBF,VH and
μ̂ggH,t t̄ H is shown by the blue line in Fig. 5.1 (left) (labeled as “H → γγ tagged”).

From the lineshape of the mγγ distributions apart from the exact mass also an
estimate on the decay width can be obtained by replacing the Gaussian functions in
the signal model by an analytic convolution of a Gaussian function with a common
Breit-Wigner distribution in each case. In a scan of this likelihood function also the
value of m H had been left as a free parameter. The likelihood scan had been found
to be consistent with �H = 0 resulting in an observed (expected) 95% CL upper
limit of �H < 2.4 (3.1)GeV, still by a factor of 600 larger than the decay width of
4.04MeV as expected in the SM.

Also from the H → Z Z decay channel the mass of the observed particle is
obtained from a dedicated scan of the likelihood function, using all events in all
event categories that have been described in Sect. 4.3.2 [3]. For this purpose the
factor in the likelihood function of Eq. (4.4) that depends on p4�T |m4� orDjet|m4� had
been replaced by an estimate of the m4� resolution,Dm , which can been obtained on
a per-event basis from the resolution of each of the leptons. This resolution estimate
had been crosschecked with Z → �� events and residual correction factorsO(10%)

http://dx.doi.org/10.1007/978-3-319-18512-5_4
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had been derived and applied. The likelihood function as used for the measurement
of the mass thus took the form

Lμ
3D ≡ P(m4�|m H , �H ,Dm) · P(Dkin

bkg|m4�) · P(Dm |m4�)

As in the case of the H → γγ decay channels the signal strength, μ, had been
left as a free parameter to remove the dependency of the expected cross section
of SM Higgs boson production on m H . The scan led to a most probable value of
m̂ H = 125.6±0.5

0.4 (stat) ± 0.1 (syst)GeV, for a value of the signal strength of μ̂ =
0.93±0.26

0.23 (stat) ±0.13
0.09 (syst), where the split in the statistical and systematic part of

the uncertainty had been obtained in the sameway, as for the H → γγ decay channel.
The systematic uncertainties of the measurement of m H in the H → Z Z decay
channel are dominated by the residual uncertainty of the energy momentum scale of
the leptons. As a crosscheck of the method a similar likelihood scan had been applied
in the range of the Z boson mass, which lies close to the signal region, obtaining a
value of m̂ Z = 91.1 ± 0.1GeV, where the uncertainty corresponds to the combined
statistical and systematic uncertainty. The result of this scan was found to be well
compatible with the world average of the Z bosonmass of 91.1876±0.0021GeV [4]
justifying the method.

The likelihood scan of the 4μ, 2e2μ and 4e final states combined, is shown by
the black line in Fig. 5.1 (right). Also shown is the same likelihood scan, setting all
nuisances parameters to their best fit values and ignoring the systematic uncertainties,
indicated by the dashed black line, which demonstrates that also this measurement is
still dominated by the statistical uncertainty. The scan of the same likelihood function
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Fig. 5.1 Scans of the likelihood function, −2� lnL, for the measurement of the mass of the new
particle at m H ≈ 125GeV. (Left) Likelihood functions from the H → γγ and H → Z Z decay
channel and from the statistical combination of both [2] and (right) the split of the likelihood
function for the mass estimate in the H → Z Z decay channel into the 4μ, 2μ2e and 4e sub-decay
channels [3]
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for each of the H → Z Z final states individually is indicated by the red, blue and
green line corresponding to the 4μ, 2e2μ and 4e final state. The obtained values are

m̂4μ
H = 125.1 ±0.6

0.9 GeV

m̂2e2μ
H = 126.3 ±0.9

0.7 GeV

m̂4e
H = 126.2 ±1.5

1.8 GeV

in each sub-decay channel, where the uncertainties correspond to the combined
statistical and systematic uncertainties. Good compatibility within the uncertainties
is observed between each of the values of m̂ X

H . A scan of the likelihood function
versus the decay width, �H , leaving the signal strength, μ and the mass, m H , as
additional free parameters led to results that were compatible with �H = 0 with
an observed (expected) 95% CL upper limit of �H < 3.4 (2.8)GeV, again three
orders of magnitude larger than the expected decay width for the SM Higgs boson
at m H = 125GeV.

Naively adding statistical and systematic uncertainties of the two measurements
quadratically, thus treating all systematic uncertainties as uncorrelated shows that
the two results are compatible with each other within 1.6σ. The same result can
be obtained from a combined likelihood analysis, using the difference mγγ

H − m4�
H

as parameter of interest and taking all correlations between the two measurements
fully into account. This demonstrates the validity of the assumption that these two
measurements are uncorrelated. It is supported by the fact that both measurements
are still dominated by the statistical uncertainty. An obvious source of correlation
betweenmγγ

H andm4�
H comes tomind in the H → Z Z → 4e and 2e2μ final states via

the residual uncertainty of the calibration of theECAL. Theweightedmean of the two
mass measurements leads to a combined value, as obtained by the CMS experiment
of m H = 125.02 ± 0.27GeV. The scan of the combined likelihood function of
the measurements from both decay channels, taking all correlations properly into
account is shown by the black line in Fig. 5.1 (left) [2]. Also shown are the likelihood
functions, as obtained from each individual decay channel, indicated by the red and
the blue line. As for the measurements in each individual decay channel before,
the signal strength parameters, μγγ

ggH,t t̄ H , μγγ
VBF,VH and μZ Z had been added as free

parameters to the fit to remove the dependency of the SM Higgs boson production
cross section from the measurement. The result of this combined measurement is

m̂ H = 125.03 ± 0.27 (stat) ± 0.14 (syst) GeV (CMS experiment) (5.1)

in good agreement with the result of the weighted mean, with a slightly larger com-
bined systematic and statistical uncertainty of ±0.3GeV. The comparison of the
result as obtained from the combined likelihood analysis with the weighted mean
of the measurements in the individual decay channels, as obtained by the CMS col-
laboration helps to assess the use and limits of combining individual results without
the proper knowledge of all correlations between the individual measurements in
this case.
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A measurement of m H has also been published by the ATLAS collaboration, from
a combined likelihood analysis of the H → γγ and H → Z Z decay channels [5].
The values of m̂ H as obtained in each individual decay channel are m̂ H = 125.98±
0.42 (stat) ± 0.28 (syst)GeV in the H → γγ decay channel and m̂ H = 124.51 ±
0.52 (stat) ± 0.06 (syst)GeV in the H → Z Z decay channel. A similar analysis
had been performed as in the case of the CMS experiment to check the compatibility
of these two measurements and they have been found to be compatible with each
other within 2σ. The slight tension that appears between the two measurements has
been discussed in [5] and potential sources might point to residual limitations in the
understanding of the photon energy scale in the ATLAS detector. The result of the
combined likelihood analysis is found to be

m̂ H = 125.36 ± 0.37 (stat) ± 0.18 (syst) GeV (ATLAS experiment) (5.2)

The combined measurements of both experiments are well compatible with each
other within their uncertainties. The weighted mean of both measurements leads to
a value of m̂ H = 125.10± 0.18GeV, where the combined statistical and systematic
uncertainties of each measurement have been used for the mean and the correspond-
ing uncertainty. A summary of the individual and combined results as obtained by
each collaboration is given in Table5.1. This result a posteriori justifies the assump-
tion of m H = 125GeV that had been made in the discussion of the expected Higgs
boson production cross section for the (s + b)-hypotheses in Chap.4.

5.1.2 Decay Width Estimate from the Off-Shell Cross Section

As shown for the individual decay channels for the CMS experiment obtaining a
measurement of the Higgs boson decay width, �H , just from a pure line shape
analysis of an invariant mass distribution, even in the high mass resolution channels
only allows to set upper bounds, which are by≈3 orders of magnitude larger than the
expected decay width of the SM Higgs boson with m H = 125GeV. For a long time

Table 5.1 Mass of the Higgs boson as obtained frommeasurements in the H → γγ and H → Z Z
decay channels with the highest resolution on m H in both experiments

ATLAS H → γγ 125.98 ± 0.42 (stat) ±0.28 (syst) GeV [5]

H → Z Z 124.51 ± 0.52 (stat) ±0.06 (syst) GeV [5]

Combined 125.36 ± 0.37 (stat) ±0.18 (syst) GeV [5]

CMS H → γγ 124.70 ± 0.31 (stat) ±0.15 (syst) GeV [1]

H → Z Z 125.60 ± 0.45 (stat) ±0.10 (syst) GeV [3]

Combined 125.03 ± 0.27 (stat) ±0.14 (syst) GeV [2]

Also shown are the results of a combined likelihood analysis of both decay channels in the two
experiments corresponding to the best measurement from each experiment. The results are based
on the full LHC run-1 dataset of the data taking period of the years 2011 and 2012

http://dx.doi.org/10.1007/978-3-319-18512-5_4
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this had led to the opinion that a measurement of this quantity is beyond the scope
of the LHC. But indeed much more information can be obtained from a study of
more sensitive observables. One such observable is the ratio of off-shell production
of Higgs bosons (far away from the invariant mass peak) with respect to the on-shell
production, as proposed in [6] and picked up with a measurement in the H → Z Z
decay channel by the CMS collaboration [7].

