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ABSTRACT

The standard model of particle physics can explain most measurements of elementary par-
ticle properties and interactions performed to date. However, it does not naturally explain
the relatively light Higgs boson mass or the existence of small neutrino masses, and has no
explanation for the dark matter observed in the universe. Many extensions to the standard
model have been proposed to attempt to address these questions, and several predict the
existence of heavy charged gauge bosons, usually referred to as W’ bosons. The Large
Hadron Collider at CERN is the largest and most powerful particle accelerator in the world
and offers the opportunity to search for W’ bosons using the CMS experiment, a large
multi-purpose particle detector.

Results are presented from a search for a W’ boson produced in proton-proton collisions
at a center of mass energy /s = 8 TeV and decaying into a top and a bottom quark, using
a dataset collected by the CMS experiment corresponding to an integrated luminosity of
19.5 fb~!. Various models of W’ boson production are studied by allowing for an arbitrary
combination of left- and right-handed fermionic couplings. The analysis is based on the
detection of events with an electron or muon, jets and missing transverse energy in the final
state. No evidence for W’ boson production is found and 95% confidence level upper limits
are obtained on the production cross section for several mass hypotheses and compared to
theoretical predictions. For W’ bosons with purely right-handed couplings, and for those
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with left-handed couplings when ignoring interference effects, the observed 95% confidence
level limit on the W’ boson mass is M(W’) > 2.05 TeV. These are the most stringent limits

obtained to date in this channel.
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Chapter 1

Introduction

Particle physics is the study of the properties and interactions of matter at the smallest
possible scale. It can be said that particle physics began in the fifth century B.C. with the
invention of atomism by the Greek philosophers Leucippus and Democritus [1]. The atom-
ists argued that if it were possible to continuously divide matter into smaller pieces without
end, then it would be possible to reduce it to nothing. Therefore, according to the atomists,
there must exist an indivisible unit of matter which they called an atom. To explain the
seemingly infinite forms of matter such as water, rock, and sand, the atomists believed that
there were an infinite variety of atoms with varying shapes and sizes. While this theory
is in many ways at odds with our current understanding of the atom, it nevertheless was
revolutionary in posing the questions of what makes up the matter in universe, and what
accounts for its incredible variety. A critical drawback to the atomic theory of the ancient
Greeks was that it was purely philosophy, and was not (or could not) be tested at the time
by scientific experiments. The atomic theory of nature developed slowly over the next two
millenia, with varying theories of atoms being proposed by philosophers from all of the
world’s historical cultures. The pursuit of this most basic endeavor has since left the realm
of philosophy and is subject to the rigors of the scientific method. The discoveries brought
about by this pursuit have had a profound impact on human history and the search for a

complete understanding continues to this day.



1.1 A Brief History of Modern Particle Physics

The modern era of particle physics began in the 19th century. In 1815, the English chemist
William Prout noticed that the atomic masses of many chemical elements were multiples
of the mass of hydrogen, the lightest known element. Prout therefore hypothesized that all
matter was built up from hydrogen [2], thereby offering hydrogen as the atom hypothesized
by the ancient Greeks. Upon further study of other elements, the relationship was found to
be only approximate for other elements, but the idea still in a general sense is true. It also
leads to the notion of subatomic particles being any unit of matter which is smaller than
the hydrogen atom.

The first subatomic particle was discovered through a series of experiments on cathode
rays in the latter half of the 19th century. These experiments culminated in 1897 when the
English physicist J.J. Thomson, who knew of the hypothesis of Prout, measured the charge
to mass ratio of cathode rays [3]. The experiments showed that the particles in the ray had
a mass 1,000 times less than the mass of the hydrogen atom. The particles later became
known as electrons, and to the present day the electron is still regarded as a “fundamental”
particle with no further substructure.

Another important discovery that would play a key role in the development of particle
physics was made around the same time as the experiments by Thomson. The French
scientist Henri Becquerel suspected that the glow created in cathode ray tubes could explain
the phenomena of phosphorescence, where certain substances continue to glow in the dark
after being exposed to light. Becquerel began test his hypothesis using phosphorescent
uranium salts, but soon realized that these crystals emit a form of radiation even when not
exposed to light. Becquerel had discovered radioactivity [4]. Various types of radiation were
identified, including « radiation (later found to be part of a helium atom) and g radiation
(later found to be the electron).

The next fundamental particle to have been “discovered” was the photon. Although the

wave properties of light had been known for hundreds of years, the German physicist Max



Planck proposed heuristically in 1900 that if electromagnetic radiation were only emitted
in quantized units it could explain the energy spectrum of black body radiation [5]. Albert
FEinstein was the first to formally propose the existence of light particles in 1905 in order to
explain the photoelectric effect [6].

In the first decade of the 20th century, many competing theories of the atom were put
forth. The most popular was due to Thomson himself who supposed the atom consisted
of electrons floating in a sea of positive charge, the so-called “plum-pudding” model of the
atom. This model was eventually disproved in 1909 by experiments carried out by Ernest
Rutherford and his students Hans Geiger and Ernest Marsden [7]. The experiment consisted
of directing a beam of a particles from a radioactive element at a thin foil of gold. The
surprising result of observing the a particles scattered backwards led Rutherford to develop
a new model of the atom [8].

In the Rutherford model, the atom consists of a central “nucleus” with a positive charge,
whose size is much smaller than the size of the atom. The nucleus is then orbited by the
electrons, similar to planets rotating around the sun. The Rutherford model was given
further credence when it was modified by Niels Bohr, who interpreted it in a quantum
framework to explain the absorption spectrum of hydrogen and helium [9]. The nucleus of
the hydrogen, being the lightest element, was given a special name: the proton.

While the quantum theory of nature was being developed further, it was predicted in
1931 by Paul Dirac that electrons can have either positive or negative charge [10]. This
hypothesis was confirmed in cloud chamber experiments which were studying the properties
of radiation produced in the atmosphere, known as cosmic rays. In 1932, Carl Anderson
identified a particle with the same charge to mass ratio as the electron, but with opposite
charge [11]. This was the first discovery of anti-matter. Around this time, Wolfgang Pauli
postulated the existence of a new kind of neutral particle to prevent violation of energy
conservation in radioactive decays. Enrico Fermi then developed a full theory of radioac-
tivity [12] in 1934 including this new particle and named it the neutrino. It took over 20

years for its existence to be confirmed by direct observation.



Another important discover was made by Anderson in his cosmic ray experiments. In
1936, Anderson discovered a particle produced in the atmosphere with a mass greater than
the mass of the electron but less than the mass of the proton [13]. The discovery was so
unexpected that the physicist 1. I. Rabi famously asked “Who ordered that?”. At first it
was thought that this particle might be responsible for mediating the nuclear forces, but it
was eventually shown ten years later that this particle did not interact very strongly with
the nucleus [14]. It was realized that this particle was a heavier copy of the electron, and
it was named the muon. The electron and muon together were categorized into a group
of particles called the “leptons”. A photograph of a cloud chamber event which led to the

discovery of the muon can be seen in Fig. 1.1.

Figure 1.1: A photograph of a cloud chamber event which led to the discovery of the muon.
From Ref. [13].

The second world war signaled a temporary halt to the progress in particle physics
between 1939 and 1945. When the war was finished, the rapid pace picked up right where
it left off. Continuing in the same vein as before the war, a group led by Cecil Powell
studied cosmic radiation and identified in 1947 a new particle and measured its mass to be

about 240 times the mass of the electron [15]. The particle was called the 7 meson, or pion,



where the term meson referred to particles with masses between those of the electron and
proton. Powell showed this particle was unstable and decayed to the previously discovered
muon. Additional cosmic radiation experiments in the same year identified the existence of
another type of meson, called the K meson [16]. In 1950, another new type of particle was
discovered in cosmic ray experiments called the A baryon [17]. The A was different from
the mesons because it could decay to a proton, whereas the mesons were only seen to decay
to muons or other mesons. The war effort also led to the development of nuclear reactors,
which finally allowed for the direct detection of neutrinos in 1956 [18].

Around the same time as the the cosmic ray experiments were being performed, ex-
periments using beams of particles accelerated by magnets and directed onto targets were
reaching energies high enough to produce baryons and mesons in a laboratory setting. The
Cosmotron at Brookhaven National Laboratory (BNL) began operating in 1953 and accel-
erated protons to 3.3 x 107 electron volts (3.3 GeV).! and the Berkeley Bevatron began
operating in 1954 and was capable of producing a 6.2 GeV proton beam. These labo-
ratory experiments produced the mesons and baryons previously observed in cosmic ray
experiments as well as many others [19].

The seemingly endless proliferation of new particles was finally systematized by Murray
Gell-Mann in 1962 when he first introduced the quark model to explain the pattern of
baryons and mesons [20]. Gell-Mann used symmetry arguments to explain the relationship
between the observed mesons and baryons and also predicted a new one, the Q~ which was
discovered at the Brookhaven Alternating Gradient Synchrotron (AGS), a 33 GeV proton
accelerator, in 1964 [21]. A photograph showing the discovery of the 2~ can be seen in
Fig. 1.2. Gell-Mann proposed that there were three entities called the “up” quark, the
“down” quark, and the “strange” quark. He suggested these quarks were combined into
triplets build the baryons (including the proton) and into doublets to create the mesons.
The idea was further confirmed when experiments at Stanford Linear Accelerator Center

(SLAC) provided evidence of the existence of internal structure of the baryons and mesons

!Throughout this thesis, natural units where i = ¢ = 1 are used unless otherwise specified.



by using a 20 GeV electron beam directed at fixed target [22]. The versatility of the AGS
was further displayed by its ability to find evidence for a second type of neutrino, related

to the muon, in 1962 [23].

Figure 1.2: A photograph showing the first observation of the Q~ baryon. From Ref. [21].

The next major development in particle physics, known as the “November Revolution”,
occurred in 1974. Two independent experiments, led by Burton Richter at SLAC and
Samuel Ting at BNL, observed a new type of meson decaying much heavier than any
previously known [24,25]. This meson, known as the J/W¥, was interpreted as evidence for
the existence of a fourth quark, “charm”, which had been suggested to exist a few years
earlier [26]. A third type of lepton was discovered in 1975, also at SLAC, and named the
7 lepton [27]. The discovery of the 7 lepton also required for consistency the existence of
a third type of neutrino, which was eventually confirmed much later [28]. A meson even
heavier than the J/¥ was discovered just a few years later in 1977 at the Fermi National
Accelerator Laboratory (FNAL) [29]. This meson, known as the Y, was interpreted as
evidence for a fifth type of quark dubbed the “bottom”. The measurements showing the
discovery of the J/¥ at BNL and the T are shown in Fig 1.3.
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Figure 1.3: Data demonstrating the discovery of the J/W¥ at BNL (left, from Ref. [24]) and
the T at FNAL (right, from Ref. [29]).



By the late 1970’s, the theory which described the known particles and their interactions
was well advanced. The theory predicted that there should be force carrying particles
referred to as bosons, like the photon of electromagnetism, that carry the nuclear force. It
was understood that there were two different nuclear forces: the “strong” nuclear force which
holds the quarks together in the proton, and the “weak” nuclear force which is responsible
for radioactive decay. Many properties of these forces were also known from their effects
on the production and decay of the various mesons and baryons. The gluon, which carries
the strong force, was indirectly observed at the Deutsches Elektronen-Synchrotron (DESY)
in 1979 as decay products of the newly discovered T [30]. The W and Z bosons which
carry the the weak force were discovered in 1983 at European Organization for Nuclear
Research (CERN) in 540 GeV proton-antiproton collisions [31,32]. A figure showing the

measurement which led to the discovery of the Z boson can be seen in Fig. 1.4.
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Figure 1.4: The measurement showing the discovery of the Z particle at CERN. From
Ref. [32].

It was predicted even before the experimental discovery of the bottom quark that the
bottom quark should come along with a partner, making for a total of 6 quarks. It was also

predicted by theory that this new quark should be the most massive, and was therefore given



the name of “top” quark. The top quark was finally discovered at FNAL Tevatron in 1995
by two independent collaborations examining 1.8 TeV proton-antiproton collisions [33, 34].

A figure showing the measurement which led to the discovery of the top quark can be seen
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Figure 1.5: The measurement showing the discovery of the top quark by the CDF (top,
from Ref. [33]) and DO (bottom, from Ref. [34]) at the FNAL Tevatron.

The final fundamental particle to have been discovered is the Higgs particle, which
was discovered in 2012 by two independent experiments using 7 and 8 TeV proton-proton
collisions at the Large Hadron Collider (LHC) [35,36]. The Higgs boson was famous for

its elusiveness over the course of the development of particle physics, and its discovery
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completed the development of the theory known as the standard model which describes all
of the known particles. The properties of the Higgs boson and the experiments used to
detect it, as well as the standard model theory, will be discussed in subsequent chapters of

this dissertation. Figures showing the discovery of the Higgs boson can be seen in Fig. 1.6.
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Figure 1.6: The discovery at the LHC of the Higgs boson decaying to a pair of Z bosons
in the CMS experiment (left, from Ref. [35]) and decaying to two photons in the ATLAS
experiment (right, from Ref. [36]).

In summary, over the span of approximately 120 years the fundamental particles seen
in Fig. 1.7 [37] have been discovered in near continuous succession. The particles can
be grouped into three generations of quarks and leptons which make up matter, along
with several force carrying particles and the Higgs particle. Although not exactly what
the ancient Greek philosophers imagined in the fifth century B.C., the particles while not
infinite in number (as far as we can tell) do come in many “shapes” and “sizes”. The search

for new fundamental particles continues today, because as will be shown in the next section

there is strong evidence the picture is still incomplete.
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Figure 1.7: The known fundamental particles of nature. From Ref. [37].

1.2 Open Questions in Particle Physics
1.2.1 Dark Matter

There is strong evidence for the existence of at least one new type of particle which has
yet to be adequately identified. By measuring the velocity distribution of stars in distant
galaxies, astronomers in the 1970’s deduced that there was some invisible form of matter
which was exerting a gravitational force [38]. A graph of the mean velocities of stars as a
function of distance from the galactic center for 21 spiral galaxies can be seen in Fig 1.8,
which shows the velocity of starts at large distances from the center of the galaxy being
much greater than possible if the only mass in the galaxy is the visible matter. Further
evidence for the existence of this “dark matter” was provided by its gravitational effects on
light [39]. According to recent results from the Planck Collaboration, the dark matter makes
up 26.8% of the mass-energy density of the universe [40]. The standard model of cosmology,
which works extremely well in describing the abundance of light elements in the universe,

also provides strong theoretical motivation that dark matter is made up elementary particles



left over from the earliest moments after the creation of the universe [41].
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spiral galaxies, indicating the presence of dark matter.

1.2.2 Neutrino Masses

The study of neutrinos has always been a challenge due to the fact that they are electri-

[H=50km ' Mpc™!
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cally neutral and their interaction with matter is extremely weak. It was often speculated

that they might have a small mass, but it was so small that the hypothesis could not be

directly proven. A long standing problem related to neutrinos, which would eventually help

resolve this question, was a series of observations beginning 1968 by Raymond Davis that

the flux of neutrinos from the sun was only one third of the theoretical prediction [42].
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This was known as the “solar neutrino problem”, and it was resolved in 1998 by the Super-
Kamiokande experiment [43] and further clarified in 2001 by the SNO experiment [44].
These experiments provided evidence that neutrinos can change from one flavor (electron,
muon or tau neutrino) to into another as they propagate, a phenomena which can only oc-
cur if neutrinos have mass. Oscillation experiments can only measure differences of squared
neutrino masses |Am?|, but do provide a constraint that one of the neutrino masses must
be at least 0.04 eV [45]. Furthermore, by studying the cosmic background radiation an
upper limit of 0.23 eV can be found for the sum of all the neutrino masses [46]. Therefore
the neutrino mass scale is more than 500,000 times smaller than the mass of the electron.
Finally, a key observation of about neutrinos is that they only have left-handed chirality.
Without a right-handed neutrino, the neutrino masses can not arise in the same way as the
other particles. These considerations provide strong evidence that the current understand-
ing of neutrinos is incomplete, and that a more complete theory exists which might include

additional particles.