In general the invariant mass distribution for the production of any particle follows
the shape of a Breit-Wigner resonance curve

dσ

dm2 ∝ 1
(
q2 − m2

)2 + m2�2

�→0−−−→ π

m�
δ
(

q2 − m2
)

(5.3)

where m and � correspond to the mass and decay width of the particle and q to the
momentum transfer in the scattering process. This term corresponds to the propagator
term in the matrix element of the scattering process, squared. If the decay width of
the particle, �, is small compared to the particle mass, as it is the case for the SM
Higgs boson with �H /m H = O(10−5) the Breit-Wigner term can be approximated
by a delta distribution as indicated in the right part of Eq. (5.3). This is called the
narrow width approximation. In the physics interpretation it implies that the particle is
produced as a real physical particle that propagates for a certain time before it decays.
The production and decay of the particle can be viewed as independent of each other
and the rate to observe the particle in a certain final state can be composed of a
simple product of a production cross section and a decay channel specific branching
fraction as introduced in Sect. 4.2. The proposed estimate of �H starts from the full
Breit-Wigner term in the H → Z Z → 4� decay channel

dσ(gg → Z Z → 4�)

dm2
4�

∝ κ2
gκ

2
Z

(
m2

4� − m2
H

)2 + m2
H �2

H

(5.4)

where q = m4� while κg and κZ correspond to the (effective) coupling strength of
the Higgs boson to the gluon and the Z boson (as will be discussed in more detail in
Sect. 5.3.3). Making use of the zero width approximation close to the resonant peak
leads to a cross section dependency of the form

dσ(gg → Z Z → 4�)

dm2
4�

∣∣
∣∣∣
on-shell

∝ κ2
gκ

2
Z

m H �H

∣∣
∣∣∣
m4�≈m H

(5.5)

while far off the peak the dependency turns into

dσ(gg → Z Z → 4�)

dm2
4�

∣∣∣∣∣
off-shell

∝ κ2
gκ

2
Z

m4
4�

∣∣∣∣∣
m4��m H

(5.6)

http://dx.doi.org/10.1007/978-3-319-18512-5_4
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and from the ratio of the two cross sections information can be inferred of �H . The
obvious problemof this ansatz is that the off-shell cross section is strongly suppressed
bym−4

4� and that especially for such a narrow resonance as for the SMHiggs boson the
naively expected cross section, multiples of �H away from the peak position should
be literally zero and thus without any chance to be experimentally observable. On
closer inspection two peculiarities of the SM Higgs boson with m H ≈ 125GeV
resurrect this ansatz: (i) with m H ≈ 125GeV, the Higgs boson has a mass very
close to the kinematic edge, where the decay into Z and W bosons opens up; (ii) the
coupling of the Higgs boson proportional to the mass and even to the mass squared
in the case of the massive vector bosons leads to a significant enhancement of the
production cross section. These two effects imply that even in off-shell regions as far
apart from the resonant mass as m4� ≈ 200GeV the effect of the off-shell production
of SM Higgs bosons on the over all gg → Z Z → 4� production cross section can
still beO(8%) [8, 9]. Quantummechanically the production of four isolated high pT

leptons from two gluons in the initial state (gg → 4�) is a superposition of several
processes, which are indistinguishable by their final state. These processes include
e.g.: the production via an intermediate Zγ∗ pair (gg → Zγ∗ → 4�); the production
via two intermediate Z bosons in the subsequent decay channel (gg → Z Z∗ → 4�);
as well as the (resonant) production via an intermediate Higgs boson state (gg →
H → Z Z → 4�). Since these processes are indistinguishable by their final state
the superposition leads to interference affects, which are obtained from the coherent
addition on the amplitude level in contrast to an incoherent addition on the cross
section level. An illustration of this effect is shown in Fig. 5.2.
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Fig. 5.2 Invariant four lepton mass distribution, m4�, from the Higgs boson search in the H → Z Z
decay channel, as described in Sect. 4.3.2. On the left, the observed number of events from (non-)
resonant gg → Z Z → 4� production is shown [3]. On the right, the expected effect of an increased
value of �H and increased (effective) couplings of the Higgs boson to gluons (labeled as gHgg)
or Z bosons (labeled as gHZZ) on the differential gg → Z Z → 4� production cross section are
shown [7]

http://dx.doi.org/10.1007/978-3-319-18512-5_4
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In Fig. 5.2 (left), the four lepton invariant mass, m4�, is shown for the analysis in
the H → Z Z decay channels, as described in Sect. 4.3.2, in a mass range between
100 ≤ m4� ≤ 800GeV. The black points with error bars correspond to the data,
and the filled histograms to the expected number of events from the simulation, split
into non-resonant qq̄ → Z Z∗ production (represented by the filled blue histogram)
and the production via gg + V V → Z Z , including resonant and non-resonant
contributions (represented by the filled red histogram). In this notation the label
“gg + V V ” expresses the combination of gluon fusion and vector boson fusion
diagrams in the initial state. The resonant contributions to the gg + V V → Z Z
process proceed via the creation of an intermediate Higgs boson (gg + V V →
H → Z Z ). In the inlet figure, the low mass region with an additional requirement
of Dkin

bkg > 0.5 is shown, as described in Sect. 4.3.2. Figure5.2 (left) illustrates the
clear peak at m4� ≈ 125GeV, which is dominated by (intermediate) Higgs boson
production and the still significant contribution of the gg + V V → Z Z processes,
even far off the mass peak of the Higgs boson. In Fig. 5.2 (right), the expected
differential cross section for (non-)resonant gg → Z Z production in the 2e2μ final
state is shown, as expected in the SM (red points) and in two different modifications
of the SM expectation: the blue up-pointing triangles correspond to the expectation
where the couplings, κg and κZ , of the Higgs boson (labeled as gHgg and gHZZ in the
figure) have been set to the values as expected by the SMbut the decaywidth,�H , has
been set to a value 16 times larger than expected for the SM; the green down-pointing
triangles correspond to the expectation, where both the couplings squared and the
decay width have been increased by a factor of 16. In the first case, the yield in the
tail remains unchanged, reflecting the fact that�H does not appear in Eq. (5.6), while
the yield in the peak is reduced, as obvious from Eq. (5.5). This situation is already
ruled out by the observation in the peak region. In the latter case, the appropriate
scaling both of the couplings and the total width lead to the same yield in the peak,
but to a significantly increased yield in the tail. This situation can not be excluded
by an observation in the peak region only. It requires the additional measurement of
the off-shell cross section.

It is clear that the sensitivity of such a measurement crucially relies on the
theoretical understanding of the involved signal and background processes. For the
analysis, all gluon fusion induced processes had been calculated at NNLO precision
in αs , for the calculation of QCD radiative corrections, differential as a function
of m Z Z , including interference effects. Vector boson fusion induced processes had
been calculated at NNLO precision in αs and NLO precision in α for electroweak
corrections. The leading background from qq → Z Z production, especially in the
off-shell analysis, had been calculated to NLO accuracy in αs .

For the measurement in the on-shell region, which had been defined by 105.6 <

m4� < 140.6GeV, the analysis had been performed, as described in Sect. 4.3.2,
using the three dimensional likelihood discriminant as given in Eq. (4.4). In the off-
shell region, which had been defined by m4� > 220GeV, the signal extraction had

http://dx.doi.org/10.1007/978-3-319-18512-5_4
http://dx.doi.org/10.1007/978-3-319-18512-5_4
http://dx.doi.org/10.1007/978-3-319-18512-5_4
http://dx.doi.org/10.1007/978-3-319-18512-5_4
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been performed using a two dimensional likelihood function based on m4� and an
additional discriminating likelihood function

Dgg = Pgg
tot

Pgg
tot + Pqq̄

bkg

=
⎡

⎣1 + Pqq̄
bkg

a · Pgg
sig + √

a · Pgg
int + Pgg

bkg

⎤

⎦

−1

exploiting the kinematic differences between the gg → 4� and qq → 4� processes,
where Pgg (qq̄)

i corresponds to the probability density for a gg → 4� (qq → 4�)
event to obtain a kinematic configuration inm Z1 , m Z2 ,


�, as observed in data, and the
total contribution Pgg

tot had been split into the individual components of Higgs boson
signal (sig), gg → Z Z → 4� background (bkg) and the corresponding interference
term (int). For this discriminant, the off-shell Higgs boson signal had been enhanced
by a factor of a = 10, roughly corresponding to the sensitivity of the measurement.
In addition, the analysis had been extended by the decay channel into 2�2ν, where
one Z boson decays into a pair of neutrinos, using the transverse mass above a value
of mT > 180GeV as discriminating variable, to enhance the statistical power of the
analysis. For the statistical inference a model of type

Pon-shell
tot (
x) = μgg ·

(
Pgg
sig(
x) + P t t̄ H

sig (
x)
)

+ μVBF ·
(
PVBF
sig (
x) + PV H

sig (
x)
)

+ Pgg
bkg + Pqq̄

bkg + . . .

Poff-shell
tot (
x) =

(

μgg · �H

�SM
· Pgg

sig(
x) +
√

μgg · �H

�SM
· Pgg

int(
x) + Pgg
bkg

)

(5.7)

+
(

μVBF · �H

�SM
· PVBF

sig (
x) +
√

μVBF · �H

�SM
· PVBF

int (
x) + PVBF
bkg

)

+ Pqq̄
bkg(
x) + . . .

had been exploited, where the P j
i correspond to the probability density functions

as discussed above. In this model, the minor contributions for SM Higgs boson
production in association with vector bosons (V H ) and t t̄ pairs (t t̄ H ) had been
added for the on-shell signal. The variables μgg and μVBF correspond to the signal
strength for Higgs boson production in gluon fusion (and t t̄ H ) and vector boson
fusion (and V H ) and �SM corresponds to the decay width of the Higgs boson as
predicted by the SM. In the signal extraction, the parameters μggH and μVBF had
been added as free parameters when estimating the decay width, �H , via a scan of
the likelihood function.

The scan of the likelihood function is shown in Fig. 5.3 where the solid dark and
bright red curves correspond to the observed scan of the likelihood function taking
only the 4� or only the 2�2ν analysis in the off-shell region into account and the
solid blue curve corresponds to the observed scan of the likelihood function taking



160 5 Properties of the New Particle

Fig. 5.3 Scan of the
likelihood function as
defined in Eq. (5.7) to obtain
the best estimate of the
measured decay width, �̂H ,
from a combined
measurement of the on- and
off-shell cross section for
Higgs boson production as
described in the text [7]
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both analyses in the off-shell region into account. The dashed curves correspond to
the distributions as expected for the SM. The figure demonstrates that both off-shell
analyses contribute with equal sensitivity and lead to comparable results when con-
sidered individually. The individual best estimates for �H are �̂4�

H = 1.9±11.7
1.9 MeV

for the 4� off-shell analysis and �̂2�2ν
H = 1.8±12.4

1.8 MeV for the 2�2ν off-shell analy-
sis. Combining both off-shell analyses leads to a value of �̂H = 1.8±7.7

1.8MeV, well
compatible with the expectation of the SM,where in each case the given uncertainties
correspond to the 68% CL intervals of the likelihood scan. This result translates into
an observed (expected) 95% CL upper bound on the decay width of the observed
Higgs boson of 22 (33)MeV, corresponding to an observed (expected) upper limit
of 5.4 (8.0) times the expected SM value. The statistical compatibility of this mea-
surement with the expectation from the SM corresponds to a p-value of 24%. This
measurement is a good example of how the sensitivity of a naive line shape analysis
could be improved by several orders of magnitude by a different ansatz. In this ansatz
the coupling strengths and the total decay width of the Higgs boson are measured
from data at the same time. But the method still relies on the assumption that the
coupling strengths do not change as a function of the involved energy scale, m Z Z ,
when going from m Z Z ≈ 125GeV to m Z Z � 220GeV, an assumption which is
violated if new physics effects influence the couplings at the level of higher-order
corrections. This would be the case for most extensions of the SM, which are being
discussed at the moment. In this sense, it is the most conservative interpretation of
the obtained upper limit to understand it as an additional consistency check under
the SM assumption.
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5.2 Spin and CP Symmetry

5.2.1 Groundwork for Spin and CP Analyses

As discussed in Sect. 4.3.4 from the observation in the three bosonic decay channels
the bosonic nature of the new particle became evident. Furthermore, the discovery
in the H → γγ decay channel implied that the new particle should not be of spin
1 since the direct decay of a spin-1 particle into two photons is forbidden by the
Landau-Yang theorem [10, 11].

In the SM the Higgs boson is characterized by the quantum numbers of the vac-
uum: it has spin 0 and the C P eigenstate +1. C P is a discrete symmetry operation,
composed of the charge conjugation operator, C , and the parity operator, P . For
a quantum system C corresponds to a switch of a particle into its anti-particle, P
corresponds to the switch of the spacial coordinates from x to −x. By construction
C and P are projection operators, with the eigenvalues ±1, similar to the projection
operators, defined in Eq. (2.18). The eigenvalue +1 is often referred to as C P-even,
the eigenvalue of −1 as C P-odd Both, C and P are conserved symmetries under
electromagnetic or strong interactions, but the weak interaction maximally violates
the P symmetry, by the fact that the W boson only couples to left-handed fermi-
ons and right-handed anti-fermions.1 The fact the W boson couples with the same
strength to left-handed fermions and to right-handed anti-fermions led to the assump-
tion that the combination of C and P , C P , could be a conserved quantity in strong
and electroweak interactions. Nowadays it is clear that also the C P symmetry is
violated in weak interactions in the SM, while this violation has been observed to be
very small.

Neither the C nor the P eigenvalue of a quantum system are directly observable.
They have to be inferred from a careful analysis of the angular momentum configu-
ration of the whole quantum system, usually described by a spacial wave function,
ψ(t, x) and a spin wave function χ(
si ), where the 
si correspond to the spins of all
particles in the system. In the analysis of the angular momentum ψ(t, x) is usually
decomposed in orbital wave functions Y m

l (θ,ϕ), which have the symmetry behavior

P(Y m
l (θ,ϕ)) = (−1)l · Y m

l (θ,ϕ)

where l corresponds to the orbital angular momentum and m to the z-component
of the orbital angular momentum along a pre-defined quantization axis. The parity
eigenvalue of the complete system is then determined by the product of the orbital
angular momentum and the intrinsic parity of all involved particles in the system.

The main decay channel for an angular momentum analysis with the current
limited number of events is again the H → Z Z → 4� decay channel, which has
the advantage that all kinematic information, which is necessary for the inference is

1Note that also the coupling of the Z boson to left- and right-handed particles is different (though
not maximally P violating) as shown in Eq. (2.28).

http://dx.doi.org/10.1007/978-3-319-18512-5_4
http://dx.doi.org/10.1007/978-3-319-18512-5_2
http://dx.doi.org/10.1007/978-3-319-18512-5_2
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preserved and hardly distorted by the experimental resolution. The intrinsic parity
of the four lepton system in the final state can be obtained from the product of the
individual leptons2 (+1 for fermions and −1 for anti-fermions) leading to a parity
eigenvalue of the final state of

P(4�) = (−1)l(−1)2(+1)2 = (−1)l (5.8)

The parity of the system thus depends on the presence of additional orbital angular
momentum in the system,which further on depends on the initial spin of the decaying
particle and the combined spin of all decay products. According to the quantum the-
orem of angular momenta the spins of the Z Z diboson system can take the following
values:

|2,±2〉 = |1,±1〉 ⊗ |1,±1〉

|2,±1〉 =
√
1

2
|1, 0〉 ⊗ |1,±1〉 +

√
1

2
|1,±1〉 ⊗ |1, 0〉

|2, 0〉 =
√
1

6
|1, 1〉 ⊗ |1,−1〉 +

√
2

3
|1, 0〉 ⊗ |1, 0〉 +

√
1

6
|1,−1〉 ⊗ |1, 1〉

(5.9)

|1,±1〉 =
√
1

2
|1,±1〉 ⊗ |1, 0〉 −

√
1

2
|1, 0〉 ⊗ |1,±1〉

|1, 0〉 =
√
1

2
|1, 1〉 ⊗ |1,−1〉 −

√
1

2
|1,−1〉 ⊗ |1, 1〉

|0, 0〉 =
√
1

3
|1, 1〉 ⊗ |1,−1〉 −

√
1

3
|1, 0〉 ⊗ |1, 0〉 +

√
1

3
|1,−1〉 ⊗ |1, 1〉

using the bracket notation, |s, sz〉, where the bracket on the left side of the equations
represents s and sz of the combined system, while the direct products on the right side
of the equations correspond to the spins of the individual spin-1 objects. The two spin-
1 objects can either couple to a combined spin-2 (upper three lines), spin-1 (middle
two lines) or spin-0 (lower line) object, equivalent to a parity even spin hypothesis
for the resonance, if no additional orbital angular momentum is involved. When
combining the spin-1 configurations with an orbital angular momentum of l = 1,
e.g. a hypothesis for a parity odd spin-0 resonance can be constructed. The discussion
in this sectionwill be concentrated on the spin-0 hypotheses for the following reasons:
(i) the test of the spin-1 hypotheses in the H → Z Z decay channel can be viewed as
an independent crosscheck of the statement obtained from the Landau-Yang theorem.
The object observed in the H → Z Z decay channel might not be the same object
as observed in the H → γγ decay channel, or the Landau-Yang theorem might be

2Note that the particles of importance are the leptons in the physical final state and not the inter-
mediate Z bosons. The Z bosons do not even have a well defined intrinsic parity due to their parity
violating nature.
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violated. But this crosscheck is more of academic nature; (ii) if the new particle were
a spin-2 particle its spin structure would be by far more complicated. The tests that
have been made could give hints, but would require much more detailed studies with
more data. The consequences can not be discussed in the scope of this book; (iii) of
all spin hypotheses the J P = 0− hypothesis is the most interesting alternative to the
SM, since all extensions of the Higgs boson sector by an additional Higgs doublet, φ̃,
as mentioned in Sect. 2.4.2 would lead to the presence of an additional Higgs boson
with spin 0 and C P = −1.

An example of a J P = 0+ spin-parity configuration is shown in Fig. 5.4 (left).
In this notation J corresponds to the combined angular momentum of the system
and P to the parity eigenvalue. The solid arrows correspond to the momenta of
the Z bosons in the restframe of the decaying resonance. The dashed arrows to the
momenta of the leptons in the restframe of the subsequent decay of the Z bosons.
The open arrows correspond to the spin of the corresponding decay products. In
the restframe of the resonance the two Z bosons emerge from the decay in a back
to back configuration. Their spins compensate each other to form a spin-0 system.
There is no additional orbital angular momentum, which is the reason, why the parity
of the system is (−1)l

∣∣
l=0 = +1. Also in the restframe of each of the subsequent

decays of the Z bosons the corresponding leptons emerge from the decay in a back
to back configuration. Due to the helicity of the leptons the �+ preferentially moves
in the direction of the Z boson spin, and the �− in the opposite direction. In Fig. 5.4
(right) an example for a J P = 0− spin-parity configuration is shown. In this case
the spins of the Z boson add up to a combined spin of 1, which is completed to a
spin-0 system by one additional unit of orbital angular momentum. The parity of the
system is (−1)l

∣∣
l=1 = −1. The influence of the spin configurations of the Z bosons

on the angles between the two Z → �+�− decay planes becomes obvious from the
two figures.

When analyzing the C eigenvalue of the decay system the effect in ψ(t, x) as
well as the effect on χ(
si ) have to be taken into account. As can be seen from
Fig. 5.4 a transition of all particles into anti-particles can be achieved by the appli-
cation of the P operator and a permutation of the spin-1 objects in the discussion

Fig. 5.4 Two examples of a spin configuration (left) for a J P = 0+ and (right) for a J P = 0−
particle in the H → Z Z → 4� decay channel. On the left the two spins of the Z bosons combine to
a system with spin 0. On the right the spins of the Z bosons combine to a residual spin 1, which is
completed to a spin-0 system by one additional unit of orbital angular momentum, l = 1. This leads
to the eigenvalue of P = −1. Note that the shown spin configurations are only examples of the spin
configurations given in Eq. (5.9) and that the composed spin-0 object in each case is described by
a superposition of more than one spin configuration

http://dx.doi.org/10.1007/978-3-319-18512-5_2


164 5 Properties of the New Particle

of the spin configuration of the combined system in Eq. (5.9). The spin-0 and spin-2
configurations of Eq. (5.9) are symmetric under permutations of the spin components
on the right side of the equations, while the spin-1 configurations are anti-symmetric.
So the J P = 0+ configuration, without additional orbital angular momentum, also
has a C eigenvalue of +1 and consequently a C P eigenvalue of +1. The J P = 0−
configuration, with additional orbital angular momentum of l = 1, acquires one
factor of −1 from the application of the P operator and one additional factor of −1
from the permutation of the spin-1 objects in the spin configuration. The resulting
eigenvalue of C is +1 and the eigenvalue of C P is −1. In both cases the eigenvalues
of P and C P are the same.