1.2.3 Baryon Asymmetry

As discussed earlier, for every particle there is also a partner “anti”’-particle. For example,
the anti-particle to the electron is the positron. When a matter particle and and anti-
matter particle meet each other, they annihilate leaving pure energy. The calculation of the
abundance of light elements fixes the ratio of baryons to photons in the primordial universe
to be approximately 10719 [47]. Therefore there must be some mechanism through which
total annihilation of matter and anti-matter is avoided. The necessary conditions for this
were first laid out by Andrei Sakharov in 1967 [48]. One of the necessary conditions is a
process which violates the total baryon number. Such processes do occur in the standard
model theory of particles and forces, but not at a rate large enough to produce the observed
baryon density [47]. Therefore, there must be some extension to the current theory which

explains why all of the planets, stars and galaxies exist at all.
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1.2.4 Unified Theories

Finally, there is a long standing desire by physicists to create a theory of particles and forces
which combines the electromagnetic, weak and strong forces, and all of the known particles
of nature into a single theory. Such proposed theories are called a Grand Unified Theories
(GUTs). As will be shown in the next chapter, the idea has already been successfully
applied to the electromagnetic and weak nuclear forces, which are now known to be part
of a single “electroweak” force. One of the first GUTs was the Georgi-Glashow model [49],
which was able to combine all the particles and forces into a single theoretical structure.
In the model there are additional force carrying particles, called X and Y bosons, which
can cause the proton to decay [50]. To date no evidence of proton decay has been found,
which means the mass of the hypothetical bosons must be very large, at least 10'® GeV.
Such high masses are beyond the reach of direct production in any foreseen laboratory
experiments, and therefore unless proton decay is observed the idea of a GUT remains
speculative. However it is an interesting possibility which often leads to new particles, and

perhaps they could be discovered in future experiments.



Chapter 2

Theory

2.1 The Standard Model

In this section, the theoretical framework which describes the elementary particles and
their interactions will be reviewed in a manner similar to several other reviews [45, 51-56].
The theory through which the elementary particles and forces are understood is referred
to as the standard model (SM) of particle physics. The SM combines the ideas of special
relativity with quantum mechanics into a quantum field theory. The matter fields (electron,
quarks, neutrinos, etc.) are fermions with spin /2, and the force fields (photon, gluon, W,
Z) are bosons with spin 1 and mediate interactions amongst the fermions. The experimental
observations outlined in the previous chapter suggests that the matter fields are organized
into three generations which are identical in every way except for their masses. Finally,
the most important pieces of the SM are its symmetries which lead to the interactions
and conserved quantities. It should be pointed out that the SM provides a consistent
framework for understanding the electromagnetic, strong, and weak nuclear forces, but it

does not describe gravity.

2.1.1 Electroweak Interaction

The electromagnetic and weak forces are based on the principle of local gauge symmetry,

with the symmetry group SU(2) x U(1) first identified by Sheldon Glashow in 1961 [57].

15
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The conserved quantum number of the SU(2) symmetry is known as the weak isospin and
is denoted as T3, and for U(1) the conserved quantum number is the weak hypercharge
denoted by Y. For each generator of the symmetry group, there is an associated gauge
field which is required to preserve the symmetry of the Langrangian under the local gauge
transformations. In the case of SU(2) there are three gauge fields W,} 23 with gauge coupling
g, and in the case of U(1) there is one gauge field B,, with gauge coupling g’. The generators

of the SU(2) group are equivalent to one half of the Pauli matrices:
T = 1Ja; ol = 01 , o= 0 , od= Lo (2.1)

2 10 i 0 0 -1

The generators of the SU(2) group are 2 x 2 hermitian matrices (unitary) with deter-
minant = 1 (special), hence the name SU(2). The commutation relations of the generators

are given by:

[T%,T% = ie"™T, and [Y,Y]=0 (2.2)

The field-strength tensors corresponding to these gauge fields are given by:

We, =0, W — 9,W — ge"™Whwg
(2.3)
B, = 0,B, — 0,B,

The next step is to identify how the fermion fields transform under the symmetry groups.
First, it is important to point out that the left-handed and right-handed chiral components
of a fermion field fr r = %(1 F v5)f transform differently under the SM electroweak gauge
symmetry. This possibility was first suggested by C. N. Yang and T. D. Lee [58] and verified
experimentally by C. S. Wu [59] in 1956. These results showed that the weak interaction
only acts on left-handed components of the fermion fields. This observation leads to the

correct assignment being to place the left-handed components of the lepton and quark fields

into doublets of SU(2):
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v g (2.4)

VI =Ve, Vo=V, V3=vr; by =€, by =p~, b3 =77

U =u, ug=c¢, ug==t; dy=d, do=s, dg=2>
The right-handed components of the lepton and quark fields (¢;,, u;,,and d;,) are sin-
glets under SU(2). Therefore the left-handed fermions have T3 = :l:% and the right handed
fermions have T3 = 0. The hypercharge Y is defined through the isospin 75 and the electric
charge Q as Y = 2(Q — T3), giving:
1 4 2

Y, =-1 Y, =-2 Yo = 3’ Y, = 3’ Yy, = —3 (2.5)

The electroweak Lagrangian for massless fermions and gauge bosons is then given by:

1
4
+ QiiDu "' Qi + TWiniDyy iy, + digiDyy diy,

1 — _
-we Wc‘iw + LZZDN’Y‘MLZ + giRiDu’Y'ufiR

B/WB“V o 4 v

Lew = —
(2.6)
where we have introduced the gauge covariant derivative, through which the fermions are

minimally coupled to the gauge bosons:

Oy +igG W +ig' 5B, (doublets)

D
! Ou + ig%Bu (singlets)

(2.7)

The electroweak Lagrangian Lgyy is invariant under local SU(2) x U(1) gauge transfor-

mations. For the matter fields the transformation rules are:

wL(‘T) N wlL(Q:) = eio‘i(a:)-g+i,6’(z)Y¢L(x)

UR(x) = V() = 7O Pr(2)
where ¢ (z) can be either the lepton SU(2) doublet L or quark SU(2) doublet @ from

(2.8)

Eqn. 2.4 and ¥g(x) can be any of the SU(2) singlets. The gauge invariance requires the

gauge fields transform accordingly as:
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. g (2.9)
B(z) = Bu(z) — gauﬁ(m)

The Lagrangian in Eqn. 2.6 contains interaction terms between the matter fields and

the gauge fields. It is convenient to split the interaction terms into two pieces. The first

piece is responsible for the charged current interactions:

_ g _ gC
Lew D Loc = *gLi?WSW#Li - gQi?Wﬁ’V#Qi (2.10)

This can be written more explicitly as:

Loc = =L Wy [Ty (L= P)e; +an" (1 —7))d;] + he. (2.11)

2v2 F
where W/f = (W;} + zWﬁ) /v/2. Thus the Wlf boson fields give rise to interactions between
quarks or leptons of the same SU(2) doublet. The interpretation of neutron decay, for
example, is the transformation of a d quark into a u quark through the emission of a W’
which in turn decays into an electron and neutrino. A Feynman diagram depicting this

process can be seen in Fig. 2.1.

Figure 2.1: A Feynman diagram representing a neutron decaying into a proton.

It should be pointed out that for quarks, the weak eigenstates are not the same as the
mass eigenstates. Therefore to be completely correct the SU(2) quark doublets should be

written as:
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Q=" . d=xvd (2.12)

d; .
where the matrix Vj; is known as the Cabibbo-Kobayashi-Maskawa (CKM) matrix [45].
Therefore there are flavor changing charged currents within the SM, but the off diagonal
elements of the CKM matrix are much smaller then the diagonal elements. The matrix can
be parameterized by three angles and one phase, which gives rise to all of the CP (combined
charge and parity symmetry) violation in flavor changing processes within the SM.

The remaining fermion interaction terms involve the neutral gauge boson fields B,, and
WS It is natural to try to identify these fields with the physical Z boson and photon,
even though at this point all of the fields are massless and the physical Z boson is massive.
Therefore the following linear combination can be defined:

Z, _ [ cos Ow —sinby WE (2.13)
Ay sinfy  cos Oy B,

In terms of these fields, the electroweak Lagrangian in Eqn. 2.6 also contains neutral

current interactions:

Lew D Lnc =

_ 3 Yy 3 % (2.14)
—p* <AM [902 sin Oy + 9’5 cos QW] + 27, {902 cos By — 9/5 sin HW]) WY;

where 1) can be either an SU(2) doublet or singlet. In order to make the connection with

electromagnetism the following relation should be true:

gsinfy = g cosby =e (2.15)

Then recalling that Y = 2(Q — T3), Lnc can be written as the sum of the photon and Z

currents:
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Lne = Lo + L&
Lc =~y AuQii (2.16)

Lic = Uiy Z,, (0% — 2sin? O Q) s

 2sin Ow cos Oy
In this way the SU(2) algebra generates the 19y and 1) Z interactions. it should also

be pointed out that there are also gauge boson self-interactions generated by the Lagrangian

in Eqn. 2.6 of the form AWTW~, ZWTW =, yyWtW =, ZZWTW =, and WTW-W+W~.

2.1.2 Strong Interaction

The idea of local gauge symmetry can also be used to understand the strong interaction,
which is based on the group of 3 x 3 herimitian matrices with determinant = 1, SU(3). The
conserved quantum number of the SU(3) symmetry is known as color, and the quantum
theory of the color interaction of quarks and gluons is called Quantum Chromodynamics
(QCD). Each species of quark may have N = 3 different colors (sometimes labeled as red,

green, blue):

1 0 0
G — A +Bi+Cd=A| o |+B| 1 [+C] 0 (2.17)
0 0 1

Here the subscripts label the flavor (or generation) and the superscripts denote the color
eigenstates. The concept of color was postulated in order to satisfy Fermi-Dirac statistics
for all of the observed mesons and baryons. In this way the mesons and baryons can be

though of as color singlet combinations of quarks:

B = iﬁaﬁ'y _ L

V6 V3

There are 8 generators of SU(3) and the associated gauge fields are Gi""’g with coupling

58

q%q q”>, M

7). (2.18)

strength g;. The generators T are equivalent to one half of the Gell-Mann matrices A\* [60]:
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010 0 —i 0 1 0 0
M=l1o0o0|, X¥=[io0 o0, =0 -10],
0 00 0 0 0 0 0 O
0 01 0 0 —i 0 00
M=looo |, ¥=[oo o |, =001}, (2.19)
1 00 1 0 0 010
00 O 1 0 0
1
AX=10 0 , B=—1[01 0
2 V3
0 ¢ O 00 -2
The generators of the SU(3) group obey the following commutation relations:
(2.20)

[Ta’ Tb] — ifabcTc

where f%¢ are the structure constants. The field-strength tensor corresponding to the gauge
(2.21)

fields is given by:
a a a abc b e
GW:@LGV—&,GM—gSf GMGV

The quarks then transform as color triplets under SU(3) gauge transformations and the
leptons transform as color singlets. The SU(3) gauge transformation for the quark color
(2.22)

triplets is:
73 4 ()

g () = ¢;"(x) =

and the gauge fields transform accordingly as:
(2.23)

Gu(x) = Gy(z) = glsf?ﬁ“(ﬁ) — [0 ()G (@)

The SU(3) x SU(2) x U(1) gauge covariant derivative for quarks analogous to the one

for SU(2) x U(1) in Eqn. 2.7 is:
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O+ igs %y 2 Ga +i9% W“ +ig'¥ B,  for SU(2) doublets

D
: Oy +igs G“ +ig ¥ B, for SU(2) singlets

(2.24)

The full SM Lagrangian invariant under SU(3) x SU(2) x U(1) gauge transformations

is then:

1 _
Loy = —*BMVB'LW *Wa WHY — *Ga G‘uy + L; ZDM’Y‘LLLi + EiRiDu’Y'LLEiR

! e (2.25)
+ @iiDu’YMQi + Uigi Dy ui, + EiRiDM’y“diR
This contains the interaction terms between the quarks and gluons:
A® 3
Lsm D =957 G, ( 5 ) 9 (2.26)
of

The G, couple to quarks of a single generation in different color states. The complex in-
teractions which bind the constituent quarks of a proton can be imagined to be similar to

that shown in Fig. 2.2.

Figure 2.2: A Feynman diagram representing gluon exchange within a proton.

Like in the SU(2) x U(1) case, the G also have cubic and quartic self interactions. In
both cases the gauge boson self interaction is due to the non-Abelian nature of SU(2) and
SU(3) groups. It is interesting to note that the cubic self interaction is the primary mech-

anism for producing top-quark pairs in proton-proton collisions, shown in in Fig. 2.3.
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Figure 2.3: A Feynman diagram representing top-quark pair production in proton-proton

collisions.

2.1.3 Higgs Mechanism

The Lagrangian of Eqn. 2.25 describes a theory of massless fermions and gauge bosons.
However, it is clear that the fermions in the SM indeed have mass. Suppose that a mass
term —m f@fw 7 for each SM fermion f was added to the Lagrangian. This term is invariant
under SU(3) transformations, but would violate the SU(2) symmetry. This can be seen by

considering the case of the electron:

—meee = —m€E (Erer, + €LeR) (2.27)

which is manifestly non-invariant because the left-handed component is an SU(2) doublet
whereas the right-handed component is an SU(2) singlet. More importantly, from a histor-
ical perspective, a mass term for the W bosons %M%,WHW“ would also violate the SU(2)
symmetry. It was assumed for a long time that the mediators of the weak force were mas-
sive, and that this was responsible for the forces short range nature. As shown in Sec. 1.1
this was eventually proven experimentally. What came to be known as the Higgs mecha-
nism was proposed by several people in 1964 [61-64] as a way to explain how to generate
masses for the vector gauge bosons and the fermions without violating SU(2) x U(1) gauge
invariance.
In the SM the Higgs mechanism introduces a complex SU(2) doublet of scalar fields:
¢+
o= i , Yy =+1 (2.28)

Next, kinetic and interation terms for this scalar field are added to the SM Lagrangian:
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Ly = (Do) (D'¢) = V(9) (2.29)

where the gauge covariant derivative D, is the same as in Eqn. 2.7 and the scalar potential

V(¢) contains the interaction terms:

V(¢) = 1?¢'o + A(¢'9)? (2.30)

The scalar Lagrangian is invariant under SU(2) x U(1) gauge transformations for any
values of 2 and \. In order for the potential to have a minimum energy, A must be positive.