5.2.2 Estimate of Spin and CP in the H → ZZ Decay Channel

For the data analysis the same event selection had been used as described in
Sect. 4.3.2. In addition the events of interest had been required to lie in the restricted
mass range of 106 < m4� < 141GeV. After this selection 50 events remain in
the final event sample, based on all events of the LHC run-1 data taking period, of
which ≈50% are expected to be due to the Higgs boson signal. These event num-
bers are too small for a reliable measurement. Therefore the events had been used
for a statistical test of different spin-parity hypotheses. For these tests not the three
dimensional likelihood function Lμ

3D , as defined in Eq. (4.4), but a two dimensional

likelihood functionLJ P

2D(Dbkg,DJ P )was used. The kinematic discriminants forming
the arguments of this likelihood function had been defined as:

Dbkg =
[

1 + Pkin
bkg(m Z1 , m Z2 ,


�|m4�) · Pbkg(m4�)

Pkin
0+ (m Z1, m Z2 ,


�|m4�) · P0+(m4�)

]−1

DJ P =
[

1 + Pkin
J P (m Z1, m Z2 ,


�|m4�)

Pkin
0+ (m Z1, m Z2 ,


�|m4�)

]−1
(5.10)

where, as discussed in Sect. 4.3.2,P(kin)
bkg ,Pkin

J P andPkin
0+ correspond to the probability

density functions to find an event in the configuration given by m Z1 , m Z2 , 
� and
m4� in the case of the qq → Z Z background hypothesis or the Higgs boson signal
hypothesis, either in the 0+ spin-parity configuration, as predicted by the SM, or in
the configuration of an alternative J P spin-parity hypothesis. All probability density
functions had been obtained from LO matrix element calculations. The difference
betweenDbkg, as defined in Eq. (5.10) andDkin

bkg, as defined in Eq. (4.3) is that inDbkg
the information on m4� has been implicitly encoded, which is not the case for Dbkg.

In the case of spin-0 hypotheses (which will be mainly discussed in this context),
by nature, there are no correlations with the spin configuration of the initial partons
in the production. This is not the case for the spin-1 and spin-2 hypotheses, which

http://dx.doi.org/10.1007/978-3-319-18512-5_4
http://dx.doi.org/10.1007/978-3-319-18512-5_4
http://dx.doi.org/10.1007/978-3-319-18512-5_4
http://dx.doi.org/10.1007/978-3-319-18512-5_4
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Fig. 5.5 Probability density functions (left)Dbkg and (right)D0− , that have been used for the spin-
parity analysis in the H → Z Z → 4� decay channel for testing the SM hypothesis, 0+ against
the J P = 0− hypothesis [3]. For D0− an additional requirement Dbkg > 0.5 has been applied to
remove those events, which are anyhow very likely to originate from qq → Z Z background. For
the statistical inference the full two dimensional likelihood function L0−

2D(Dbkg,D0− )) was used

is the reason that for the analyses of these hypotheses the variables related to the
production mode, namely d�1 and d cos θ∗ had been integrated out in all relevant
probability density functions in Eq. (5.10).

In Fig. 5.5 the kinematic discriminants Dbkg and D0− are shown, that had been
used for the test of the SM hypothesis, 0+, against the J P = 0− hypothesis. The
black points with the error bars correspond to the data, the green and blue filled
histograms to the expected contribution of non-Higgs boson background processes
and the red lines to the signal contribution as expected for a Higgs boson with
m H = 125.6GeV. In both figures a solid and a dashed red line is shown. The solid
red line corresponds to the 0+ hypothesis, as expected by the SM, while the dashed
red line corresponds to the alternative 0− hypothesis. For the statistical inference the
full two dimensional likelihood function, L0−

2D(Dbkg,D0−) had been used. For easier
presentation the distributions in the figure are shown only in one dimension, Dbkg
(left) andD0− (right), where the events have been integrated along the corresponding
other dimension. In addition to enhance the visibility of the distinction of the two
alternative hypotheses inD0− for Fig. 5.5 (right) a further selection had been applied
of Dbkg > 0.5, to remove those events, which anyhow are very likely to originate
from qq → Z Z background. The similarity of the curves corresponding to the
0− and the 0+ hypothesis in Dbkg, demonstrate that the choice of the actual spin
hypothesis for Dbkg is not of large importance, which is also true for all other spin-
parity hypothesis tests.

The final test statistic for the spin-parity hypothesis tests had been defined as

q = −2 ln Q; Q = LJ P

2D

L0+
2D
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With this definition events, which aremore compatible with the 0− hypothesis lead to
negative values of q, while events, which aremore compatible with the 0+ hypothesis
lead to positive values of q. For the data a single value of q is obtained. To determine
the expected value and the probability density distribution for obtaining a given value
of q for the 0+ or the 0− hypothesis q is evaluated based on a huge number of pseudo
experiments under the assumption of each corresponding hypothesis. In Fig. 5.6 (top)
the obtained probability density functions and the observed value of q are shown for
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Fig. 5.6 Hypothesis tests for several alternative spin-parity configurations, J P , against the 0+
hypothesis as expected by the SM [3]. On the top the observed test statistic (red arrow) and the
probability density functions for the 0− (blue histogram) and the 0+ (yellow histogram) hypothesis
are shown. On the bottom the observed test statistics and the double sided 1σ, 2σ and 3σ quantiles
for each corresponding hypothesis are shown as orange (blue) shaded bands for the SM (alternative)
hypothesis. The different hypotheses are listed on the x-axis of the figure. The 0− hypothesis test
that has been discussed in detail in the text is given in the first bin of this summary plot. The exact
models and their notation are described in the text and in more detail in [12, 13]
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the example of the J P = 0− test. The red arrow corresponds to the observed value
in the data, the blue filled histogram to the probability density function for the 0−
hypothesis and the filled yellow histogram to the probability density function of the
0+ hypothesis. As can be seen from the figure the two spin-parity hypotheses do still
have a significant overlap, for the given statistics of themeasurement, which becomes
clear also from Fig. 5.5 (right). With more events the separation between these two
hypotheses will become stronger. But it can also be seen that the observed value of q
already now is significantly more favored by the 0+ hypothesis, as given for the SM,
than for the 0− hypothesis. This is supported by the fact that even for the assumption
of the 0+ hypothesis the observed value of q lies at the right side of the expected
median, which might be considered a lucky or unlucky fluctuation depending on the
personal flavor of the reader. With more data the observed value of q would lie at
a different value, which should not be too far away from the value that it has now,
and the probability density functions would become more peaky, thus allowing a
better separation of the two hypotheses. For completeness it should be mentioned
that Fig. 5.6 (top), while representing different hypotheses, in its statistical meaning
and technical making can be directly compared to the probability density functions
as determined for the hypothesis tests for the very first Higgs boson searches at LEP,
as shown in Fig. 3.6.

In Fig. 5.6 (bottom) a compilation of several hypothesis test that have been
performed in this way is shown. On the y-axis the corresponding value of q =
−2 ln(LJ P /L0+) is given. On the x-axis the different hypotheses J P , that have been
tested against the 0+ hypothesis are listed. The exact models and their notation are
described in [12, 13]. The black points correspond to the observed values of q and
the differently shaded bands in blue and orange to the 1σ, 2σ and 3σ contours of the
double sided 68, 95 and 99 quantiles of the probability density functions of the corre-
sponding J P (blue) and 0+ (orange) hypothesis. The dashed lines correspond to the
expected median of each probability density function. The 0− hypothesis test, which
has been discussed in more detail above is shown in the first bin of the distribution.
In the second bin the test of a 0+

h hypothesis with distortions from higher dimen-
sion operators in the Lagrangian density function is shown, the next four columns
correspond to different tests of 1± hypotheses with different assumptions on the
production mode and the last columns correspond to several spin-2 hypothesis tests
with different assumptions on the production mode. In all hypothesis tests the 0+
hypothesis as advocated by the SM is favored. Based on a C Ls criterion according to

C Ls = P(q ≥ qobs|J p + bkg)

P(q ≥ qobs|0+ + bkg)
< α

a quantitative CL for the exclusion of the tested J P hypothesis could be obtained,
where in analogy to the signal search amaximum likelihood fit had been applied prior
to the limit estimate to determine themost probable values for all nuisance parameters
in the statistical model for the given hypothesis. To remove the dependency of the
hypotheses on the expected value of the signal strength, μ, this parameter had been

http://dx.doi.org/10.1007/978-3-319-18512-5_3


168 5 Properties of the New Particle

treated as an additional free parameter in the minimization of the corresponding
likelihood function. According to this C Ls criterion the 0− hypothesis could be
excluded at 99.9% CL corresponding to a deviation of 3.6σ from the expected
median. Thedeviation from the expectedmedian for the 0− hypothesis in the presence
of the 0+ hypothesis was expected to be 2.4σ for the most probable value, μ̂ =
0.93±0.27 as given in Table4.2 and 2.7σ for a fixed value of μ = 1 in the statistical
treatment. Note that there is a weakening effect on the significance of the deviation
from the C Ls value when compared to the plain deviation from the expected median
from the 0− hypothesis as shown in Fig. 5.6 (top). The fact that the deviation from
the expected median for the 0− hypothesis in the presence of the 0+ hypothesis is
weaker than the observed deviation resembles the fact that the observed value of q lies
even beyond the expected median of the 0+ hypothesis. The deviation from the 0+
hypothesis has been quantified in a similar way to be −0.9σ for μ = 1.3 As obvious
from Fig. 5.6 (bottom) all but the 0+ hypothesis in these tests are disfavored, with
the largest exclusion for the spin-1 hypotheses and the weakest exclusions for the
various spin-2 and the 0+

h -hypothesis. In summary these observations strengthen the
assumption that the observed particle has the spin-parity 0+, as expected by the SM.

It should be mentioned though that these tests are still limited in several ways: in
the first place hypothesis tests do not replace unbiasedmeasurements. They give only
binary information on the proposed hypotheses, within confidence intervals. They
also imply the correctness of one of the two hypotheses. The C Ls method is one way
to dealwith the fact that the puremathematical concept of a hypothesis testmight lead
to misleading and unintuitive results in the case of low statistics, which is even more
true if none of the two hypotheses is correct (i.e. compatible with the data). Beyond
this limitation the hypothesis tests in this special decay channel are subject to a bunch
of further specific limitations: (i) the spin-1 hypotheses are already excluded from
the Landau-Yang theorem as discussed in the beginning of this section. The findings
do however support the assumption that the resonance discovered in the H → γγ
decay channel and the resonance discovered in the H → Z Z decay channel are the
same; (ii) spin-2 configurations are so complex that the models, that have been tested
can only light a small sector of this rich phenomenology; (iii) finally also the test of
the 0− hypothesis is limited by the fact that in any serious extension of the SM, that is
being discussed at the moment a coupling of aC P-odd Higgs boson to vector bosons
is suppressed at tree level. So the test does not tell anything about the presence of a
C P-odd Higgs boson or a C P-odd admixture to the discovered Higgs boson. This
admixture could well be there. But the H → Z Z decay channel would be blind for
it due to a loop suppressed coupling. The observation of a C P-odd coupling of the
Higgs boson, would in the reverse conclusion correspond to an anomalously high
coupling. These limitations culminate in the resume that while observing a positive
hypothesis test for anything else but the 0+ hypothesis in this decay channel would
have been a sensation, the non-observation was indeed not much of a surprise.

3Note that this is also the result of the naive subtraction of the observed significance from the
expected significance in the presence of the 0+ hypothesis for μ = 1.

http://dx.doi.org/10.1007/978-3-319-18512-5_4
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Spin-parity analyses are one of the obvious sectors of Higgs physics that will
profit from the increased number of events in the upcoming data taking periods from
2015 on: (i) the hypothesis tests in the H → Z Z decay channel will be replaced
by unbiased, conclusive measurements; (ii) similar analyses in the H → γγ and
H → W W decay channelwill becomemore interesting. These analyses have already
been made on the existing dataset, but they have not been discussed in this context,
since they are by far less sensitive, when compared to the H → Z Z decay channel;
(iii) finally the potential of spin-parity analyses in the H → ττ decay channel will
open up, where a C P-odd and a C P-even coupling are expected to enter on an
equal footing at tree level, giving a much higher theoretical potential in the search
for C P-odd Higgs bosons or C P-odd admixtures to the couplings of the observed
Higgs boson.

5.3 Coupling Structure

5.3.1 Prerequisite Studies

Up to this point the newparticle has been shown to lead to an observable signal (with a
significance of more than 3–5σ) in three bosonic and one fermionic decay channel. It
has been shown to be a boson that is compatiblewith the signature of aC P-even spin-
0 particle and unlike a gauge boson, to have a non universal coupling to fermions. To
conclude on the Higgs boson search all analyses of the CMS collaboration that have
been discussed in Chap.4 had been combined to determine the coupling structure
of the new boson, comprising all event (sub-)categories in the (i) H → γγ [1]; (ii)
H → Z Z [3]; (iii) H → W W [14]; (iv) H → ττ [15]; (v) H → μμ [16] and;
(vi) H → bb̄ [17] decay channels and; (vii) the inclusive search for the SM Higgs
boson signal in the t t̄ H production mode [18]. This combination included ≈230
event (sub-)categories and 1784 nuisance parameters in the maximum likelihood fit
to allow profiling of systematic uncertainties, some of which, like the uncertainty on
the integrated luminosity of the 7 and 8TeV dataset or the theoretical uncertainties of
SM Higgs boson production have been treated as 100% correlated across different
decay channels or event categories [2]. Written in human readable form the model
for the statistical analysis filled a plain table of 145MB. The binary compilation that
had been created from these inputs reached a size of 16MB. A maximum likelihood
fit with a single signal strength modifier, μ, assuming the SM relations between
different production modes and decay channels led to a value of

μ̂ = 1.03 ± 0.09 (stat.) ± 0.10 (syst.) (5.11)

where the first component in the uncertainties corresponds to the statistical uncer-
tainty and the second component to the combined systematic uncertainties of the
estimate. To obtain this value the Higgs boson signal had been evaluated at the

http://dx.doi.org/10.1007/978-3-319-18512-5_4
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most probable value of m H given by Eq. (5.1). A split of the analyzed dataset
in up to 16 event (sub-)categories resembling different production modes and
decay channels did not reveal any significant tension across these (or less) event
(sub-)categories. The χ2/ndf of the spread of the values of μ̂i , obtained in each
of the event (sub-)categories individually, in the case of the split into 16 event
(sub-)categories resulted in a value of 10.5/16, corresponding to a p-value of 84%.

Three important conclusions can already be drawn from these studies: (i) the
coupling structure of the observed boson in each decay channel and production
mode, as obtained from the data is consistent with the expected signal strength
contributions in presence of the SM Higgs boson; (ii) not only the relative signal
strength contributions across all event (sub-)categories, but also the overallmagnitude
of the signal strength of the observed boson is consistent with the expectation of
the SM within the reachable experimental accuracy; (iii) on the currently available
dataset the experimental accuracy to test the consistency of the observations with the
expectations of the SM is O(10%) for the statistical and of the same order for the
systematic uncertainty. Combining all data and using maximal input of the SM on
the expected coupling structure leads to the maximal statistical power to test the SM
assumption on the overall normalization of the signal. Further separation and adding
more degrees of freedom in the statistical model will only lead to reduced statistical
power of the analysis.

An important prerequisite to the analysis of the coupling structure of the new
particle is the assumption that the observed signal is due to only one single and
not a superposition of more than one particle. The possibility that the signal might
be composed of more particles, which could be split in mass up to a difference of
2.5–4GeV had been tested in a dedicated line shape analysis in the H → γγ decay
channel [1]. The single particle hypothesis is further supported by the studies of the
spin of the new particle in the H → Z Z decay channel [3], which are consistent
with the requirement that the new boson could not be of spin 1, as inferred from the
observation in the H → γγ decay channel [10, 11]. A third crosscheck along this
line is the consistency of the upper limits of the decaywidth,�H , with the expectation
of the SM in both, the H → γγ and the H → Z Z decay channel. Even though
this is only a weak consistency check of the SM it implies that there is no indication
of more than one particle giving rise to the observed signal within the experimental
resolution of the analyses.What these checks can not exclude is the presence of more
particles, which are degenerate in mass. To be able also to address this question the
signal strengths split by the four considered production modes, gg → H , qq → H ,
V H , t t̄ H and the five considered decay channels, H → γγ, H → Z Z , H → W W ,
H → bb̄, H → ττ had been analyzed using a likelihood ratio

qλ = −2 ln

(L(data|single part)
L(data|saturated)

)

where the likelihood function L(data|single part) allows for eight free signal strength
parameters: one parameter, μi (i = γγ, Z Z , W W , bb̄, ττ ) for each decay channel



5.3 Coupling Structure 171

and one parameter, λ j ( j = qq → H , V H , t t̄ H ) for each production mode (where
the modifier for gluon fusion has been absorbed into the μi parameters) with the
requirement that the λ j should be the same across all decay channels, i , and the
μi the same across all production modes, j . This model gives enough degrees of
freedom in the maximum likelihood fit to relief the dependency on the SM, while
it still corresponds to a single particle hypothesis. In the presence of more than
one particle that would couple differently in at least one production mode or decay
channel the correlation across production mode or decay channel does not hold
anymore. To account for this additional degree of freedom, for the likelihood function
L(data|saturated) the correlation across production modes (or decay channels) had
been removed by adding 5 × 4 = 20 independent signal strength parameters for
each individual combination of production mode and decay channel. In statistics
such a model is called saturated. It implies that in the maximum likelihood fit each
signal strength parameter will take the best possible value in each pair of production
mode and decay channel. In the likelihood ratio, qλ, L(data|saturated) will thus gauge
L(data|single part) to the largest reachable value.

The test statistic of a likelihood ratio with a saturated model like qλ, is a general-
ization of the classical minimal χ2 test for a given test hypothesis H0. This can be
understood assuming that the parameters of interest in both likelihood functions are
normal distributed. In this case the likelihood ratio takes the form

L(data|H0) =
∏

i

1√
2πσi

e
−(di − λi )

2
/2σi

L(data|saturated) =
∏

i

1√
2πσi

qλ = −2 ln

( L(data|H0)

L(data|saturated)
)

=
∑

i

(di − λi )
2

σi

where the di correspond to the (measured) values in data with uncertainty σi and
the λi to the parameters of interest for i measurements. For L(data|saturated) the
maximum likelihood fit has enough degrees of freedom so that each λi will match
each value of di . This is why the exponential in this likelihood function is zero and
only the normalization factor 1/√2πσi remains.

For the test of the single particle hypothesis based on qλ the observed value of qλ

has been compared to the expectation for the SM, which has been used as a proxy for
a single particle model, based on a large number of toy experiments. The p-value to
observe values of qλ ≥ qobs

λ has been found to be ≈8% corresponding to a deviation
from the expectation for a single particle hypothesis of 1.4σ. On close inspection
a small tension was observed in the two jet event category in the H → Z Z decay
channel, which in itself is only of limited statistical sensitivity. In this event category
the data prefer a large contribution due to the V H and a very small contribution due
to the qq → H production mode. Removing the contributions of the H → Z Z
decay channel from the likelihood model results in a p-value of 33% corresponding
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to a deviation from the expectation of 0.5σ. Based on these tests the single particle
hypothesis is well justified within the experimental resolution of the analyses.