If the p2 > 0, there is a unique minimum of the potential at:

()0 = (01610) = g 231)

and the ground state maintains the symmetry of the Lagrangian. If u? < 0, however, the

ground state has an expectation value in the vacuum:

0 —p
(o= 0lel0)=| |, v=\—— (2.32)

V2

In order for the symmetries of the Lagrangian to be respected by the ground state, the
action of the group generators G on the ground state should return the ground state. That
is to say €9 (¢), = (#)g, or G (#), = 0. This can be checked for the U(1) generator and

one of the SU(2) generators:

0
Y (@)= Yaldhy— 41000 — [ 0 ] 20
V2 (2.33)
01 0 v
ot (¢)y = i = V2 | #£0
10 7 0

Therefore SU(2) x U(1) invariance has been broken. The ground state is however invariant

under the action of the electric charge generator Q:
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1 1 Yo+1 0 0 0
Q{d)o = 3T +Y)(9)o =3 ¢0 o N e LD
O 7

Thus there is still a remaining U(1) symmetry which is identified with electromagnetism.
In order to see how the gauge bosons acquire mass by the Higgs mechanism, the scalar
doublet is first written in a general form as a first order expansion around the minimum of

the potential:

O2(x) + i61(x) _ oi%ta() L 0

L[+ H(x)] - if3(x) V2 \ v+ H(z)

The SU(2) invariance of the Lagrangian allows the choice of §%(x) = 0, which is called the

P(x) = (2.35)

unitary gauge. In this gauge the kinetic term of the Lagrangian in Eqn. 2.29 takes the

following form:

1 9 g9’
D) (D" ~0,HO"H H?{ = WIwk + —~ 7,7~ 2.36
(D) (D40) = 50, 10" + (o4 1 { Wi+ 2z, (2.36)
There are therefore now, after breaking the SU(2) x U(1) symmetry, mass terms for the
W and Z gauge bosons. In addition there are terms giving HW W, HHWYW~, HZ Z,

HHZZ interactions. The mass terms give at first order:

U292

4 i

U2g2

1
2 2
- I 2.37
(e "7 8 cos? Oy ( )

The same scalar doublet can be be used to generate mass terms for the fermions. An

SU(2) x U(1) invariant Yukawa interaction term can be added to the scalar Lagrangian:

Lp =N, Lidlr, — Mg, Q;ddR, — My, Q;0up, + h.c. (2.38)

where ¢~) = jo2¢*. The constants A 7, are free parameters which are not related to A in the
scalar potential in Eqn. 2.30. The same steps as for the gauge bosons can be repeated for

the fermions, which after symmetry breaking leads to:
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Lp= _7>\£ (Wi, lr,;)

1
f”l

)\g EL (U—|—

’LLLZ s dL UR;

-1 0 v+ H

L 0o,
~ veH | (2.39)
H)

f r, ququ (v + H)qr

which give the mass terms to the fermions my = Afv/ V2. Note that there are no mass
terms for the neutrinos. There are also terms giving H f; fr couplings.

Finally, the physical Higgs boson itself has mass and self-interaction terms coming from
the scalar potential in Eqn. 2.30. After symmetry breaking, the potential terms in the

Lagrangian can be written as:

1 1
Ly = —§W(v + H)? + o+ H)* (2.40)

which gives the mass of the Higgs boson at first order to be M?I = 2X\v?%. There are also

the terms giving rise to the H HH and HH HH self-interactions.

2.1.4 Experimental Tests

The theory outlined in the previous sections is full of phenomenology, of which only a small
subset will be discussed here. Many experimental observations such as the particle content
of nature, the family structure of the fermions, and parity violation in the weak interactions
are already built into the theory. Furthermore, one can consider additional predictions of
the theory. The most obvious prediction is the existence of the neutral Z boson which can
couple to the neutrinos. This was the first prediction of the SU(2) x U(1) electroweak theory
to be verified by experiment. The neutral current process v, /v, + N — v,/7, + hadrons

was observed by the Gargamelle experiment at CERN in 1973 [65]. The discovery of neutral
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currents is what prompted the construction of the CERN SPS proton anti-proton collider,
where as discussed in Sec. 1.1 the W and Z bosons were directly observed [31, 32].

The SM has been more precisely tested starting at the LEP collider at CERN [66, 67].
The LEP collider studied the process ete™ — ff. The cross section for ete™ — hadrons
as measured by the LEP experiments can be seen in Fig. 2.4. The LEP experiments also
measured many other observables which are beyond the scope of this thesis, but as shown
in Fig. 2.5, every measurement was in agreement within the measured uncertainties with

the SM predictions.

p—
=
(9]
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Figure 2.4: The cross section for ete™ — hadrons as measured by the LEP experiments.
The solid line is the SM prediction and the points are the experimental measurements.

From Ref. [66]

The discovery of the Higgs boson at the LHC was the latest success of the SM. The
measured Higgs boson cross section in different decay channels can be seen in Fig. 2.6.
So far there are no significant discrepancies with respect the SM predictions, although the

measurements have large uncertainties. A major goal of the LHC will be to test precisely
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Measurement Fit  |OMe-Q™|/gMeas

o .1 .2 3

Aot (m,)  0.02758 +0.00035 0.02767
m,[GeV] 91.1875+0.0021 91.1874
I,[GeV]  2.4952+0.0023  2.4965
Gp.g[Nb]  41.540 £0.037  41.481

R, 20.767 £0.025  20.739
AY 0.01714 £ 0.00095 0.01642
A(P,) 0.1465+0.0032  0.1480
R, 0.21629 + 0.00066 0.21562
R, 0.1721 £0.0030  0.1723
AL 0.0992+0.0016  0.1037
AL 0.0707 £0.0035  0.0742
A, 0.923 + 0.020 0.935
A 0.670 % 0.027 0.668

A (SLD) 0.1513 £ 0.0021 0.1480
sinze';ft(be) 0.2324 £0.0012  0.2314
m,, [GeV]  80.425+0.034 80.389
Iy [GeV] 2.133+0.069 2.093
m, [GeV] 178.0+4.3 178.5

Figure 2.5: Measurement of several SM observables by the LEP experiments and comparison
to the theoretical predictions. The number of standard deviations from the SM prediction

is shown for each measurement. From Ref. [66]
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the predictions of the SM for the Higgs boson properties.

CMS ({s=7TeV,L=51f" (s=8TeV,L=5.3"0"
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ATLAS 2011 -2012 {m, = 126.0 Gev
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H- 1t °
Vs =7TeV: Lot =4647 10"
H— WwW > viv ;
H- 2z —— V& =7TeV: [Lot =47 10" i e—
s=8TeV: JLdt=58 10" :
H— :
Vs=7TeV:|Ldt=481" H °
H- ww — - E:;T:V:JLd:‘:g.gvb‘ H
H—->ZZ — 4l H
s =7TeV: [Lot=48 10" HPY
Ho 1 - Vs=8TeV: [Ldt=5810 H
Combined ;
=77V lai-a6-28m’ 1 = 1.440.3 i_e—
H . bb L ‘E:BTEV ITm:s.s-s.s‘m | | ! |
RN B | S R R N
-1 0 1 2 3 1 0 1
Best fit o/ag,, Signal strength ()

Figure 2.6: Higgs boson cross section in different decay modes as measured by the CMS

collaboration (left, from Ref. [35]) and the ATLAS collaboration (right, from Ref. [36]).

2.2 Beyond the Standard Model

The SM does a very good job of describing the results most measurements performed so
far. However as was described in Sec. 1.1, there are several reasons to believe that the SM
is only an effective theory which breaks down at high enough energy with an instability
scale between 10'® and 10" GeV. However, besides the reasons already outlined, there
is the glaring omission in the SM of anything to do with gravity. The mass or energy
scale at which the effects of quantum mechanics, relativity, and gravity might be treated
simultaneously can be derived through dimensional analysis of the fundamental constants
h, ¢, and G. This leads to a mass scale known as the Planck mass (or Planck scale) and
is given by M, = \/hic/G ~ 10'® GeV, which is slightly higher than the GUT scale of 10'¢
GeV from Sec. 1.2.4 and well beyond the reach of any current technology. A question which
can be asked is why the electroweak scale (My ~ 80.4 GeV) is 16 orders of magnitude
smaller than the Planck scale. What sets this enormous hierarchy of scales between the

forces? This is known as the hierarchy problem. Also, one can ask whether the SM is
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consistent up to this energy scale, or might new physics beyond the SM be expected at

some energy less than the Planck scale?

2.2.1 Higgs Naturalness Problem

The SM with the currently measured values of the Higgs boson mass turns out to be
completely consistent up to the Planck scale, if the extremely large hierarchies between the
electroweak and GUT or Planck scales are ignored [68]. As shown in Fig. 2.7, according to

calculations of the SM the vacuum is on the edge of a stable and meta-stable state.
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Figure 2.7: A phase diagram of the SM as a functgion of the top quark and Higgs boson
masses. The diagram is divided into regions of stabililty, meta-stability, and instability.
The circular regions show the best measurements of the top quark and Higgs boson masses.

From Ref. [68]

Therefore new physics is not necessarily required at any energy reachable by current
technology, but the question of whether or not new physics might be expected is different.
This question can be answered in terms of a concept called “naturalness” which demands
that the dimensionless parameters of a theory should not have to be extremely fine tuned in
order to describe the results of experiments. To see how this applies to the Higgs boson mass,

consider the 1-loop Feynman diagrams in Fig. 2.8 which give corrections to the physical
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Higgs boson mass. Since the particles propagating in the loops are virtual particles (i.e.
they are not observed), they can take on all values of momentum up to infinity. Therefore a
cutoff scale A must be defined to represent a momentum scale at which the theory no longer
makes sense. These diagrams give contributions to the mass of the Higgs boson which are

quadratic in the cutoff scale, i.e. AM? ~ AZ.

W/Z/~ H

Figure 2.8: Feynman diagrams representing quadratically divergent loop corrections to the

Higgs boson mass.

The calculation of the Higgs mass corrections from these diagrams is given in Ref. [69]:

1
242 2
A2, AMZ =

’ H™ 1672

MAZ AME . = )

3
2 __
A]\4’15 - _8 gauge 6471'29

— A2A? 2.41

- (2.41)
Therefore if the cutoff scale A is of the order of the GUT scale of 10'® GeV, then the SM

parameters must be fine tuned to approximately one part in 106 to recover the observed

Higgs boson mass. If the amount of fine tuning is restricted to be at most 10%, the cut off

scales should satisfy:

Atop S 2 TeV, Agauge S5 TeV, Atiggs S 10 TeV (2.42)

This naturalness argument is the reason why new physics is expected to manifest at
energies = 1 TeV. Several examples of physics beyond the SM are presented in the next

sections.

2.2.2 Supersymmetry

Supersymmetry [70] is a proposed new symmetry between bosons and fermions as an ex-

tension to the SM. For every SM particle there is an additional superpartner particle, with
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spin differing by 1/2. Since fermions and bosons contribute to the radiative corrections to
the Higgs mass with opposite sign, such an extension allows for a cancellation of quadratic
divergences. Supersymmetry further provides a mechanism to unify the electromagnetic,
strong, and weak coupling constants at high scale which implies a unified theory.

The Minimal Supersymmetric Standard Model (MSSM) [71] is the simplest model of
Supersymmetry that can produce the SM at the electroweak scale. The MSSM theory
is invariant under a new parity-like symmetry called R-parity which is defined as R =
(—1)BL+25 where L and B are the lepton and baryon number and s is the spin of the
particle. This symmetry forbids lepton and baryon number violating terms appearing in
the Lagrangian as it is strongly constrained by limits on the proton lifetime. This further
implies that the lightest supersymmetric particle (LSP) must be stable, and if it is neutral
and weakly interacting then it becomes a good candidate for dark matter.

The MSSM is a very attractive extension to the SM. However direct searches by the CMS
experiment for example, which are summarized in Fig. 2.9, have placed severe constraints
on the masses of Supersymmetric particles [72], implying that the MSSM is itself somewhat
unnatural. It is therefore important to consider alternative solutions to the naturalness

problem which do not require Supersymmetry.

2.2.3 Extra Dimensions

Another solution to the naturalness problem can be obtained by introducing additional
spatial dimensions beyond the observed three. One such scenario, named the ADD model
after its authors [73], assumes 0 additional compactified spatial dimensions. In this model,
the weakness of gravity arises because it propagates in the extra dimensions while the
fermions and gauge bosons are confined to the usual 3 spatial dimensions. This modifies
the gravitational potential depending on whether the distance r between two masses is less

than or greater than the radius R of the extra dimensions:
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Summary of CMS SUSY Results* in SMS framework SUSY 2013
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Figure 2.9: Summary of exclusion limits of CMS SUSY searches after the first LHC data
taking run. Depending on the details of the SUSY model, the exclusion limits extend to
approximately 1.35 TeV for gluino production, 850 GeV for first and second generation
squark production, 650 GeV for stop and sbottom production, and 300 GeV for slepton
production. From Ref. [72].
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m1msy 1
V(r) = VR (r < R)
p(4+46) (2 43)
mi11msy 1 ’
V(ir)=—%——- (>R)
5
Myain BT

where M,,4,) is the true Planck scale of the 4 + ¢ dimensional theory and M}f('ﬁ 6)R§ is to
be identified with the effective Planck scale observed in 4 dimensions. In order to resolve
the naturalness problem, the true Planck scale should be ~ TeV. By requiring the the size
of the extra dimensions reproduce the effective Planck mass for § = 2 should be ~ 0.1-1mm.
A conceptual problem arises with the original ADD model since there is no mechanism to
set the size of the extra dimensions, leading to a different naturalness problem.

An alternate extra-dimensional scenario is the Randall-Sundrum model [74]. The model

assumes a single extra spacetime dimension with the following metric:

ds? = e 2By datdx” + R*dp? (2.44)

where the k is a scale of the order of the Planck scale, x* are the 4-dimensional spacetime
coordinates, while 0 < ¢ < 7 is the coordinate of the compactified fifth dimension with

BT 1n this case

size set by R. The new physics scale of a TeV is identified with Mpe*’l‘C
the hierarchy between the Planck scale and the compactification scale 1/R is only of the
order of 10, instead of (M,/TeV)?/? as in the ADD model. An additional phenomenological
feature of the RS model is that the gauge bosons can propagate in the fifth dimension,

which leads to additional excitation modes of the W and Z bosons with mass of the first

excitation My ~ Mpe *™ ~ TeV [75].

2.2.4 Little Higgs

Another possibility to resolve the naturalness problem is a class of theories referred to as
“Little Higgs” models. These models were first proposed as models where the Higgs is a
pseudo-Goldstone boson, similar to the pion, of an approximate global symmetry group

which is broken at the TeV scale [76]. In Little Higgs models the symmetry is broken
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collectively, i.e. no single interaction breaks all of the symmetry. This precludes a mass term
for the SM Higgs doublet and guarantees the cancellation of the quadratically divergences
at one-loop the level [77]. The divergences arise at instead at the two-loop level, so that
a Higgs mass at the 100 GeV scale is natural, and the cutoff scale A is pushed to ~ 10
TeV, above which additional new physics is required. This idea is attractive since many
models which predict new physics at the TeV scale are already being severely constrained
by precision measurements [78] and direct searches at the Tevatron and LHC.

Example models of Little Higgs theories are the “Littlest Higgs” [79] with a gauge
symmetry [SU(2) x U(1)]? and the “Simplest Little Higgs” [80] with a gauge symmetry
SU(3) x U(1)x. A general feature of Little Higgs models is the prediction of heavy top
quark partners, as well as new heavy gauge bosons associated with the additional broken

symmetries. These particles are predicted to be around the TeV scale.

2.2.5 Left-Right Symmetry

A final class of theories to be mentioned are so called “left-right” symmetric models [81-83].
These models are motivated not by the Higgs naturalness problem, but by the seemingly
odd phenomena of parity violation in the weak interactions. The fact that parity is not
violated by any of the other forces suggests that parity violation might arise from a broken
symmetry [84] and that full parity symmetry between left and right handed fermions could
be restored at a higher energy. The minimal left-right symmetric model is based on the gauge
symmetry group SU(2); x SU(2) x U(1)g_,, where SU(2), is identified with the usual
SM SU(2) symmetry and SU(2) is the right handed version which is a broken symmetry
at low energies. In addition to the prediction of right-handed neutrinos, the broken SU(2)
implies heavy gauge bosons which are right handed copies of the SM W and Z bosons.
One of the nicest features of left-right right symmetric models is that they provide an
explanation for the extremely small left-handed neutrino masses [85]. The mass of the left-
handed neutrino is related approximately to the mass of the electron and the mass of the

heavy right-handed W boson in the following way:
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M,, ~m2/gMy, (2.45)

Therefore if the mass of the right-handed W boson is ~ 5 TeV, then the mass of the left-

handed neutrino is ~ 0.1 eV, which is well below the current bounds discussed in Sec. 1.2.2.