5.3.2 Statistical Model

Only very few of the analyzed event (sub-)categories are so pure that information
on a single production mode or decay channel could be directly inferred from the
estimated signal strength parameter,μi in that category. Also in single decay channels
the statistical power to analyze certain production modes is still very limited. The
analysis of the coupling structure of the new boson therefore has been performed
as a compatibility check of the individual observations in each event (sub-)category
with the best available predictions of the SM, which have been provided by theory
with an accuracy as given in Sect. 4.2.1. In this ansatz the following well justified
assumptions have been made: (i) the signal originates from a single particle; (ii)
the model does not take into account that kinematic distributions, which have been
used for signal extraction in the individual event (sub-)categories might have been
affected by potential deviation from the SM expectation. In this sense the model
implicitly relies on the assumption of the new particle to be C P-even and of spin 0;
(iii) the width of the new particle is assumed to be narrow enough so that the narrow
width approximation, as discussed in Eq. (5.3) can be applied. The latter assumption
implies that the signal rate for a given production mode and decay channel factorizes
into two independent parts for the production and the decay of the new particle

(σ · B R) (i → H → f ) = σi · � f

�H
(5.12)

where the cross section,σi for a given productionmode, i , and the partial decaywidth,
� f , for a decay into a given final state f have to be determined by calculation and
the total decay width, �H , is obtained from the sum of the partial decay widths over
all energetically accessible final states,

∑
f � f , ( f = γγ, Zγ, Z Z , W W , bb̄, cc̄, gg,

ss̄, ττ , μμ). In this sum the light quark contributions and the electron are neglected
due to their low mass and thus very small coupling strength. Deviations from these
predictions have been parametrized as effective coupling strength parameters in form
of multipliers κ f , at the amplitude level, which are trivial for all direct (tree-level)
couplings, like f = W , Z for the coupling to W or Z bosons, or f = t , b, τ , μ for the
coupling to τ -leptons, muons, b- or top quarks. The coupling to the c- and s-quark,
which (at least in the available dataset) are not directly accessible at the LHC are
usually coupled to κt and κb. For couplings, which occur via loops or which are
summed across several amplitudes in the SM, like in the case of the production via
gluon fusion or the H → γγ decay two options have been followed: (i) in an effective
approach no attempt has been made to resolve these couplings and they have been
modified by a single parameter κg or κγ as in the case of the tree-level couplings; (ii)
in a more SM like approach the loop structure has been resolved taking all relevant

http://dx.doi.org/10.1007/978-3-319-18512-5_4
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contributions and their interference terms at the amplitude level into account [19].
In (ii) the resolved processes are the production via gluon fusion (gg → H ), the
production via vector boson fusion (qq → H ), the decay into gluons (H → gg),
the decay into photons (H → γγ) and the decay into a photon and a Z boson
(H → Zγ). The decay into gluons is not observable at the LHC, but it is included in
the calculation of the total decay width, �H , since it has a sizable contribution there.

At 8TeV the contributions of W and Z boson fusion are shared with a fraction
of ≈3/4 (W boson fusion) to ≈1/4 (Z boson fusion). Interference terms have been
estimated to be less than 0.1% of the total cross section. For gluon fusion the con-
tributions from the b- and the top quark have been taken into account. The loop is
largely dominated by the top quark contribution, the contribution from the b-quark
at the cross section level being ≈1%. The effect of tb-interference terms, summed
over all contributing leading and higher-order amplitudes, on the other hand has been
found to be O(−7%), larger that the contributions of the single b-quark amplitude
(and destructive as indicated by the minus sign). For the partial decay width into glu-
ons the b-quark contribution is againO(1%) and the destructive tb-terms are found
to beO(−12%). For the decay into photons the contributions from the W boson and
from the top quark are dominant. The decay via the top quark loop contributes at
O(7%) to the decay width, the sum of all tW -interference terms is again destructive
andO(−64%). All contributions via b- or τ -loops have been found to be below 1%
of the partial decay width and are not further discussed in this section, though they
have been used in the statistical model. A summary of all dominant contributions to
resolved cross sections or partial decay widths is given in Table5.2.

Depending on the question in consideration and to increase the statistical power of
the analysis for some tests the coupling strength parameters for individual particles
have been grouped into common parameters, resulting in a correlated movement in

Table 5.2 Structure of resolved processes in the SM [19]

σ(gg → H) t t bb tb

19.27 pb 1.06 0.01 −0.07

σ(qq → H) W W Z Z Z W

1.578 pb 0.74 0.26 <0.001

�gg t t bb tb

8.55 · 10−2 × �H 1.11 0.01 −0.12

�γγ W W tt W t

2.29 · 10−3 × �H 1.56 0.07 −0.64

�Zγ W W tt W t

1.55 · 10−3 × �H 1.12 0.003 −0.12

In the upper part of the table the fractions of individual contributions to the resolved production
cross sections, in the lower part of the table the dominant contributions to the resolved loop induced
couplings are given in form of relative fractions to the summed cross section or summed partial
decay width. The second and third row correspond to the contributions of single particle amplitudes
of the two dominant contributions and the third row to the interference term
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the maximum likelihood fit. Examples for such a grouping are κV (“V” for vector
boson), correlating the coupling to the W and Z boson and κ f (“f” for fermion), cor-
relating all couplings to fermions. The largest simplification of this kind is obtained
from combining all coupling strength parameters into one single parameter κ. This
leads to the relation μ = κ2 between κ and the signal strength parameter μ of
Eq. (5.11). The coupling strength parameters, are defined such that for κ j = 1, ∀ j
the prediction of the SM is retained to best knowledge. The model will not have
predictive power beyond testing the SM though, since in the case of significant devi-
ations in one or more parameters κ j the higher-order corrections that rely on the SM
assumption are not strictly valid anymore. In addition, since theκ j do not only appear
in the numerator but also as part of �H in the denominator an absolute measurement
of the couplings is not possible.

5.3.3 Test of the Coupling Structure

The main model to test the coupling structure of the new boson contains six para-
meters of interest in form of a coupling strength parameter κ j for each tree-level
coupling that could be addressed by the analyses described in Chap.4 ( j = W , Z ,
t , b, τ and μ). All couplings via loops that have been described above have been
resolved according to the expectation by the SM. The result of the maximum likeli-
hood fit is shown in Fig. 5.7. The black points correspond to the central values, the
red and blue error bars to the 68 and 95% CL intervals, including statistical and
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Fig. 5.7 Coupling structure as obtained from a maximum likelihood fit to the data described in
Chap.4, with κ j , j = W , Z , t , b, τ , μ as free parameters of interest [2]. The figure on the left
indicates, that all values κ j are consistent with 1 within the 68% CL uncertainty of the fit and thus
with the expectation of the SM. The figure on the right illustrates how well the coupling structure
of a Higgs boson is exhibited by the couplings obtained from the fit
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systematic uncertainties, as obtained from the maximum likelihood fit. The dashed
line corresponds to the expectation for the SM.All couplings are found to be compati-
ble with the expectation by the SM,within their 68%CLuncertainty, thus confirming
that the new boson has a coupling structure, as expected for a Higgs boson that is an
excitation of a field for which the SU (2)L symmetry is spontaneously broken in the
quantum vacuum. For this to be the case the coupling has to be proportional to the
mass of the heavy gauge bosons squared and linearly proportional to the mass of the
fermions. To give more emphasize to this finding the observed values for the cou-
plings to fermions and vector bosons have been transformed motivated by Eq. (2.50)
to have the same linear dependence on the mass of the corresponding fermion or
vector boson in case that the new particle exhibits the coupling structure of a Higgs
boson:

| f obsH→ f f | = κ f · | f SMH→ f f | = κ f · m f

v
f = μ, τ , b, t

√
| f obsH→V V |

2v
= √

κV ·
√

| f SMH→V V |
2v

= √
κV · mV

v
V = W, Z

The behavior of these transformed couplings as a function of the fermion or vector
boson mass is shown in Fig. 5.7 (right). In the figure the dashed line corresponds
to the expectation of the SM. Also shown by a continuous line with dark green
and bright yellow uncertainty bands is the result of the fit of a model where each

coupling strength parameter had been modified to be κ f = v · mε
f

Mε+1 for fermions and

κV = v · m2ε
V

M2ε+1 for vector bosons to account for a bending and a shift of the linear
dependency. In this phenomenological model the SM expectation is retained from
the value pair (M, ε) = (v, 0). The obtained most probable values have been found
to be M = 245± 15GeV and ε = 0.01±0.041

0.036. In summary the coupling structure of
the new particle is confirmed to be Higgs boson-like within the 10–20% accuracy
of the analysis, with the weakest constraint on κμ and κb. The central values for κ j

and the corresponding confidence intervals are given in the upper part of Table5.3.
While the coupling to the mass squared in the case of vector bosons is an essential

ingredient to the coupling structure of the Higgs boson, to retain the SU (2)L symme-
try of the SM, the coupling proportional to themass in the case of fermions resembles
the special choice of a Yukawa coupling of the fermions to the Higgs doublet field,
φ. The coupling structure to fermions is thus theoretically less stringent than the
coupling structure to vector bosons. Furthermore in the SM the couplings to W and
Z bosons are protected to be of similar magnitude and not affected by large radiative
corrections by an additional global custodial symmetry as discussed in Sect. 2.4.1.
These and other properties of the observed Higgs boson have been tested with the
help of simplified models within the κ framework to increase the statistical power of
the analysis. The couplings via loops have been resolved according to the expectation
by the SM where appropriate.

To test the assumption of custodial symmetry a simplified model had been
exploited consisting of one coupling strength parameter, κ f , common to all fermi-

http://dx.doi.org/10.1007/978-3-319-18512-5_2
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Table 5.3 Central values, 68 and 95% CL intervals of several parameters that have been used to
test the coupling structure of the observed Higgs boson [2]

Coupling structure of the new boson

−2σ −1σ Central value +1σ +2σ

κZ 0.72 0.89 1.05 1.21 1.35

κW 0.68 0.82 0.95 1.09 1.23

κt 0.68 0.66 0.81 1.21 1.35

κb 0.09 0.45 0.74 1.07 1.44

κτ 0.50 0.66 0.84 1.03 1.24

κμ 0.00 0.00 0.49 1.87 2.77

λW Z 0.70 0.79 0.91 1.05 1.22

λdu 0.66 0.82 1.01 1.20 1.43

λ�q 0.61 0.81 1.02 1.24 1.49

κV 0.88 0.94 1.01 1.08 1.15

κ f 0.64 0.75 0.89 1.02 1.16

κg 0.69 0.79 0.89 0.99 1.10

κγ 0.89 1.02 1.15 1.28 1.42

B RBSM 0.00 0.00 0.00 (0.00) 0.13 (0.39) 0.32 (0.52)

B Rinv 0.00 0.00 0.03 (0.17) 0.18 (0.34) 0.32 (0.49)

In the upper part of the table the coupling strength parameters κ j used in the maximum likelihood
fit for the determination of the overall coupling structure of the observed Higgs boson are given.
The values correspond to the points shown in Fig. 5.7. In the middle part of the table the values
λ j to further investigate the bosonic and fermionic part of the coupling structure are listed. In the
lower part of the table the results of the coupling analysis split by vector bosons and fermions and
the results of the search for effects of physics beyond the SM in the loop induced couplings and in
potential decays of the observed Higgs boson into invisible particles are summarized. The values
in braces correspond to the central values and confidence intervals if the requirements on κ j are
weakened to reduce the model dependency as described in the text

ons, one coupling strength parameter, κZ for the coupling to the Z boson and the
ratio λW Z = κW /κZ for the coupling of the W boson relative to the coupling of
the Z boson as parameter of interest. In the maximum likelihood fit κ f and κZ

had been left as free parameters. The obtained value of λW Z has been found to be
λW Z = 0.91±0.14

0.12, where the given uncertainties include the statistical and system-
atic component. The result is consistent with the expectation of custodial symmetry.
In an alternative approach the fit had been applied only to the gg → H dominated
event (sub-)categories in the H → Z Z and H → W W decay channels. Assuming
that the productionmechanism of the observedHiggs boson is the same in both decay
channels this choice minimizes residual dependencies on the SM. The result of the
maximum likelihood fit has been found to be λW Z = 0.94±0.22

0.18 consistent with the
more inclusive analysis.

In the SM the Higgs boson only couples to down-type fermions. The Yukawa
coupling to up-type fermions is achieved by the coupling of the charge conjugate,
φc of the Higgs boson field. In the most popular extension of the SM, supersymme-
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try [20–23] this is not possible, since theHiggs boson and its charge conjugate have to
match into a larger multiplet structure. Supersymmetry therefore strictly requires that
a second SU (2)L doublet exists, giving rise to more than one physical Higgs boson.
This in general implies deviations of the couplings to up and down-type fermions
with respect to the expectation by the SM. More general two Higgs doublet mod-
els (2HDM) [24] may also allow for different couplings to leptons and quarks with
respect to the expectation by the SM. To further investigate the coupling structure of
the observed Higgs boson in the fermion sector two further simplified models had
been exploited consisting of one coupling strength parameter, κV , for the coupling
to vector bosons and (i) one coupling strength parameter, κu for up-type fermions
and the ratio λdu = κd/κu for the coupling of down-type relative to up-type fermi-
ons as parameter of interest and; (ii) one coupling strength parameter, κq for the
coupling to quarks and the ratio λ�q = κ�/κq for the coupling to leptons relative
to quarks as parameter of interest. The obtained value of λdu has been found to be
λdu = 1.01±0.20

0.19. The obtained value of λ�q has been found to be λ�q = 1.02±0.22
0.21,

where the given uncertainties include the statistical and the systematic component in
each case. Both results are consistent with the expectation of the SM. For these tests
not only the central value is of interest, but also the uncertainties, since deviations e.g.
in ranges of the still allowed parameter space of supersymmetric models are expected
to beO(3%) and thus still below the statistical sensitivity of the current analysis. A
summary of the tests of the coupling structure in the bosonic and fermionic Higgs
sector is given in the middle part of Table5.3.

To test the coupling structure to fermions with respect to vector bosons the cou-
pling strength parameters κ j have been comprised into a single parameter, κV for
the coupling to the W and the Z boson and a single parameter κ f for the coupling
to fermions. In Table5.4 it is indicated how κV and κ f explicitly enter in the sta-
tistical model for each production mode and decay channel. Since κV and κ f enter
quadratically on the level of cross sections and partial decay widths, they imply a
sign ambiguity, which is only resolved by the interference term in the loop induced
H → γγ coupling, where both coupling strength parameters enter linearly. A neg-
ative sign of κ f with respect to κV would turn the destructive into a constructive
interference and thus enhance the signal in the H → γγ decay channel with respect
to the other decay channels.

Table 5.4 Representation of each production mode and decay channel by the coupling strength
parameters κV and κ f

H → V V H → f f H → γγ

V H , qq → H κ2
V κ2

V κ2
f κ

2
V κ2

V (1.56κ2
V −0.64κV κ f +0.07κ2

f )

t t̄ H , gg → H κ2
f κ

2
V κ2

f κ
2
f κ2

f (1.56κ
2
V −0.64κV κ f +0.07κ2

f )

The last column corresponds to the resolved H → γγ coupling according to [19], where the relative
weights for κ2

V , κ2
f and the interference term, κV κ f are given. A common normalization factor

corresponding to the parametrization of �H has been omitted in the table
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This option had been heavily discussed in the timespan shortly after the dis-
covery, when the signal in the H → γγ decay channel was indeed by a factor of
two larger than expected by the SM, while still well compatible within statistical
uncertainties. During these times a relative minus sign between κV and κ f could
indeed not be excluded in the analysis of the coupling structure of the observed par-
ticle. The obtained values of κV and κ f on the final dataset have been found to be
κV = 1.01±0.07

0.07 and κ f = 0.89±0.14
0.13, where the given uncertainties include the sta-

tistical and systematic component. These results are consistent with the expectation
of the SM. In Fig. 5.8, a graphical representation of the fit result is shown. The black
cross and the solid and dashed black contours correspond to the most probable value
and the 68 and 95% CL contours of the parameter estimate using all event (sub-)
categories in all decay channels. The colored contours correspond to the 68% CL
contours as determined from each decay channel individually. The yellow diamond
corresponds to the value pair (κV ,κ f ) = (1, 1) as expected by the SM. The split in
individual decay channels illustrates the ambiguity in the sign of κ f relative to κV

in all but the H → γγ decay channel. From the combined fit a relative minus sign
between κV and κ f can be excluded at 95% CL.

The coupling analysis could also be used to search for the effects of new physics
in deviations of the loop induced couplings to gluons and photons from the expec-
tation as by the SM. To further investigate this option a simplified model had been
introduced where all tree-level couplings had been set to one, corresponding to the
expectation of the SM and the effective couplings κg and κγ had been introduced as
parameters of interest. In Fig. 5.9 (right) the result of the two dimensional parameter
estimate is shownwith κγ given on the x-axis and κg on the y-axis, where in the para-

Fig. 5.8 Coupling structure
of the observed Higgs boson
represented by the coupling
to vector bosons, κV , and
fermions, κ f [2]. The black
cross and the black solid and
dashed contours correspond
to the most probable value
and the 68 and 95% CL
contours of the parameter
estimate. The colored
contours correspond to the
68% CL contours as
determined from each decay
channel individually. The
yellow diamond corresponds
to the value pair
(κV ,κ f ) = (1, 1) as
expected by the SM
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Fig. 5.9 Tests of the coupling structure of the observedHiggs boson to search for indirect indications
of physics beyond the SM (left) in the loop induced couplings to the photon (κγ ) and the gluon (κg)
and (right) expressed in form of a limit on the branching fraction of the Higgs boson decay into
non-observed particles, B RBSM [2]

meter estimate the additional requirement had been applied in the statistical model
that the branching fraction into additional non-detected particles be zero. The black
cross and the solid, dashed and dotted black contours correspond to the most proba-
ble value and the 68, 95 and 99%CL contours of the parameter estimate. The yellow
diamond corresponds to the parameter pair (κγ,κg) = (1, 1) as expected by the SM.
The results of the parameter estimate areκγ = 1.15±0.13

0.13 andκg = 0.89±0.10
0.10, where

the given uncertainties include the statistical and systematic component. The result
on κγ is clearly driven by the slightly larger observed event yield than expected in
the H → γγ decay channel. The result on κg is driven by an over all slightly lower
observed event yield than expected by the SM across all decay channels. This test
could also be turned into an estimate on the branching fraction into non-observed
Higgs boson decays, originating from physics beyond the SM. For this purpose the
statistical model had been extended by an additional parameter B RBSM to account
for such additional contributions to the total decay width and κγ and κg had been left
as free parameters in the maximum likelihood fit. In Fig. 5.9 (left) a scan of the like-
lihood function for different values of B RBSM between 0 and 0.6 is shown. The solid
black line corresponds to the difference−2� lnL of the likelihood function from the
global minimum, as obtained from the data. The dashed black line corresponds to
the expectation by the SM. The observed value of B RBSM is 0 and thus compatible
with the expectation by the SM. The 68% and 95% CL intervals for B RBSM are
found to be 0.13 and 0.32. The observed limit is pushed to be more stringent due to
the observed lower value of κg , which contributes stronger to �H than κγ .

This estimate has been extended by a dedicated search forHiggs boson decays into
invisible particles performed in the Z(��)H(inv), Z(bb̄)H(inv) and qq → H(inv)
production modes [25], assuming the production cross section and acceptance as
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expected for theSM.From this dedicated search a direct observed (expected) 95%CL
upper limit on the branching fraction for Higgs boson decays into invisible particles
of B R(H → inv) < 0.58 (0.44) could be obtained. The combination of this direct
search with the coupling analysis, when adding the requirement that all contributions
to �H in the coupling analysis be due to the decay into invisible particles and not
due to a decay into particles, which have just not been detected, leads to a value of
B Rinv = 0.03±0.15

0.03. While the observed 95% CL upper limit (by chance) remains at
the same value of 0.32 the gain from the combination in sensitivity becomes obvious
when comparing the expected 95% CL limit, which reduces from 0.42 to 0.28.

Since the requirement of all tree-level couplings to be one is very strong the limits
on B RBSM and B Rinv represent the strongest statements that CMS can make on the
subject with the current analysis and on the current dataset. There is a way to weaken
the assumptions that have been made by leaving the parameters κ j , j = γ, g, b, t and
τ free with the only requirement that κV ≤ 1, which is met in most extensions of the
SM that are being discussed nowadays. With these weakened assumptions the 95%
CLupper limits cited above take the values B RBSM ≤ 0.58 and B Rinv ≤ 0.49, which
means that to our best knowledge ≈50% of the branching fraction of the observed
particle could still be unexplored! These values indicate how much freedom is still
left in the analysis of the dataset for physics beyond the SM and how much there is
still to gain in statistical power from the upcoming data taking periods from 2015
on. A summary of the results of the analysis of the coupling structure split by the
coupling to vector bosons and fermions and in scope of the search for physics effects
beyond the SM is given in the lower part of Table5.3.
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Chapter 6
Conclusions

With the analysis of the coupling structure of the observed particle the search for
the SM Higgs boson concluded for the CMS collaboration with the complete and
exhaustive analysis of the fullLHC run-1 dataset of the years 2011 and 2012. Thefinal
lap of this hunt had started with the commissioning of the LHC and the experiments
in 2010 and the establishment of all known SM processes with tremendous reliability
and precision. The hot phase started in 2011with the first limits based on the searches
in the main SM Higgs boson decay channels, H → γγ, H → Z Z , H → W W ,
H → ττ and H → bb̄, in a range of 100 < m H < 1000 GeV. These days were
characterized by a vibrant atmosphere of tension and excitement at CERN, which
reached its first and highest peak on 4 July 2012 with the announcement of the
discovery of a new particle in both large scale main purpose experiments at the LHC,
ATLAS and CMS, in the combination of the bosonic decay channels at ATLAS and all
main decay channels atCMS. This discovery was based on roughly half of the dataset
that has been collected across the whole timespan of the years 2011 and 2012. It was
driven by the bosonic decay channels, while the two main fermionic decay channels,
H → ττ and H → bb̄, were just around the corner to reach the sensitivity for
observing the new particle. The discovery was followed by the evidence that the new
particle indeed couples to fermions end of 2013 and a complete analysis of its spin,
C P properties and coupling structure, as far as possible with the available dataset.