2.3 Heavy Gauge Bosons

As can be seen from the previous discussion, the existence of a new heavy gauge boson is
a generic prediction of many extensions to the SM which attempt to answer some of its
shortcomings. Additional heavy gauge bosons with spin=1 and charge==+1 are generically
referred to as W’ bosons. Similar to the case of the SM, the W’ bosons arise from a
spontaneously broken gauge symmetry. In contrast to the SM W boson, which only has
left-handed fermionic couplings, the W’ bosons may have any combination of left-handed
and right-handed couplings. Several constraints on the properties of W' bosons can be

derived from both indirect measurements and direct searches.

2.3.1 Indirect Constraints

Indirect constraints on the mass of W’ bosons can be derived from low energy observables
which would be affected by their presence. These constraints depend strongly on the par-
ticular W/ model. In the case of the minimal left-right symmetric model, strong constraints
can be derived from the neutral K-meson mass difference, AMg = (Mg, — Mg,). This

constraint can be expressed in a numerical form, and by normalizing to the experimental

value [86]:
AMR" |(VR)ed(VR)%l (2.4TeV>2 { 2.4TeV
K — _cos(0y — 0, cs 1—0.071 2.46
AM” O =) V) ea (Ve \ Mo, N (2.46)

where the phase 63— 605 ~ 0,7 and V7, Vg are the left-handed (SM) and right-handed CKM

matrices, respectively. By restricting the ratio of the the mass difference predicted the
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theoretical model and the experimental value to be ~ 1, the indirected limit M(W’)>2.4
TeV for W/ bosons with right handed couplings follows directly.

This constraints, however, can be slightly modified when taking into account effects of
an additional heavy Higgs boson that also exists in the minimal left-right symmetric model.
The constraints in the My, vs My plane taking into account these effects is shown in

Fig. 2.10.
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Figure 2.10: Limit on the heavy Higgs and Wg masses from AMFg, which excludes the
shaded green zone. The perturbativity limit on the Higgs mass is also shown in blue. From

Ref. [86].

In the case of Little Higgs models, the indirect constraints depend even more strongly
on the model. In the case of the Littlest Higgs model [79], the heavy gauge bosons can
contribute to SM observables such as the W-boson mass and the Z-boson decay width
among many others [87]. These experimental values of these observables can then be used
to set constraints, and in the Littlest Higgs model they require that the symmetry breaking

scale be greater than 4-16 TeV, depending on other model parameters. This correlates very
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roughly to the mass of the heavy gauge bosons.

2.3.2 Direct Constraints

Since indirect constraints on the W’-boson masses vary strongly between each new partic-
ular physics model, direct searches at particle colliders, which have not yet produced any
evidence for W’ production, tend to set constraints using a generic benchmark model. In
this benchmark model, sometimes referred to as the sequential standard model (SSM), the
W' has the same couplings to fermions as the SM W boson. In the case of W/ bosons with
right-handed couplings, the gauge coupling of the new SU(2)r symmetry is taken to be
equal to the SU(2)1, gauge couping, and the right-handed CKM matrix is taken to be equal
to the left-handed CKM matrix. Limits on the production cross section in this model can
be obtained by experiment and then reinterpreted in more realistic theoretical models.

The strongest direct constraints on W’-boson masses come from searches at the LHC,
due to its high center of mass energy. The searches are performed using different decay
modes of the W’ boson. In the benchmark SSM model the strongest constraints come
from the W/ — fv decay mode, due to its low background rate. Exclusions in this channel
from the CMS and ATLAS Collaborations can be seen in Fig. 2.11 [88,89]. The results
of these searches (and most other similar searches) are presented by showing the 95%
confidence level limit on the W’-boson production cross section along with the predicted
theoretical cross section, both as a function of the W/-boson mass. For W’-boson masses
below the intersection of the theoretical cross section and the exclusion limit, the model can
be excluded at 95% confidence level and the corresponding W’-boson mass value is quoted
as the mass limit. Also shown are the nominal and 1o expected exclusions obtained by
performing pseudo-experiments with the signal and background estimations varied within
their respective uncertainties. The CMS search in this particular channel is currently the
most stringent, leading to the constraint M(W’) > 2.90 TeV for an SSM W’ boson.

Limits on W’-boson production can also be obtained using the W — qq decay mode

where ¢ is a light quark (udsc). The results of the searches by the CMS and ATLAS
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Figure 2.11: Constraints on W’ boson production using the W' — (v decay mode by the
LHC experiments. Left: The CMS search from Ref. [88]. Plotted is the ratio gexc1/ossmw:
as a function of the W’ mass, where o is the cross section excluded at a 95% confidence
level and oggywe is the cross section predicted by the SSM. Right: The ATLAS search
from Ref. [89]. Plotted is the excluded cross section and theoretical cross section both as a

function of the W’ mass.
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Collaborations can be seen in Fig. 2.12 [90,91]. The CMS search leads to the strongest
mass limit in this channel for an SSM W’ boson: M(W’) > 1.73 TeV. The case where the

W’ boson decays to third generation quarks (tb) will be discussed in detail in Chapter 6.
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Figure 2.12: Constraints on W’ boson production using the W' — qq decay mode by the
LHC experiments. Left: The CMS search from Ref. [90]. Right: The ATLAS search from
Ref. [91].

A final class of direct searches are for W’ bosons with purely right-handed couplings
which decay to a right-handed lepton and heavy right-handed neutrino, a decay mode pre-
dicted within the left-right symmetric model. The heavy right-handed neutrino is unsta-
ble and subsequently decays to a right-handed lepton and virtual right-handed W’ boson,
which then decays to two light quarks. This results in the decay chain W' — fjvg —
0105W"™ — 0105qq, where N is the heavy right-handed neutrino. This decay is only allowed
if M(vg) < M(W'). Searches for this final state have been performed by the CMS and AT-
LAS Collaborations leading to a constraint M(W’) 2> 2.5 TeV, depending on M(vg) [92, 93].

The constraints in the parameter space M(vg) vs. M(W’) can be seen in Fig. 2.13.
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Chapter 3

The Large Hadron Collider

The Large Hadron Collider (LHC) [94] is a two-ring-superconducting accelerator designed
to accelerate protons to an energy of 7 TeV. The LHC then causes the proton beams to
collide at several interaction points with a total center-of-mass energy of /s = 14 TeV
and instantaneous luminosity of 103*cm=2s~!. The LHC is also designed to accelerate the
nuclei of heavy elements such as lead to an energy of 2.76 TeV/nucleon. The LHC is
housed within the 26.7 km underground tunnel constructed between 1984 and 1989 and
previously used for the Large Electron-Positron (LEP) Collider [95]. Positioned around the
ring at the four interaction points are five experiments with varying physics goals. The
CMS and ATLAS experiments are general-purpose detectors designed to operate at high
instantaneous luminosity. The LHCb experiment is designed to operate at lower luminosities
and optimized to measure the properties of b-hadrons. The TOTEM experiment operates
at the same interaction point as the CMS experiment and is designed to study the physics
of elastic scattering at small angles. Finally, the ALICE experiment is optimized to explore

the properties of heavy-ion collisions.

3.1 Machine Parameters and Design

A scattering process at the LHC is referred to as an event, and the number of events created

per second for any scattering process is given by:

42
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Nevent/sec- = UeventL (31)

The production cross section (Ceyvent) for a certain type of event depends on the initial
state particles and the center of mass energy of the collision; the instantaneous luminosity
(L) depends entirely on the beam parameters. The total number of events produced is given

by the time integral of Eqn. (3.1):

Nevent - Uevent/Ldt (32)

The second term on the right-hand side of Eqn. (3.2) is referred to as the integrated
luminosity. The technologies used in the LHC are optimized to maximize the sensitivity
to the cross sections of rare processes to be studied (usually without knowing key param-
eters such as the mass of a hypothetical particle), and also to minimize the overall cost of

construction and operation.

3.1.1 Luminosity Constraints

For a Gaussian beam distribution, the instantaneous luminosity L of the machine can be
written as:
o sznbfrev’yr

L=—"—""""F .
e, B* (3.3)

where Ny is the number of particles (i.e. protons) per bunch, ny is the number of bunches per
beam, fe, is the revolution frequency, ~, is the relativistic gamma factor (v, = E,/myc?),
€y, is the normalized transverse beam emittance, and * is the beta function at the collision
point. The geometrical factor F' accounts for the reduction due to the small crossing angle

at the interaction point. The term can be thought of as the effective area of the

4ren B*
F
beams.
The constraints on the beam parameters come from several sources. An important con-

straint comes from the non-linear beam-beam interactions experienced by particles within
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each bunch when the beams collide. The level of this interaction is measured by the linear
tune shift £, which is expressed as:

A

£ (3.4)

N dre,
where r, = €2 /(4megmyc?) is the classical proton radius. The maximum value of ¢ for safe
operation has been learned through experience at previous hadron colliders, and should not
exceed 0.015 when summed over all three high-luminosity interaction points. The maxi-
mum acceptable transverse emittance is determined from the geometrical aperture of the
LHC beam screen, and the peak g-function in the LHC arcs, which imply €, = 3.75um.
Furthermore, the beam intensity is limited by the amount of energy emitted by synchrotron
radiation which must be absorbed by the cryogenic system. These considerations together
imply a maximum bunch intensity of N, = 1.15 x 10''. The beams consist of 3564 proton
bunches with a minimum bunch-to-bunch distance of 25 ns, of which 2808 are filled with
protons. The empty bunches are necessary to allow for the injection as well as the even-
tual beam dump. The 25 ns spacing determines the 40 MHz sampling frequency of the

experiments.

3.1.2 Energy Constraints

The center-of-mass energy is constrained by the size of the tunnel and magnet technology.
In order to keep the proton beams on path within the LHC beam pipe, the LHC uses
magnets formed by coils of superconducting NbTi wire cooled to 1.9 K using superfluid
helium. The magnets are used to create dipole (bending) and quadrupole (focusing) fields.
Furthermore the total energy stored in the beam and the magnet system is greater than 1
GJ, which must be safely aborted in case of an emergency or a system malfunction. These
considerations lead to a maximum beam energy of 7 TeV per beam. A cross section of the

LHC cryodipole is shown in Fig. 3.1.



45

ALIGHNMENT TARRGET
VAN QUADRIPOLE BUS-BARS
HEAT EXCHANGER PIPE
—— GUPERINGULATION
SUPERCUNDUL TING COILS
BEAM PIPE
|~ VACUUM VESSEL
L BEAM SCREEN
T AUMILIARY BUS-BARS
SHRINKING CYLINDER / HE |- VESSEL
e THERMAL SHELD {55 ta T5K)
L NONMAGNETIC COLLARS
P SRR (COLD MASS, 19K)
T CAPOLE BUS-BARS

SUPPORT POST

Figure 3.1: A cross section of the LHC cryodipole. From Ref. [94].

3.1.3 Injector Chain

Before reaching the final design energy of 7 TeV per beam within the LHC, the proton
bunches must be accelerated through a series of increasingly energetic linear accelerators
and storage rings known as the LHC injector chain [96], which consists of the Linac2, the
Proton Synchrotron Booster (PSB), the Proton Synchrotron (PS) and the Super Proton
Synchrotron (SPS). The protons are produced from hydrogen gas by stripping the electrons
with a large electric field. The total hydrogen consumption is about 4 ml/min. The Linac2
creates the bunches and accelerates them to 50 MeV. The bunches are then injected to the
PSB where they are accelerated to 1.4 GeV and then injected into the PS. In the PS the
bunches are accelerated to 25 GeV before being injected into the SPS. The SPS is the final
injection step before the LHC and accelerates the bunches to 450 GeV. A schematic of the

CERN accelerator complex can be seen in Fig. 3.2 [97].
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Figure 3.2: A schematic drawing of the CERN accelerator complex. From Ref. [97].
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3.2 Performance

Due to mechanical damage resulting from an electrical fault during commissioning in Septem-
ber 2008 [98], the LHC has delivered pp collisions at a reduced center of mass energy of /s
= 7 TeV during 2010 and 2011, and of /s = 8 TeV during 2012. Even while operating at
these reduced energies, the LHC is still the highest-energy particle accelerator in the world.
Furthermore, the bunch spacing was increased to 50 ns due to the effects of secondary
electron emission from the from the beam chamber wall [99]. Consequently, the maximum
number of bunches per beam, ny, was reduced to 1374. As seen in Figs. 3.3 and 3.4, the peak
instantaneous luminosity achieved was 7.67 x1033cm~2s~! [100]. This luminosity, greater
than half the design luminosity, was achieved with half the number of design bunches by
operating at larger bunch intensity (N, = 1.7 x10!!) and lower normalized emittance (e,
= 2.5 pm) than the original design [101]. Subsequently the mean number of interactions
per bunch crossing (pileup) for the experiments was also greater than foreseen, making for
an incredibly challenging experimental program. A plot showing the average pileup seen
during the 2012 data taking run can be seen in Fig. 3.5. In total the LHC delivered 6.13
fb=1 of pp collisions to the CMS experiment at /s = 7 TeV during 2011, and 23.30 fb~!
at /s = 8 TeV during 2012. The final integrated luminosity used for analysis after more
sophisticated calibration of the luminosity measurement, as well as accounting for the data
taking efficiency and removing data of insufficient quality, was 5.0 fb~! at \/s = 7 TeV and
19.5 fb~! at /s = 8 TeV.
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Figure 3.3: Integrated luminosity (left) and peak instantaneous luminosity (right) delivered

by the LHC to the CMS experiment for each week during the 2011 run at /s = 7 TeV.

From Ref. [100].
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Data included from 2012-04-04 22:37 to 2012-12-16 20:49 UTC
25 25

T’" BN LHC Delivered: 23.30 !

é [ CMS Recorded: 21.79 b’

Z 20 20
]

o

£

£ 150 15
3

-

K

% 100 10
=)

]

2

£ s 5
©

-

°©

-

0 \Y Y X N C
Ol o W o ® 5 Q) e
AN A N S g RPN AP PN

Date (UTC)

Peak Delivered Luminosity (Hz/nb)

CMS Peak Luminosity Per Week, pp, 2012, Vs = 8 TeV

Data included from 2012-04-04 22:37 to 2012-12-16 20:49 UTC

9
8@%“. inst. lumi.: 7.67 Hz/ub

71
6|

5L

w

N

=

Wl o \,""9 s"e"

4
Date (UTC)

(g
4 O

b

wo!

e
Y

C

Figure 3.4: Integrated luminosity (left) and peak instantaneous luminosity (right) delivered

by the LHC to the CMS experiment for each week during the 2012 run at /s = 8 TeV.

From Ref. [100].
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CMS Average Pileup, pp, 2012, Vs = 8 TeV

60
<pu=> = 21

401

201

10

Recorded Luminosity (pb '/0.04)
w
o

S ——
Mean number of interactions per crossing

Figure 3.5: Mean number of interactions per bunch crossing during the 2012 data taking

run at /s = 8 TeV as measured by the CMS experiment. From Ref. [100].



Chapter 4

The CMS Experiment

The Compact Muon Solenoid (CMS) experiment [102] is a 12,500 ton general-purpose parti-
cle detector situated at Point 5 of the LHC near the village of Cessy, France. The main goal
of the CMS experiment is to reconstruct electrons, muons, photons, and hadrons (mesons
or baryons) efficiently and with high resolution. This is accomplished by using a 3.8 T
superconducting magnet to bend charged particles and measure their momentum via a
silicon-based tracker. Electromagnetically interacting particles are further characterized by
their interaction with an electromagnetic calorimeter (ECAL), and similarly strongly inter-
acting particles are characterized by the hadronic calorimeter (HCAL). The identification
of muons is performed by a separate muon system consisting of gaseous particle-detectors.
Any neutrinos produced in the collision event are not directly detected, but can be inferred
by measuring the total imbalance of all particle transverse momenta (pr ). Due to the high
intensity and collision rate of the proton bunches provided by the LHC, the CMS experi-
ment is finely segmented and therefore has a large number of readout channels. A drawing

of the CMS detector can be see in Fig. 4.1 [103].

4.1 Geometry

The CMS experiment is roughly cylindrical in shape and has a 14.6-m diameter and 21.6-

m length. The detector elements in the central “barrel” region are cylindrical, and the

50
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Figure 4.1: A perspective view of the CMS experiment. From Ref. [103].
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two outer “endcap” regions are enclosed with disk-like elements. In general the barrel
and endcap detectors utilize separate technologies. CMS uses a right-handed coordinate
system, with the origin at the nominal collision point inside the experiment, the x axis
pointing inward to the center of the LHC ring, the y axis pointing upward (perpendicular
to the plane of the LHC ring), and the z axis along the anticlockwise-beam direction towards
the Jura mountains, and the radial distance r measured outwards from origin. Thus the
transverse components of particle momenta are in the z-y plane. The polar angle 6 is
measured from the positive z axis and the azimuthal angle ¢ is measured in the z-y plane.
A convenient measure is the pseudorapidity defined as n = — In(tan(6/2)), for which particle

production is roughly constant.

4.2 Superconducting Magnet

The central feature of the CMS experiment is a superconducting solenoidal magnet designed
to produce a 3.8 T field in a free bore of 6-m diameter and 12.5-m length, large enough to
enclose the tracker system, ECAL and HCAL. The high field strength is required in order
to have good momentum resolution for tracks with pp up to and above 1 TeV. The 220-t
cold mass operates at 4.5 K and is defined by a 4-layer winding of NbTi conductor, and the
flux is returned through a 10,000-t iron yoke comprising 5 wheels and 2 three-disk endcaps

interspersed within the muon system (See Fig. 4.1).

4.3 CMS Subdetectors
4.3.1 Inner Tracker

The CMS inner tracking system is the closest subdetector to the interaction point and has
an overall 5.8-meter length and 2.5-meter diameter. It is designed to efficiently and precisely
measure the trajectories of charged particles with pt greater than 1 GeV emerging from
LHC collisions inside a 3.8T magnetic field. In addition to measuring individual particle

trajectories, the system also must reconstruct the vertices of the primary interaction, the
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vertices of pileup collisions, and secondary vertices of long lived particles (such as b quarks
and tau leptons) decaying away from the collision point. In order to cope with the large
number of pileup interactions the detector must be radiation hard, have high granularity
and a fast response, while keeping the amount of material used as small as possible to
prevent multiple Coulomb scattering, bremsstrahlung, nuclear interactions, and photon
conversions. Since the particle occupancy is largest near the interaction point and decreases
with increasing radius, the tracking system utilizes two different types of silicon detectors

at smaller and larger radius. A schematic drawing of the tracking system can be seen in

Fig. 4.2.
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Figure 4.2: A schematic drawing of an r — z slice of the CMS tracking system. From

Ref. [102].

The innermost portions of the tracking system are silicon pixel detectors between radii
of 4.2 cm and 10.2 cm. The pixel detector is composed of three barrel layers (BPix) two
endcap disks (FPix), and has 1440 detector modules covering approximately 1m? for a total
of 66 million pixels. The layout ensures three measurements over almost the full n-range of
the tracker. The pixel detector provides three high precision space points in r — ¢ and z

on each particle trajectory, with spatial resolution in the range of 15-20 pym. The pixel cell
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size of 100 x 150 pm? ensures similar resolution in the r — ¢ and z directions and therefore
allows a 3D reconstruction of track vertices.

Outside of the pixel detector is the silicon strip tracker, which is composed of 4 Tracker
Inner Barrel (TIB) layers, 6 Tracker Outer Barrel (TOB) layers, 3 Tracker Inner Disks
(TID), and 18 Tracker EndCap (TEC) disks. Up to 4 r — ¢ measurements are delivered
by the TIB/TID on a trajectory using 320-um thick silicon micro-strip sensors with their
strips parallel to the beam axis in the barrel and radial on the disks. The strip pitch is 80
pm on layers 1 and 2 and 120pm on layers 3 and 4 in the TIB, leading to a single point
resolution of 23 pm and 35 pm, respectively. The modules in the first two layers and rings,
respectively, of TIB, TID, and TOB as well as rings 1, 2, and 5 of the TECs carry a second
micro-strip detector module which is mounted back-to-back with a stereo angle of 100 mrad
in order to provide a measurement of the second co-ordinate (z in the barrel and r on the
disks). This leads to a single point resolution of 23 pm and 530 pym in TIB and TOB,
respectively, and varies with pitch in TID and TEC. The layout of the tracker ensures at
least 9 hits (with at least 4 of them being two-dimensional measurements) in the silicon
strip tracker in the range of |n| < 2.4.

The total amount of material for the CMS tracker in units of radiation lengths is shown
in Fig. 4.3. It increases from 0.4 Xy at || =~ 0 to about 1.8 Xy at || ~ 1.4, before decreasing
to about 1 Xy at |n| &~ 2.5. As can be seen from Fig. 4.4, the resolution of the transverse
impact parameter (distance of closest approach in the r — ¢ plane to a matched vertex)
determination is less than 30 pm for tracks with pt greater than 6 GeV [104]. The vertex
reconstruction efficiency is shown in Fig. 4.5 and is measured to be close to 100% if the

vertex contains more than 2 tracks with pt greater 0.5 GeV.

4.3.2 ECAL

The electromagnetic calorimeter (ECAL) of CMS [105] is a hermetic homogeneous calorime-
ter made of 75848 lead tungstate (PbWQy,) crystals mounted in a central barrel part and

two endcaps. The ECAL was designed to have high resolution in order to detect the two-
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Figure 4.3: Material budget in units of radiation length as a function of pseudorapidity

for the different tracking detectors (left) and for the functional contributions (right). From

Ref. [102].
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From Ref. [104].

photon decay of a Higgs boson, therefore it was decided to position the ECAL inside of the
CMS magnet to reduce the amount of energy loss in non-instrumented material. Thus the
ECAL must be compact, which led to the choice of PbWO, which has a high density (8.28
g/cm?), a short radiation length (0.89 cm) and small Moliere radius (2.2 ¢cm). Furthermore
the scintillation decay time of these crystals is of the same order of magnitude as the LHC
bunch crossing time: about 80% of the light is emitted in 25 ns. The system is required to
extract the heat dissipated by the read-out electronics to preserve energy resolution, and is
therefore cooled by water flow to operate at a temperature of 18°C + 0.05°C. A layout of
the ECAL can be seen in Fig. 4.6.

The ECAL central barrel (EB) covers the range |n| < 1.4442 and is composed of 36 su-
permodules each containing 1700 tapered PbWOQO, crystals. Each crystal has a frontal area
of approximately 2.2 x 2.2 cm? and a length of 23 cm, which corresponds to 25.8 radiation
lengths. Two Hamamatsu S8148 5 x 5 mm? avalanche photodiodes (APDs)detect scintilla-
tion light from the crystals. The APDs are connected in parallel to the on-detector readout

electronics, which are organized in units of 5 x 5 crystals to be used for triggering. The
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Figure 4.6: A schematic drawing of the CMS ECAL. From Ref. [102].

crystals are contained in a thin-walled structure known as a submodule. The submodules
are assembled into modules of different types, according to the position in 7, each containing
400 or 500 crystals. Four modules, separated by aluminum conical webs 4-mm thick, are
assembled into a supermodule.

The two ECAL endcaps (EE) cover the range 1.556 < |n| < 3.0 and are composed of
5 half-disk dees, each consisting of 3662 tapered crystals. The EE crystals have a frontal
area of 2.68 x 2.68 cm? and a length of 22 cm (corresponding to 24.7 radiation lengths).
The crystals in each dee are organized into 138 standard 5 X 5 supercrystal units, and
18 special shaped supercrystals that are located at the inner and outer radii. Scintillation
light is detected by type PMT188 vacuum phototriodes (VPTs) glued to the rear face of
the crystals. The lower quantum efficiency and internal gain of the vacuum phototriodes,
compared to the avalanche photodiodes, is offset by their larger surface coverage on the

back face of the crystals.
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The ECAL preshower detector is a sampling calorimeter, and is designed to distinguish
neutral pions from real photons and improves the position measurement of electrons and
photons with high granularity. The preshower is built in two layers, the first of which is a
lead absorber and the second of which is a silicon strip sensor which measures the deposited
energy.

The resolution of the ECAL depends on whether the electron or photon undergoes
bremsstrahlung, the transverse momentum, and also on 1. CMS uses the following termi-

nology to categorize electrons:
e G1: Bremsstrahlung energy is fully recovered.
e (GG2: Bremsstrahlung energy is not fully recovered due to photon conversions.

EB: Electron is in the ECAL barrel.

EE: Electron is in the ECAL endcap.

As shown in Fig. 4.7, the di-electron mass resolution at the J/¥ and Z-boson resonances
is less than 4% for the worst categories, and better than 1.5% for the best category [106].
The single electron reconstruction efficiency can be seen in Figs. 4.8 and 4.9, and is nearly

90% in EB and greater than 75% in EE.

4.3.3 HCAL

The CMS hadron calorimeter (HCAL) is used for the measurement of hadron jets as well
as to infer the presence of neutrinos or exotic particles which result in an imbalance of
transverse energy. A schematic drawing of the HCAL can be seen in Fig. 4.10. The HCAL
is divided into the HCAL Barrel (HB) and HCAL Endcap (HE). Like the ECAL, the HCAL
is mainly situated within the CMS magnet coil for better energy resolution. However the
amount of material needed to absorb the hadron shower is greater than the available volume,
therefore an additional outer HCAL (HO) is placed outside of the solenoid. Beyond |n| =

3.0, the forward hadron calorimeters (HF) placed at 11.2 m from the interaction point
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extend the pseudorapidity coverage to |n| = 5.2 using a Cherenkov-based, radiation-hard
technology.

The HB is a sampling calorimeter covering the pseudorapidity range |n| < 1.3. The HB is
divided into two half-barrel sections (HB+ and HB-), which consist of 36 identical azimuthal
wedges, and each wedge is further segmented into four azimuthal sectors. The absorbing
material in a wedge consists of a 40-mm-thick front steel plate, followed by eight 50.5-mm-
thick brass plates, six 56.5-mm-thick brass plates, and a 75-mm-thick steel back plate. The
total absorber thickness at 90° is 5.82 interaction lengths (A1). The HB effective thickness
increases with polar angle as 1/sin 6, resulting in 10.6 A1 at || = 1.3. The electromagnetic
crystal calorimeter in front of HB adds about 1.1 A; of material. The active medium in
each wedge consists of one layer of 9-mm-thick Bicron BC408 plastic scintillator, 15 layers
of 3.7-mm-thick Kuraray SCSN81 plastic scintillator, and one layer of 9-mm-thich Kuraray
SCSN8I1 plastic scintillator. The scintillation light is collected with a 0.94-mm-diameter

green double-cladded wavelength-shifting fiber (KurarayY-11) placed in a machined groove
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Figure 4.10: A schematic drawing of the CMS HCAL in the r — z plane. The dashed lines
denote different values of pseudorapidity. From Ref. [102].
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in the scintillator.

The HE covers the pseudorapidity range 1.3 < |n| < 3.0, and consists of an absorber
material made of C62000 cartridge brass. The absorber geometry is chosen to minimize
the cracks between HB and HE, since the jet energy resolution is limited by magnetic field
effects, pileup and parton fragmentation. The brass plates are 79-mm-thick with 9-mm
gaps to accommodate the scintillators, and the total length of the calorimeter, including
electromagnetic crystals, is about 10 A;. The granularity of the calorimeters is An x A¢ =
0.087x0.087 for for || < 1.6 and An x A¢p = 0.17x0.15 for || > 1.6.

The HO ensures adequate sampling depth for || < 1.3. The central ring (ring 0) has two
layers of HO scintillators on either side of a 19.5 cm thick piece of iron (the tail catcher iron)
at radial distances of 3.82 m and 4.07 m, respectively. All other rings have a single HO layer
at a radial distance of 4.07 m. The HO extends the total depth of the calorimeter system
to a minimum of 11.8 A1 except at the barrel-endcap boundary region. Scintillator tiles are
made from Bicron BC408 scintillator plates of thickness 10'_“1)mm and the scintillation light
is read out by wavelength shifting fibers.

The HF calorimeter was designed to survive the high radiation environment of the very
forward region 3.0 < |n| < 5.0. This requirement led to the choice of quartz fibers as the
active medium. The calorimeter consists of a steel absorber structure that is composed of
5 mm thick grooved plates into which the fibers are inserted. The depth of the absorber is
165 cm (~ 10A1). The fibers run parallel to the beam line, and are bundled to form 0.175
x 0.175 (An x A¢) towers.

The uncertainty in the overall Jet Energy Scale (JES) achieved with the CMS calorime-
try system can be seen in Figs. 4.11 and 4.12 [107]. The uncertainty is < 4% for jets with
pr = 30 GeV around |n| = 0, decreases with increasing pr until about 250 GeV before
increasing slightly. The uncertainty also increases with increasing |n|. The resolution of the

missing energy determination can be seen in Fig. 4.13 [108].
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4.3.4 Muon System

The CMS muon system is designed to measure the trajectory of muons over the largest
possible portion of the kinematic range provided by the LHC. The long lifetime of the
muon and the absorption of hadrons by the calorimeters leads to the positioning of the
muon system as the outermost subdetector providing excellent identification capability.
Like other detectors the muon system has a cylindrical shape, consisting of a barrel section
and 2 planar endcap regions. The high-field solenoidal magnet and its flux-return yoke
enable good muon momentum resolution and trigger capability. The latter also serves as a
hadron absorber for better identification of muons. Three types of gaseous particle detectors
are used for muon identification.

The barrel muon system covers the pseudorapidity region |n| < 1.2. Due to the small
neutron-induced background, the low muon rate, and the uniform magnetic field, drift tube

chambers (DTs) with rectangular drift cells are used. The DTs are organized into 4 stations
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interspersed among the layers of the magnet flux return plates. The first 3 stations each
contain 8 chambers, in 2 groups of 4, which measure the muon coordinate in the r — ¢
bending plane, and 4 chambers which provide a measurement in the z-direction, along
the beam line. The fourth station does not contain the z-measuring planes. A schematic

drawing of the DT system can be seen in 4.14.

Figure 4.14: A schematic drawing of the CMS barrel muon DT chambers in one of the 5
wheels. From Ref. [102].

The endcap muon system covers the psuedorapidity range 0.9 < |n| < 2.4. The system is
instrumented with 468 multiwire proportional cathode strip chambers (CSCs) consisting of 6
anode wire planes interleaved among 7 cathode panels. The anode wires run azimuthally and
define a track’s radial coordinate. Strips are milled on cathode panels and run lengthwise
at constant A¢ width. The muon coordinate along the wires is obtained by interpolating

charges induced on strips. The CSCs can operate at high rates and in large and non-uniform
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magnetic fields. A muon in the pseudorapidity range 1.2 < |n| < 2.4 crosses 3 or 4 CSCs.
In the endcap-barrel overlap range, 0.9 < || < 1.2, muons are detected by both the barrel
drift tubes (DT) and endcap CSCs. A schematic drawing showing the grouping of the CSCs

can be seen in 4.15.
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Figure 4.15: Quarter-view of the CMS detector with CSCs of the endcap muon system
highlighted in red. From Ref. [102].

The CMS muon system is complemented in the psuedorapidity region |n| < 1.6 with
Resistive Plate Chambers (RPCs), which are gaseous parallel-plate detectors that combine
adequate spatial resolution with a time resolution capable of tagging the time of an ionizing
event in a much shorter time than the 25 ns between 2 consecutive LHC bunch crossings
(BX). Therefore, the muon system with RPCs can identify unambiguously the BX to which a
muon track is associated. Furthermore the RPCs can be used to effectively tag backgrounds
from cosmic rays, which are usually out of time with respect to the LHC BX. In the barrel
iron yoke, the 480 rectangular RPC chambers form 6 coaxial sensitive cylinders around the
beam axis and are arranged into 4 stations. In the endcap system they are mounted on
both faces of the disks to yield 3 RPC stations. The double-gaps in each station have a
trapezoidal shape and are arranged in 3 concentric rings.