These analyses tracked unprecedented features of the new particle: it is a boson
which very likely is of spin 0 with aC P eigenvalue of+1. It has a non-universal cou-
pling structure across the fermion flavor generations. These features, which could be
confirmed within the experimental resolution of the existing analyses demonstrated
the compatibility of the new particle with being the Higgs boson of the SM, as postu-
lated roughly 50 years ago. The mass of the new particle could be determined with a
precision of O(2%) in the combination of the H → γγ and H → Z Z decay chan-
nels. The presence of a SM like Higgs boson with a mass of m H > 130 GeV could
be excluded in the H → W W decay channel at more than 95% CL over the whole
mass range up to 1 TeV. Other J P hypotheses than 0+ could be excluded in a series
of hypothesis tests in the H → Z Z decay channel at more than 95%CL. Finally the
compatibility of the coupling structure of the new particle with the expectation for
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the SM Higgs boson could be confirmed with a precision between 10–20% across
all couplings, which are accessible at the LHC. It is this coupling structure, which
proofs the new particle to be a Higgs boson.

This discovery confirms a highly non-trivial aspect in the structure of the SM: the
aspect of spontaneous SU (2)L symmetry breaking, which had led to the introduction
of a complete new “hidden” sector spanned by the SU (2)L doublet field φ which
has a dedicated coupling structure to gauge bosons and fermions. The discovery of
a particle, which is compatible with the predictions of the SM constitutes a fantas-
tic success of the theory. The discovered new particle represents an entirely new
type with a new and unique set of properties. The fact that both large multipurpose
experiments at the LHC, ATLAS and CMS independently made the discovery with
compatible results and in accordance concerning signal strength, mass and properties
of the new particle gives strong confidence in the discovery. It is reinforced by the fact
that both experiments had been build with independent and partially complementary
design choices as outlined Sect. 4.1.2.

The LHC stopped operation end of 2012 to enter a phase of maintenance and
upgrade of the accelerator and the experiments. This shutdown formed the endpoint
of the LHC run-1 data taking period with a dataset of 25 fb−1 collected at each of the
two main experiments at center-of-mass energies of 7 and 8 TeV. This concluded the
search for the SM Higgs boson, as the most exciting time in the lives of many junior
and senior scientists. The search was a great success, which many senior scientists
would not have dared to dream of. This book has been written with the scope to
describe the final results of this enterprise in its main aspects. To be concise I have
restricted myself to the most important established results. In this course I have left
out a few more comprehensive studies of the properties of the new particle, if they
were still limited in their conclusions due to the small size of the available dataset.
This choice was made not to dilute the main message of the document. Among those
studies a detailed analysis of the tensor structure of the H → V V decay [1] under the
assumption of anomalously high couplings to vector bosons and a search for the SM
Higgs boson in the rare H → γZ decay channel [2] should at least be mentioned.
With the same reasoning I have only very briefly touched the search for the decay of
the Higgs boson into invisible particles [3], which is not a SMHiggs boson search in
the actual sense and left out all searches for Higgs bosons in the context of models
beyond the SM. The most important of these searches is the search for neutral Higgs
bosons in the context of the minimal supersymmetric SM (MSSM) in the di-τ final
state [4]. The reasoning here is that these searches did not lead to a discovery, but only
to limits on the parameter space of the considered models. While the analyses are
very interesting and would easily fill another chapter of this book they will hopefully
be superseded as soon as the new data arrive.

In the previous chapters I have also tried to indicate the questions that remained
unanswered and the work that still lies ahead in the investigation of the Higgs sector
of the SM. The upcoming data taking period from 2015 on has the technical scope to
collect 300 fb−1 of proton proton collisions with a center-of-mass energy of 13 TeV.
The number of collected events will be 15 times larger than the number of events
collected at 8TeVcenter-of-mass energy in 2012 and the production cross sectionwill

http://dx.doi.org/10.1007/978-3-319-18512-5_4
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be enhanced by a factor of≈ 2.25 due to the increased parton luminosity at the higher
center-of-mass energy. Ignoring reconstruction and selection inefficiencies this will
lead to an expected number of 33 000 SM Higgs boson events in the H → γγ
decay channel, 1500 events in the H → Z Z decay channel, 150 000 events in the
H → W W decay channel, 1 million events(!) in the H → ττ decay channel,
3000 events in the H → μμ decay channel and 400 000 events in the H → bb̄
decay channel. The expected numbers of SM Higgs boson events broken down by
production mode and decay channel are summarized in Table6.1.

This amount of data will open the next era of SM Higgs boson physics: the era
of precision measurements. It will bring the final proof of the coupling of the new
particle to fermions; the signal in the H → μμ decay channel will be established; the
number of events will be sufficient fully to explore all production modes in nearly all
main decay channels. This will lift the analysis of the coupling structure to a precision
of better than O(5%) on most of the couplings. The most difficult to control will
still be the coupling to b-quarks. If the Higgs boson behaves as expected by the SM
the rare decay channel into γZ will be established. Deviations of the properties of
the discovered Higgs boson in the context of popular models beyond the SM, like
supersymmetry or more general 2HDM are expected still to be small compared to
this level of precision. So a distinction of the SM from such theories based only
on the analysis of the coupling structure of the discovered Higgs boson will still be
difficult unless the deviations will be larger than expected. But all of these models
predict a rich phenomenology in the Higgs sector with a large number of additional
Higgs bosons. Searches for these Higgs bosons as mentioned above will gain more
and more importance and might easily lead to the next great discovery at the LHC.
A prime channel to search for these Higgs bosons is the H → ττ decay channel:
all of these models predict an enhanced coupling of the additional Higgs bosons to

Table 6.1 Rough estimates for expected event numbers ignoring reconstruction and selection
inefficiencies and broken down by decay channel and production mode

Decay
Channel

√
s =

8 TeV,
20 fb−1

√
s = 13 TeV, 300 fb−1

inclusive inclusive gg → H qq → H W H Z H tt̄ H

γγ 1000 33000 30000 2300 1000 700 300

Z Z 50 1500 1300 100 50 30 15

W W 5000 150000 130000 10000 4500 3000 1500

bb̄ 12000 400000 350000 30000 12000 10000 40000

ττ 30000 1000000 900000 70000 30000 20000 10000

μμ 100 3000 2500 200 90 60 30

The second column corresponds to the numbers for 8 TeV and 20 fb−1, as given at the beginning
of each corresponding section of Chap.4. The following columns correspond to the expected event
numbers for 13 TeV and 300 fb−1, for all decay channels, inclusive and broken down by production
modes
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down-type fermions; the H → ττ decay channel at the same time is the cleanest
and most promising fermionic decay channel.

The new data will also bring high precision measurements of the tensor structure
of the coupling of the new boson to Z bosons, that have partially been laid out already
in [1]. It will lead to a first unambiguous measurement of the spin and C P of the
new boson. As discussed in Sect. 5.2.2 what can not be addressed that easily in the
H → Z Z decay channel is the question of C P-odd admixtures to the Higgs boson
couplings, since in extensions of the SM, which are currently under discussion, C P-
odd admixtures to the couplings to vector bosons are suppressed at leading order. A
prime candidate for such searches will again be the H → ττ decay channel, where
C P-even and C P-odd contributions to the Higgs boson coupling should appear on
the same footing. The concrete analyses turn out to be experimentally challenging
however. They will require an excellent understanding of the detector and a large
amount of data.

In summary the SM has proven to be one of the most powerful theories that
has ever been developed to decipher the code of nature from first principles. It has
demonstrated, over many decades, how a plethora of phenomena of particle physics
can be described and understood in terms of a handful of intuitive assumptions and
symmetry principles. Nearly all of these phenomena are experimentally difficult to
detect and non-trivial to understand. In consequence they have no correspondence in
our daily life experience and are far apart from our daily life intuition. This makes
it even more remarkable that the SM does such a good job in understanding these
realms. The discovery of a Higgs boson 50 years after its postulation leads particle
physicists to the assumption that the laws of nature can be understood even better and
with less parameters, which due to their phenomenological nature can not provide
further insights into the underlying rules and mechanics of nature. E.g. the Higgs
mechanism uncovers the masses of elementary particles, which are just parameters
in any other theory, as couplings to an omnipresent new field with non-vanishing
vacuum expectation value. It thus gives a complete new view on these parameters.
On the other hand the question, why themasses of the individual elementary particles
are so different still remains unanswered.

The LHC atCERN has been a great and unique place in the world, where mankind
could experience and celebrate its great understanding and control over the laws of
nature. As a single machine it has confirmed the last decades of particle physics
from the discovery of the J/ψ 1975 [5, 6] up to the discovery of the top quark [7, 8]
1995. It has helped completing the SM as a self-consistent theory in the years from
2011 till 2015. It has brought new insights in the way nature works. The discovery
has opened a new door in the house of physics, with new rooms to explore: after
the strong, electroweak and the top sector, the Higgs sector will open up for precise
mensuration. Near term goals are defined, questions to answer have been posed.
It is not presumptuous to believe that upcoming periods with more data at higher
energies will lead to more glorious times, which will drive us into the unknown and
most likely the unexpected. I will conclude with these prospects.

http://dx.doi.org/10.1007/978-3-319-18512-5_5
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