The muon identification efficiency as measured from Z— ptpu~ events can be seen
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in Fig. 4.16 [109]. The identification efficiency is greater than 92% for nearly the entire

pseudorapidity range, and is not dependent on the muon pr .
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Chapter 5

The CMS Trigger and Data Acquisition
Systems

The CMS trigger and data acquisition system [110,111] is designed to quickly select the
most interesting LHC collision events and write them to tape for further analysis. At an
instantaneous luminosity of L = 8 x 1033cm™2s™!, the proton-proton collision rate is equal
to 5 x 108 Hz [112]. Due to the high granularity of the CMS detector, the data volume for
each event is quite large. Furthermore, the data recorded must be promptly reconstructed
for physics analysis to maintain the potential to spot new physics. Therefore, the event rate
must be reduced by more than 6 orders of magnitude to achieve a manageable average rate
of &~ 300 Hz. This task is complicated by the fact that the processes of interest have a cross
section several orders of magnitude lower than the background processes, meaning that the
processes of interest must also be selected efficiently. The CMS experiment accomplishes
this reduction in two successive stages. The first stage is based on custom electronics and is
known as the Level-1 (L1) trigger. The L1 trigger uses coarse detector information to make
a decision on whether to store or reject an event with a decision making time (or latency) of
~ 3 ps. The L1 trigger has a maximum bandwidth of 100 kHz. The second stage is known as
the High-Level Trigger (HLT) [113]. The HLT consists of more sophisticated reconstruction
algorithms (including tracking) running on commercial processing units (CPUs). The HLT

operates with a latency of &~ 100 ms and produces a final output rate of ~ 300 Hz of physics

68
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events, plus an additional allotment for monitoring and calibration. The HLT is part of the
complete Data Acquisition System (DAQ) which manages the overall flow of data. Besides
the HLT, the DAQ also consists of detector front-end electronics, readout modules, a builder
network, as well as management and monitoring systems. A schematic drawing of the CMS

trigger system can be seen in Fig. 5.1.
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Fig. 1.1: CMS Trigger and Data Acquisition System

Figure 5.1: A schematic overview of the CMS trigger system. From Ref. [110].

5.1 The L1 Trigger
5.1.1 Constraints

The CMS L1 trigger is based on the identification of muons, electrons, photons, jets, and
missing transverse energy. The trigger must have high efficiency and low thresholds to
provide high statistics for a wide variety of measurements and searches. The L1 decisions
are therefore mostly based on local detector information rather than on global topologies,
except in the cases of missing energy and total energy sums. The L1 decision is made on a
subset of the total information available for the events at a fixed time after the interaction

has occurred every 25 ns. The L1 trigger system must be able to examine a new event
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every 25 ns in order to avoid having to discard events without having made any trigger
decision (data-taking dead time). The 100 kHz maximum output rate of the L1 system is
determined by the bandwidth of the readout system and the event builder, as well as the
HLT event processing time.

The large volume of tracker and preshower data requires an architecture which can store
event data before an L1 accept decision is made and the event is read out. This architecture
prevents use of the tracker data in the L1 trigger decisions. The L1 decisions are therefore
based entirely upon the calorimeter and muons systems. The L1 trigger subsystems are
referred to as the Global Calorimeter Trigger (GCT) and the Global Muon Trigger (GMT).
The combined information from these two systems is forwarded to the Global Trigger (GT)

for the accept/reject decision. A schematic overview of the L1 trigger can be seen in Fig. 5.2.
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Figure 5.2: A schematic overview of the CMS L1 trigger system. From Ref. [110].

5.1.2 L1 Calorimeter Trigger

Energy deposits in the ECAL and HCAL are calculated in trigger towers that are sent over

high speed copper links to the Regional Calorimeter Trigger (RCT), where e/ candidates
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are identified. The GCT receives the e/y candidates and regional energy sums which are
used in the calculation of jets. Four isolated and four non-isolated e/ candidates are then
sent to the GT, along with four jet candidates in each of the following categories: central,
forward and tau. The GCT also sends total and missing Er sums as well as an (1, ¢) grid
of quiet regions to the global muon trigger for muon isolation cuts.

The efficiency the single e/ trigger with a threshold of 20 GeV is shown in Fig. 5.3 (left)
as a function of offline electron Ep. The efficiency is greater than 95% at 30 GeV and is
approximately 100% efficient at 40 GeV for electrons in the ECAL barrel, and only slightly
worse for electrons in the ECAL endcap. In 2012, corrections were applied to account
for transparency losses in the ECAL endcap crystals, which improved the steepness of the
efficiency turn-on relative to that in 2011. Fig. 5.3 right shows the jet trigger efficiency as

a function of offline jet Ep for several online thresholds.
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Figure 5.3: Efficiency of the L1 single e/~ trigger (left) and the L1 single jet trigger (right).
From Ref. [112].

5.1.3 L1 Muon Trigger

Candidate muons in the L1 trigger system are identified separately in each of the DT, CSC
and RPC detectors. Track stubs in the DT and CSC detectors are identified and forwarded

to separate track-finders for each sub-detector (DTTF and CSCTF') which builds full muon
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tracks and assigns them a pr value. The RPC identifies muon candidates directly from
hits in pattern comparator logic, and also provides data to the CSC trigger system to help
resolve ambiguities caused by 2 muons in the same CSC. The identified candidates from
all three systems are sent to the GMT, where they are combined and the four best muon
candidates in barrel and endcap are forwarded to the GT.

The efficiency of the L1 muon trigger with a 14 GeV threshold can be seen in Fig. 5.4.
The efficiency at the plateau is 2% lower in 2012 with respect to 2011 due to an optimization
aimed to reduce the single muon trigger rate by 50% which allowed to keep pt thresholds
for 2012 running as low as the ones used for 2011. In both 2011 and 2012 the efficiency of

the L1 single muon trigger was greater than 90%.
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Figure 5.4: Efficiency of the L1 muon trigger with a 14 GeV threshold as a function of the
muon pr (left) and 7 (right). From Ref. [112].

5.1.4 L1 Global Trigger

The Global Trigger is responsible for combining trigger data from the muon and calorimeter
systems, synchronizing data arriving at different times and communicating the L1 decision
to the timing, trigger and control (TTC) system for distribution to the subdetectors over a
network of optical fibers to initiate the readout. All of the trigger objects are accompanied

by their coordinates in (7, ¢) space, which allows the GT to vary thresholds based on
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location and to require trigger objects to be close or far from each other in space.

5.2 The High Level Trigger
5.2.1 Hardware

The HLT hardware is composed of a “filter farm” of CPUs which execute offline-quality
reconstruction algorithms using full detector granularity to improve the resolution obtained
by the L1 trigger system. The high output rate of the L1 trigger places significant demands
on the filter farm hardware as well as the HLT algorithms in order to minimize dead time.
One key feature is the flexibility of the trigger architecture, which allowed the computing
power of the HLT filter farm to incrementally increase throughout the first LHC run [114].
The original HLT filter farm consisted of 720 Intel® Xeon® E5430 dual 4-core CPUs. This
was then extended in May 2011 with 288 Intel® Xeon® X5650 dual 6-core CPUs with
hyper-threading capability. The farm was extended once more to its final configuration
in May 2012 with 256 Intel® Xeon® E5-2670 dual 8-core CPUs with hyper-threading

capability. The final HLT filter farm consisted of more than 13000 cores at the end of 2012.

5.2.2 Software

The HLT software consists of a wide variety of different algorithms which are organized
into “paths”. The algorithms used are meant to be as close as possible to the offline
reconstruction, but are limited by the available computing power. A single HLT path is
composed of a series of modules which are either “producers” which perform reconstruction
(e.g. of tracks or jets) or “filters” which make selections (such as pr and 7 requirements)
on the reconstructed objects. The modules are ordered such that when possible the CPU
intensive algorithms are executed in the final stages of the path. A schematic drawing of
the HLT path structure can be seen in Figure 5.5 [115].

Each path selects a given event topology, such as very basic object selection (e.g. single
muon, single electron, single jet, double muon, double electron), “cross-triggers” (e.g. elec-

tron plus jets, muon plus jets), as well as highly signal specific topologies (e.g. displaced
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photons, razor variables [116], ar [117]). The paths are organized into a “menu” which as-
signs a pass/fail decision for each path to all events passing the L1 trigger. Each HLT menu
is designed to handle a specific maximum instantaneous luminosity by adjusting thresholds
and parameters n, known as prescales, such that a path with a prescale n selects only 1
of n passing events. The prescale for primary physics triggers is normally 1, meaning that
all events passing that trigger are recorded. The prescale for secondary triggers used for
efficiency measurements, background estimations, or calibration and monitoring of the de-
tector are assigned a prescale value greater than 1 which ensures that a sufficient number of
events are collected for the trigger’s purpose while maintaining a low output rate. The HLT
menu is adaptable to different instantaneous luminosities via different prescale “columns”
which define a set of prescales for all paths in the menu and can be changed during data
taking. In total there were over 400 HLT paths in the final HLT menu used in 2012.

The efficiency of the HLT software algorithms has evolved over the course of the first
LHC run and has impressively met the demands of the physics program. A few examples of
the efficiency of triggers based upon standard physics objects can be seen in Figs. 5.6, 5.7,
and 5.8 [118].

5.2.3 Menu Performance

Two complementary methods are used to monitor the CPU usage of the HLT software
algorithms. The first method directly measures the time taken by the HLT selection and
reconstruction steps for each event during data-taking. A second method rapidly samples
every CPU in the farm to determine its state, and the time per event is calculated based
on the frequency of finding the CPU in a non-idle state. The two methods give consistent
results. Using the second method, the total busy fraction of the filter farm can also be
determined.

To estimate the CPU usage of an HLT menu at a higher instantaneous luminosity,
the average busy fraction over the course of a previous LHC fill is measured and a fit is

performed as shown in the left panel of Fig. 5.9. An exponential function is found to give a



Figure 5.5: Schematic drawing of the HLT path structure. From Ref. [115].
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Figure 5.6: Left: HLT efficiency of jet paths with different pt thresholds and identification
requirements as a function of the offline jet pr . Right: HLT efficiency of a single jet trigger
with 320 GeV pr threshold in bins of different pileup (based on the number of reconstructed
offline vertices). From Ref. [118].

good description of the data over a wide range of luminosities. In addition, we also measure
the time per event for each type of machine used in the filter farm as shown in the right
panel of Fig 5.9. The time per event is observed to be approximately linear as a function
of luminosity on the Intel Xeon® E5430® CPUs. The other two types of CPUs employ
Intel’s® hyper-threading to run twice as many concurrent processes as there are physical
cores by using parts of the CPU that would otherwise be idle. As a result, the time per
event for these hyper-threaded CPUs increases faster than linearly as the CPU is saturated
with increasing luminosity and input rate. Using this information, it is possible to calculate
the maximum time per event of the HLT menu for a given L1 input rate, and also the
instantaneous luminosity at which this limit would be reached. The figure of merit used is
the time per event for an Intel® Xeon® E5430 CPU.

The per-event time budget of the HLT decreases with increasing L1 input rate. With the

2011 configuration of the filter farm, the HLT filter farm could sustain an average processing
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Figure 5.7: HLT efficiency of an online cut of B >33 GeV in the barrel (|n| <1.5) and
endcap (|n] >1.5) regions for electrons with loose identification, as a function of the offline
Er. The endcap region is divided into two running periods, before and after the ECAL

transparency loss correction were introduced at the HLT. From Ref. [118].
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pileup corrections for the isolation, as well as an extended n-acceptance. From Ref. [118].
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Figure 5.9: Measurements used to measure the CPU capacity of the HLT filter farm. Left:
The average CPU busy fraction as a function of instantaneous luminosity for one LHC fill.
Luminosity sections with data-taking dead time > 40% have been removed. Right: HLT
processing time per event as a function of instantaneous luminosity on the three different

machine types used in the filter farm.
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time of up to ~ 90 ms per event for an L1 input rate of 100 kHz without incurring dead
time. With increased CPU power available in 2012, the farm could sustain a per-event time
of ~ 200 ms.

During the commissioning of the LHC, the luminosity was much lower than design. The
flexibility of the CMS trigger system was again utilized to implement full reconstruction of
pixel tracks at the HLT. As can be seen in Fig. 5.10, this global pixel track reconstruction
approximately doubled the CPU time per event but enabled the observation of long-range

near-side two particle correlations [119] in proton-proton collisions for the first time.
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Figure 5.10: HLT processing time per event with and without global pixel unpacking during

commissioning at L = 5 x 10%?cm 257!,

Each menu is validated in an offline environment before being used for online data-
taking. Each new version of the menu is compared to a previous version on a single machine

to ensure that the CPU consumption does not exceed expectations. The menus are tested
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by running the HLT once with each menu over the same sample of previously collected
events. The measurement is done using a machine with similar core architecture to the
Intel® Xeon® E5430 CPU, and is performed using the direct timing measurement described
above. New luminosity and L1 input rate limits can then be determined by using the relative
performance of the new menu and the measured performance of the older menu. An example
of an offline comparison of the times per event for two different HLT menus is shown in
Figure 5.11. When testing a new menu, the time per event for each HLT path is also
checked to determine which paths are the most CPU intensive. The algorithms for CPU
intensive paths are then optimized to ensure that the total processing time does not exceed

the limitations of the system.
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Figure 5.11: Comparison of the time per event measured for two different HLT menus using

a validation machine outside of the event filter farm.

In addition to the CPU performance, another important parameter for the HLT is

the event rate, which is constrained by the offline storage and processing capabilities. A
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convenient measure is the “cross section” of the HLT menu, which is defined as the event
rate divided by the instantaneous luminosity. If the HLT menu has the same efficiency
and noise component as a function of instantaneous luminosity, the cross section should
be flat. A plot of the HLT cross section during 2012 can be seen in Fig. 5.12 [120]. In
the second half of 2012, with a long shutdown of the LHC machine for upgrades imminent,
the event rate of the HLT was increased in a program known as “data parking”. In this
program, additional rate (approximately 500 Hz at an instantaneous luminosity of 6.5 x
1033 cm 257 !) was recorded without being reconstructed promptly, but instead stored and
reconstructed after the 2012 run had finished. In this way the constraint from processing
capabilities was avoided. The total HLT cross section is shown in blue and the prompt and

parked components are shown in green and yellow, respectively.
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Figure 5.12: Cross section of the HLT menu in 2012 as a function of the instantaneous

luminosity. From Ref. [120].
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5.3 DAQ

The L1 and HLT are supported by a sytem of hardware and software modules known as
the DAQ system. The DAQ system was designed to be modular which has enabled its
expansion as the luminosity increased. The DAQ assembles data fragments from separate
detector components into full events in two stages [121] and transports them between the

L1, HLT, and data storage center. An overview of the DAQ architecture can be seen in

Fig. 5.13.
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Figure 5.13: Simplified sketch of the CMS DAQ system. From Ref. [121].

The first stage begins when an event is accepted by the L1, after which data fragments
corresponding to the accepted event are read out from the front-end drivers (FED’s). The
FED'’s are subdetector specific data sources which feed 476 front-end readout links (FRL’s)
which merge the data of up to two FEDs into one stream. The 2 kB outputs of the FRL’s
are then assembled into 16 kB “super-fragments” by the FED builders and are distributed
to Readout Units (RU’s). Mpyrinet technology [122] is used in the FED builder and for

transfer of data from the detector to the surface.
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Besides Filter Units (FU’s) which execute the HLT software algorithms, the HLT filter
farm also consists of Builder Units (BU’s) which receive super-fragments from the RU’s
via TCP/IP based on Gigabit Ethernet, and assemble them into complete events of ap-
proximately 1 MB. Each RU builds events at 12.5 kHz with a total data throughput of
approximately 200 MB/s. The BU ships an assembled event to a FU of the HLT CPU farm
upon request from an FU. The FU then unpacks the raw data into detector-specific data
structures and performs the software algorithms of the HLT. Associated builder and filter
units (BUFU’s) are located in a single multi-core machine and communicate via shared
memory. The data flow in each RU is supervised by an event manager (EVM) which also
keeps track of the memory occupancy of the RU’s. The event manager can request a reduced
trigger rate if an RU is has insufficient memory to buffer incoming super-fragments.

The HLT software collects the accepted events and divides them into different physics
or calibration “streams”, and forwards them for offline processing. The different streams is
utilized to optimize the data access for the offline analysis. Events from the different streams
undergo different reconstruction. For example, events in the physics stream will be fully
reconstructed using all detector information, whereas calibration or monitoring streams will
be reconstructed using only use a subset of the available data. In normal operation, the
accepted events are immediately sent on to the offline Tier-0 centre for the initial offline

processing step.



Chapter 6

The Search for tb Resonances

6.1 Introduction

Massive charged gauge bosons, generically referred to as W', are predicted by various ex-
tensions of the standard model (SM) [69,123-126]. Searches for W' bosons at the Large
Hadron Collider (LHC) have been conducted in the lepton-neutrino, diboson, and light-
quark final states [88-91, 127-132]. While the most stringent limits come from the searches
in the leptonic final states (W' — fv where ¢ is a charged lepton), the constraints do not
apply to W’ bosons with purely right-handed couplings if the mass of the hypothetical
right-handed neutrino is larger than a few GeV [133]. Dedicated searches for W’ bosons
with purely right-handed couplings have been performed by the CMS [92] and ATLAS [93]
collaborations assuming the mass of the right-handed neutrino is less than the mass of the
W’ boson. Searches for W’ bosons that decay to a quark final state such as W'™ — tb (or
charge conjugate) make no assumptions regarding the mass of the right-handed neutrino
and are thus complementary to searches in the leptonic channels. Furthermore, the decay
chain W' — tb, t — bW — blv is in principle fully reconstructible, thereby leading to
resonant mass peaks even in the case of wider W’ resonances. In addition, due to the pres-
ence of leptons in the final state, it is easier to suppress the QCD multijet background for
this decay chain than for a generic W' — qq’ decay. Finally, in some models the W’ boson

may couple more strongly to the third generation of fermions than to the first and second
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generations [134,135]. Thus the W' — tb decay is an important channel in the search for
W’ bosons.

Experimental searches for W — tb decays have been performed at the Tevatron [136—
138] and at the LHC [139, 140]. The CMS search at /s = 7 TeV [139] used a multivariate
analysis based on boosted decision trees (BDT) [141] to set a lower mass limit of 1.85 TeV
for W' bosons with purely right-handed couplings. The results of this search are shown in
Fig. 6.1.

If the W' boson has left-handed couplings, interference between W — tb and SM single-
top-quark production via W— tb can contribute as much as 5-20% of the total W' rate,
depending on the W' mass and its couplings [142]. This interference effect was taken into
account in the CMS search. The analysis also set constraints on an arbitrary set of left-
and right-handed couplings of the W' boson.

This chapter describes the first W — tb search at /s =8 TeV and uses data collected
by the CMS experiment, corresponding to an integrated luminosity of 19.5 fb~!. For a
W' boson with a mass of 2 TeV, the production cross section at Vs = 8 TeV is larger by
approximately a factor of two compared to /s = 7 TeV [143]. The dataset used in this
analysis corresponds to an integrated luminosity that is approximately a factor of four larger
than that in the /s = 7 TeV analysis. Following the earlier publication [139], we analyze
events with a lepton (e, u), jets, and missing transverse energy (EXS ) for an arbitrary

combination of left- and right-handed couplings.

6.1.1 Signal Modeling

The W/ — tb — fvbb decay is characterized by the presence of a high-p isolated lepton, sig-
nificant E%iss associated with the undetected neutrino, and at least two high-pt b-jets. The
signal modeling is identical to that in Ref. [139] and uses the following model-independent
lowest order effective Lagrangian to describe the interaction of the W’ boson with SM

fermions:
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Figure 6.1: Distribution of the BDT output discriminant. The data, expected backgrounds,
and a Wy, signal with mass of 1.0 TeV are shown for the electron+jets (muon-+jets) samples
in the top left (top right). The hatched bands represent the total normalization uncertainty
on the predicted backgrounds. Bottom: The expected and measured 95% confidence level
upper limits on the production cross section of right handed W’ bosons obtained using the
BDT discriminant for the combined electron+jets and muon+jets samples. The lo and
20 excursions from the expected limit are also shown. The solid red line represents the

theoretical prediction.
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Vi -
L= Qi/%gwfm(a%fj(l +9°) +ak (1= )W + e, 6.1)

where af}i fj,alfi 5, are the right- and left-handed couplings of the W’ boson to fermions f;
and f;, g» = e/(sin by ) is the SM weak coupling constant and 6y is the weak mixing angle;
V.5, is the CKM matrix element if the fermion f is a quark, and V¥, ¢, = 0;; if it is a lepton,
where §;; is the Kronecker delta and ¢, j are the generation numbers. For our search we
consider models where 0 < aIfi’% < 1. The notation is defined in such a way that, for a

so-called SM-like W/ boson, ai, ;= 1 and a% ;= 0.

We produce simulated samples using the following nomenclature:

I owith gl — oL L R _ R _ R _
e Wi witha,;,=as =a; =1and a,; =a. =a; =0
I with ol — L L R _ R _ R _
o Wi witha,;, =ag =a;j =0and a; =ac, =a,;; =1
/ : L _ L _ L _ R _ R _ R _
o Wig with a;;;, =ag, =ay =1and a,; =az, =a;; =1

The differences between W’ bosons with left- and right-handed couplings that are rel-
evant for our search are as follows. Firstly, W bosons, which have left-handed couplings,
couple to the same fermion multiplets as the SM W boson. As a consequence, there will
be interference between the two tb production diagrams with a W boson and with a Wi
boson. Secondly, W}; bosons with purely right-handed couplings do not interfere with the
SM W boson. Since their leptonic decays involve a right-handed neutrino vg of unknown
mass, they decay exclusively to qq’ final states if the mass of the right-handed neutrino,
M(vR), is greater than the mass of the W' boson, M(W’). If M(rvg) < M(W’), they may
decay to fv and qq’ final states, leading to different branching fractions for the W' — tb
decay. In the absence of interference between the SM W boson and the W’ boson, and if
M(vr) < M(W’), there is no practical difference between Wi and Wy, for our search.

The invariant mass distributions at /s = 7 TeV for Wi, Wi, and W bosons are
shown in Figure 6.2. These distributions are obtained from the samples and selection

used in Ref. [139] and match the reconstructed jets, lepton, and EXZ®S  of a W’ boson
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with mass 1.2 TeV to the generator level objects. These distributions show the resonant
structure around the generated W’ mass, and a minimum corresponding to the destructive
interference between the amplitudes for production of left-handed fermions via the SM W

and W[ bosons. The same features are present in the samples used for the analysis described

here.
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Figure 6.2: Simulated invariant mass distributions for production of Wy, Wi, and Wi

with a mass 1.2 TeV. For the cases of W[, and W]y, the invariant mass distributions also
include the contribution from s-channel single top quark production and show a minimum
corresponding to the destructive interference between the amplitudes for production of left-

handed fermions via the W and W/ bosons. From Ref. [139].

Tables 6.1, 6.2, and 6.3 list the leading order (LO) production cross sections at /s =
8 TeV for a W’ boson with right-handed couplings (W%), for a W’ boson with SM-like
couplings (W1 ),and for a W’ boson with both left and right hand couplings (Wi ). The W,

and W] cross sections take into account the s-channel SM W diagram and the s-channel W’
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diagram, and the interference between the two. The SINGLETOP MC generator [143] is used,
which simulates electroweak top-quark production processes based on the complete set of
tree-level Feynman diagrams calculated by the COMPHEP package [144]. Finite decay widths
and spin correlations between resonance state production and subsequent decay are taken
into account. The factorization scale is set to the W’-boson mass for the generation of the
samples and the computation of the leading-order (LO) cross section. The LO cross section
is scaled to next-to-leading order (NLO) using a K factor of 1.2 based on Refs. [145, 146]. In
order to ensure that the NLO rates and shapes of relevant distributions are reproduced, the
SINGLETOP generator includes NLO corrections, and normalization and matching between
various partonic subprocesses are performed. The top-quark mass is chosen to be 172.5 GeV
and the CTEQ6M [147] parton distribution functions (PDF) are used. The uncertainties on
the cross-section are about 8.5% and include contributions from NLO scale (3.3%), PDFs

(7.6%), as(1.3%) and top quark mass (< 1%).

6.2 Datasets and Background Monte Carlo Samples

The data sets used for the analysis presented in this note were collected using the CMS
detector during the LHC run in 2012. Data was recorded at the center-of-mass energy
Vs =8 TeV and a total of 19.5 fb~! was collected and reconstructed with the 53X version
of the CMS software.

Table 6.4 lists the datasets analyzed, and the corresponding luminosity. A summary
of the Monte Carlo (MC) samples used for the background studies/estimation is provided
in Table 6.5. The tt, W+jets, and Z/y*+jets background processes are generated with
MADGRAPH 5.1 [148]. The tt background is normalized to the next-to-NLO (NNLO) cross
section [149]. The SM single-top-quark backgrounds are estimated using samples generated
with POWHEG [150], normalized to an approximate NNLO cross section [151]. For the W
search, s-channel, t-channel, and tW single-top-quark events are considered as backgrounds.
Because of interference between W’ and s-channel single-top-quark production, in the anal-

ysis for Wi and W/ bosons only the ¢-channel and the tW processes contribute to the



90

Process MC Generator o (pb) Number of events

Wg — tb (with W — e/u/7/v)

M(Wg) = 800 GeV COMPHEP 2.3002 (LO) 920654

M(Wg) = 900 GeV COMPHEP 1.3818 (LO) 942816

M(Wg) = 1000 GeV COMPHEP 0.85538 (LO) 907958

M(Wg) = 1100 GeV COMPHEP 0.54325 (LO) 831508

M(Wg) = 1200 GeV COMPHEP 0.35203 (LO) 965528
M(Wg) = 1300 GeV COMPHEP 0.23219 (LO) 881046
M(Wg) = 1400 GeV COMPHEP 0.15547 (LO) 920262
M(Wg) = 1500 GeV COMPHEP 0.10518 (LO) 907297
M(Wg) = 1600 GeV COMPHEP 0.072012 (LO) 892146
M(W§) = 1700 GeV COMPHEP 0.049683 (LO) 924438
M(Wg) = 1800 GeV COMPHEP 0.034576 (LO) 841448

M(Wg) = 1900 GeV COMPHEP 0.024249 (LO) 835381
M(Wg) = 2000 GeV COMPHEP 0.017124 (LO) 841836
M(Wg) = 2100 GeV COMPHEP 0.012176 (LO) 926108
M(Wg) = 2200 GeV COMPHEP 0.0087191 (LO) 932785
M(Wg) = 2300 GeV COMPHEP 0.0062918 (LO) 784768
M(Wg) = 2400 GeV COMPHEP 0.0045757 (LO) 894786
M(Wg) = 2500 GeV COMPHEP 0.0033568 (LO) 878643
M(Wg) = 2600 GeV COMPHEP 0.0024870 (LO) 944599
M(Wg) = 2700 GeV COMPHEP 0.0018624 (LO) 915158
M(Wg) = 2800 GeV COMPHEP 0.0014102 (LO) 835281
M(Wg) = 2900 GeV COMPHEP 0.0010818 (LO) 910111
M(Wg) = 3000 GeV COMPHEP 0.00084115 (LO) 932601

Table 6.1: Details of the Wi; Monte Carlo samples used for the analysis.

background. The diboson (WW) background is generated with PYTHIA 6.424 [152].

For all simulated samples, PYTHIA tune Z2* [153] is used for parton showering, hadroniza-
tion, and simulation of the underlying event. The PYTHIA and MADGRAPH backgrounds use
the CTEQ6L1 PDFs, and the POWHEG backgrounds use the CTEQ6M PDFs [147]. The

resulting events are processed with the full GEANT4 [154] simulation of the CMS detector.
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Process MC Generator o (pb) Number of events

Wi, = tb (with W — e/u/7/v)

M(W}) = 800 GeV COMPHEP 3.1089 (LO) 941306
M(W1,) = 900 GeV COMPHEP 2.2731 (LO) 906657
M(W$) = 1000 GeV COMPHEP 1.8087 (LO) 908337
M(Wi,) = 1100 GeV COMPHEP 1.547 (LO) 798919
M(W1,) = 1200 GeV COMPHEP 1.3870 (LO) 959534
M(W1,) = 1300 GeV COMPHEP 1.2945 (LO) 963820
M(W}) = 1400 GeV COMPHEP 1.2390 (LO) 942066
M(W7,) = 1500 GeV COMPHEP 1.2061 (LO) 952749
M(W1,) = 1600 GeV COMPHEP 1.1869 (LO) 954829
M(W1,) = 1700 GeV COMPHEP 1.1761 (LO) 948063
M(W7,) = 1800 GeV COMPHEP 1.1705 (LO) 936673
M(W7,) = 1900 GeV COMPHEP 1.1678 (LO) 911699
M(Wt,) = 2000 GeV COMPHEP 1.1673 (LO) 903371
M(Wt,) = 2100 GeV COMPHEP 1.1680 (LO) 861801
M(Wt,) = 2200 GeV COMPHEP 1.1692 (LO) 922413
M(Wt,) = 2300 GeV COMPHEP 1.1711 (LO) 964171
M(W7,) = 2400 GeV COMPHEP 1.1727 (LO) 931031
M(Wt,) = 2500 GeV COMPHEP 1.1746 (LO) 911826
M(W7,) = 2600 GeV COMPHEP 1.1763 (LO) 931038
M(W7,) = 2700 GeV COMPHEP 1.1780 (LO) 907930
M(W7,) = 2800 GeV COMPHEP 1.1797 (LO) 917514
M(W7,) = 2900 GeV COMPHEP 1.1810 (LO) 940379
M(W7,) = 3000 GeV COMPHEP 1.1825 (LO) 934903

Table 6.2: Details of the Wi Monte Carlo samples used for the analysis.

6.3 Object Reconstruction and Event Selection

The analysis relies on the reconstruction of three types of objects: electrons, muons and
jets. The events are reconstructed using a full Particle Flow (PF) approach [155,156].
The PF event reconstruction aims to reconstruct and identify all observable particles in
the event (electrons, muons, photons, charged hadrons and neutral hadrons) by combining
information from all CMS sub-detectors in the form of charged-particle inner tracks, muon

detector tracks, and calorimetric clusters. This list of individual particles is then used to
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Process MC Generator o (pb) Number of events

Wig — tb (with W — e/u/7/v)

M(Wig) = 800 GeV COMPHEP 5.4166 (LO) 920851

M(Wig) = 900 GeV COMPHEP 3.6684 (LO) 962105

M(Wig) = 1000 GeV COMPHEP 2.6815 (LO) 952695

M(Wig) = 1100 GeV COMPHEP 2.1031 (LO) 499057

M(Wigr) = 1200 GeV COMPHEP 1.7539 (LO) 949408
M(WiR) = 1300 GeV COMPHEP 1.5389 (LO) 957707
M(WiR) = 1400 GeV COMPHEP 1.4043 (LO) 499049
M(WiR) = 1500 GeV COMPHEP 1.3194 (LO) 972899
M(Wggr) = 1600 GeV COMPHEP 1.2650 (LO) 048242
M(WiR) = 1700 GeV COMPHEP 1.2305 (LO) 951497
M(Wig) = 1800 GeV COMPHEP 1.2090 (LO) 963803
M(WiR) = 1900 GeV COMPHEP 1.1954 (LO) 978267

M(WiR) = 2000 GeV COMPHEP 1.1872 (LO) 929173
M(Wggr) = 2100 GeV COMPHEP 1.1824 (LO) 913931
M(Wigr) = 2200 GeV COMPHEP 1.1798 (LO) 938946
M(Wigr) = 2300 GeV COMPHEP 1.1787 (LO) 903118
M(WiR) = 2400 GeV COMPHEP 1.1784 (LO) 956188
M(WiR) = 2500 GeV COMPHEP 1.1791 (LO) 962673
M(WiR) = 2600 GeV COMPHEP 1.1792 (LO) 945159
M(WiR) = 2700 GeV COMPHEP 1.1803 (LO) 919176
M(WiR) = 2800 GeV COMPHEP 1.1813 (LO) 921391
M(Wig) = 2900 GeV COMPHEP 1.1825 (LO) 927989
M(WiR) = 3000 GeV COMPHEP 1.1835 (LO) 932353

Table 6.3: Details of the Wi Monte Carlo samples used for the analysis.

build jets, determine the missing transverse energy, and to quantify charged lepton isolation.

The details of the object selection are provided below.

6.3.1 Trigger

Events are required to pass either the inclusive isolated muon trigger with a pp threshold
of 24 GeV and |n| < 2.1 (HLT _IsoMu24_eta2pl_v*) or the inclusive isolated electron trigger
with a pp threshold of 27 GeV and identification requirements designed to be approximately
80% efficient (HLT_Ele27_WP80_v*). Data-to-simulation scale factors are applied to the MC
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Sample Luminosity (fb™1)

Muon Datasets 19.5

/SingleMu/Run2012A-13Jul2012-v1/AOD
/SingleMu/Run2012A-recover-06 Aug2012-v1/AOD
/SingleMu/Run2012B-13Jul2012-v1/AOD
/SingleMu/Run2012C-24Aug2012-v1/AOD
/SingleMu/Run2012C-PromptReco-v2/AOD
/SingleMu/Run2012C-EcalRecover_11Dec2012-v1/AOD
/SingleMu/Run2012D-PromptReco-v1/AOD

Electron Datasets 19.5

/SingleElectron/Run2012A-13Jul2012-v1/AOD
/SingleElectron/Run2012A-recover-06 Aug2012-vl/AOD
/SingleElectron/Run2012B-13Jul2012-v1/AOD
/SingleElectron/Run2012C-24Aug2012-v1/AOD
/SingleElectron/Run2012C-PromptReco-v2/AOD
/SingleElectron/Run2012C-EcalRecover_11Dec2012-v1/AOD
/SingleElectron/Run2012D-PromptReco-v1/AOD

Table 6.4: Data samples used for the analysis.



Process

MC Generator

o (pb)

Number of events

Background Samples:

tt MADGRAPH 245 (NNLO) 6923750
tt POWHEG 245 (NNLO) 21591169
Single top t-channel (tgb) POWHEG 56.4 (~NNLO) 3758227
Single top t-channel (tqb) POWHEG 30.7 (~NNLO) 1935072
Single top tW-channel POWHEG 11.1 (~NNLO) 497658
Single top tW-channel POWHEG 11.1 (~NNLO) 493460
W(—=)lv+jets MADGRAPH 37509.0 (NNLO) 76041475
Z/y*(— £0)+jets (Mg > 50) MADGRAPH 3503.71 (NNLO) 30459503
Ww PYTHIA 54.838 (NLO) 10000431
Single top s-channel (tb) POWHEG 3.79 (~NNLO) 259961
Single top s-channel (tb) POWHEG 1.76 (~NNLO) 139974
Samples for Systematic Uncertainties:

tt scale up MADGRAPH 245 (NNLO) 5009488
tt scale down MADGRAPH 245 (NNLO) 5387181
tt matching up MADGRAPH 245 (NNLO) 5415010
tt matching down MADGRAPH 245 (NNLO) 5476728

Table 6.5: Details of the background Monte Carlo samples used for the analysis.
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to account for differences in the muon (electron) trigger efficiency. In the muon channel,
we apply the scale factors which are determined using a “tag and probe” method. In this
method, Z— pu™ ™~ events are selected and one muon is “tagged” as a muon by applying tight
identification requirements. A second muon is then used as a “probe” and is combined with
the tag muon to reconstruct a Z-boson candidate. The resulting invariant mass distribution
is then fitted to extract the signal component before and after applying a particular selection
requirement (in this case that the muon is matched to an object which passed the trigger).
The resulting ratio of signal events determines the efficiency and can be extracted in both
data and MC. The scale factor between data and MC for the muon trigger efficiency ranges
from approximately 0.96 to 0.98 depending on the muon 7 (see Table 6.6).

In the electron channel, the trigger efficiency with respect to the selection used in this
analysis is also derived using the tag and probe method. The efficiency is parametrized as
a function of a the probe electron |n| in data and Z/~*(— ¢¢)+jets MC, by counting the
number of events in the invariant mass window 80 < M (¢¢) < 100 GeV for all probes, and
for probes matched to a trigger object. The results are shown in Fig. 6.3, and are used
to derive a data-to-MC scale factor of 0.973 + 0.002 for || < 1.5 and 1.020 £ 0.005 for
1.5 < |n| < 2.5. No significant dependence on the probe electron pr is observed, but a
conservative systematic uncertainty of 2% is assigned to cover small variations in the scale

factor for low pr as well as the statistical uncertainty on the derived scale factor.

6.3.2 Event cleanup and vertex selection

Several event selections are applied which are designed to eliminate beam background,

detector electronics noise, and other spurious detector related backgrounds.

e No scraping: the event is rejected if the fraction of high purity tracks is < 25% in events
with at least 10 tracks. This requirement removes beam-induced background arising

from interactions between the beam and residual gas particles or beam collimators.

e Require at least one good primary vertex (PV); the PV must have more than 4 degrees
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Figure 6.3: The combined L1+HLT efficiency in data and Z/v*(— ¢£)+jets MC for the HLT
path HLT_Ele27_WP&0_v* as a function of the probe electron pr as described in Section
6.3.1.

of freedom, which is roughly equivalent to the number of tracks associated with the
given vertex, and must be less than 24 cm away from the nominal interaction point

in z and less than 2 cm away radially.

e Events which are determined to have anomolous energy depositions (noise) in the

HCAL are rejected.

e Events with unphysically large laser correction values in the ECAL are rejected.

6.3.3 Electron selection

Electron candidates are reconstructed from a collection of electromagnetic clusters with
matched pixel tracks. The momentum of the electron track is fitted using a Gaussian Sum
Filter (GSF) [157] algorithm along its trajectory with the algorithm taking into account the
possible emission of bremsstrahlung photons in the silicon tracker. The following selection

criteria are applied:

e pr > 50 GeV
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e || < 2.5; we also exclude the barrel and endcap transition region (1.4442 < |ns.| <

1.556, where 7. is the position of the electron ECAL supercluster).
e Cut-based electron ID — “Tight” requirement (See Table. 6.7).

e Particle Flow based relative isolation, defined as the sum of the transverse momenta
of all additional reconstructed particle candidates inside a cone around the electron
AR = \/m < 0.3 divided by the pr of the electron, is required to be less
than 0.10. Only charged particles originating from the primary vertex are considered.
For neutral particles, the median energy density is determined event by event and the

contribution within the isolation cone is subtracted.
e Events where the electron is determined to be from a converted photon are rejected.
e Transverse impact parameter of the electron with respect to the beamspot < 0.02 cm.

e AR between the electron and any jet in the event > 0.3.

We also apply a loose electron veto and reject events containing an additional loose

electron satisfying:
e pr > 20 GeV
e [n] <25
e Cut-based “veto” ID (See Table. 6.7)
e Particle Flow based relative isolation less than 0.15

Data-to-MC scale factors binned in electron pr and 7 are derived using the tag and

probe method and applied as corrections to the simulation (See Table 6.6).

6.3.4 Muon selection

Muons are reconstructed by combining tracks which are first reconstructed independently in

the inner tracker and in the muon system. In the “Global Muon” reconstruction algorithm
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the two tracks are propagated to a common surface and matched to create a combined
global track, which improves the momentum resolution for high pt muons. Alternatively,
the “Tracker Muon” reconstruction, which is more efficient for low pt muons, considers all
inner tracks as muon candidates, and the inner is track is propagated to the muon system
to find at least one matching track segment. Events containing one muon with the following

selection criteria are considered in the analysis:

e Reconstructed as a Global Muon

e pr > 50 GeV

o ] <21

e Transverse impact parameter of the muon with respect to the beamspot < 0.2 cm
e \?/ndof of the global track fit < 10

e Number of Muon chamber hits > 0

e Number of Pixel Hits > 0

e Number of chambers with matched segments > 1

e Longitudinal distance of closest approach of the tracker track with respect to the

primary vertex d, < 5 mm
e Number of tracker layers with hits > 5

e Particle Flow based relative isolation, defined for mouns similarly as for electrons, is
required to be less than 0.12. Only charged particles from the primary vertex are
considered for the isolation. For neutral particles, a correction is applied by sub-
tracting the energy deposited in the isolation cone by charged particles not associated
with the primary vertex, multiplied by a factor of 0.5 which is the approximate ra-
tio of neutral to charged hadron production in the hadronization process of pile-up

interactions [158].
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e AR between the muon and any jet in the event > 0.3.

We also apply a loose muon veto and reject events containing an additional loose Global

or Tracker muon satisfying:
e pr > 10 GeV
o || <24
e Particle flow based relative isolation less than 0.2

Data-to-MC scale factors for the efficiency of the identification and isolation criteria
binned in muon pr and n are derived using the tag and probe method and applied as

corrections to the simulation (See Table 6.6).

Table 6.6: Data-to-MC scale factors used for electrons and muons. The scale factors are

shown separately for the trigger efficiencies and for the reconstruction and identification

efficiencies.
Electron Scale Factors
7 range Trigger Reco. and Id.
In| <0.8 0.973 0.988
0.8< |n| <1.4442  0.973 0.981
1.556< |n| <2.0 1.020 0.991
2.0< |n| <2.5 1.020 1.015
Muon Scale Factors
7 range Trigger Reco. and Id.
In| <0.9 0.976 0.987
0.9< |n| <1.2 0.961 0.990
1.2< |n] <2.1 0.983 1.000
6.3.5 Jets

The analysis requires at least two Particle Flow jets that satisfy the following:



Variable In| <1.4442 1.566< |n| <2.5
Veto Tight Veto Tight
|An] <0.007 | <0.004 | <0.01 | <0.005
|Ag| <0.8 <0.03 | <0.7 | <0.02
Tinin <0.01 <0.01 | <0.03 | <0.03
H/E <0.15 | <0.12 — <0.10
vertex d0 <0.04 | <0.02 | <0.04 | <0.02
vertex dZ <0.2 <0.1 <0.2 <0.1
[1/E - 1/p| — <0.05 — <0.05

100

Table 6.7: Definition of “Veto” and “Tight” electron identification criteria. The matching

variables |An| and |A¢| are between the supercluster position and the track direction at

vertex extrapolated to ECAL assuming no radiation. The variable oy, is the cluster shape

covariance, and the variable H/E is the ratio of energy in HCAL behind the supercluster

to supercluster energy. The vertex matching variables dO0 and dZ are between the electron

track and the primary vertex.

0.5.

Jets are reconstructed using the anti-kp algorithm [159] with a distance parameter of

e Jet energy corrections are applied to correct for residual non-uniformity and non-

linearity of the detector response and to subtract the average contribution from pileup

interactions.

e Leading jet p (jet) > 120 GeV

e Second leading jet pr (jet) > 40 GeV

e Additional jets pr (jet) > 30 GeV

o Jet |n| < 2.4

e Loose particle flow jet identification [160].

For the simulated samples, the jet pr is smeared (~ 5-29% depending on 7) to account

for the better jet energy resolution seen in the MC compared to data [160].
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6.3.6 Missing Transverse Energy

e Particle Flow EBS > 20 GeV

6.3.7 B-tagging

The properties of the bottom hadrons (relatively large masses, long lifetimes and daughter
particles with hard momentum spectra) can be used to identify the hadronic jets into which
a b quark fragments. This process of identifying jets originating from a b quark is known as
b-tagging. For this analysis we use the Combined Secondary Vertex tagger with the medium
operating point (CSVM) [161]. This algorithm combines secondary vertex information with
track-based lifetime information when no secondary vertex is reconstructed to obtain the
best b-tagging performance (high efficiency and low mistage rate). A data-to-MC b-tagging
efficiency scale factor SF, = SF(pr ) and a mistag rate scale factor SFygn = SF(pr ,7)
for light jets are applied on a jet-by-jet basis to all b-jets, c-jets and light jets in the MC
samples. The same method is used as the one described in Ref. [139].

Additionally, as reported in Ref. [162], a scale factor of 1.21 needs to be applied to W+b
events, and a scale factor of 1.66 has to be applied to W+c events in order to match the
fraction of W+ heavy flavor events observed in data. We apply these heavy flavor correction
scale factors to any event where a b-quark and/or c-quark is present from a W boson decay.
An additional correction in the light jet scale factor (0.83) is applied, as discussed in in

section 6.4.1.

6.3.8 Pileup Reweighting

The effects of additional proton-proton interactions in each beam crossing (pileup) are
modeled by superimposing extra minimum-bias interactions onto simulated events, with the
distribution of the number of pileup interactions matching that in data. Good agreement
between data and MC is seen after reweighting (see Fig. 6.4). We use a minimum bias cross-

section of 69.3 mb as the nominal value, and also use 73.5 mb as a systematic uncertainty.
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Figure 6.4: A comparison of the number of primary vertices measured in data and MC for
a minimum bias cross-section of 69.3 mb (left) and 73.5 mb (right) for the electron (top)

and muon (bottom) samples.
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6.4 Background Modeling
6.4.1 W-+Jets Modeling

The W+jets background is estimated using Monte Carlo events generated with MAD-
GRAPH [163]. Before requiring a b-tagging criteria, the overall W+jets yield is normalized
to the NNLO cross-section. The fraction of heavy flavor (W+b, W+-c) events is then scaled
by an additional empirical correction derived using lepton+jets samples with various jet
multiplicities [162]. This empirical correction was derived for events with somewhat differ-
ent topology compared to our selection. In order to check the validity of these scale factors
we look at two samples: events with zero b-tagged jets (0 b-tags sample) and the inclusive
sample after all the selection criteria, except any b-tagging requirement (preselection sam-
ple). The 0 b-tags sample is completely independent from our signal sample, which requires
at least one b-tagged jet, and is dominated by W+light jets. The preselection sample is
W-+jets dominated, and includes a significant fraction of W+b and W+c events. The sig-
nal fraction in these samples is negligible. After applying the empirical corrections from
Ref. [162], we observe a residual difference between the data and the background estimate.
By comparing MC prediction for W+jets events with data in the 0 b-tags and preselection
samples, through an iterative process, we extract W+light jets and heavy flavor jets scale
factors. We start by estimating the W-light jet fraction using the 0 b-tag sample. This
sample also includes a small fraction of W+b and W+c events. For the first iteration we
include all other background contributions according to the nominal predictions. That is for
tt, and single top we use the theoretical cross-sections and for W+b and W-c we use both
theoretical cross-sections and scale factors from Ref. [162]. The W+light jet scale factor
obtained is then used in the pre b-tag sample where we determine the heavy flavor fraction
scale factor. We use these heavy flavor factors in the 0 b-tag sample again and refine our
estimate of the W+light jet scale factor, which can then, in turn, refine our heavy flavor
estimate in the pre b-tag sample.

We find that, for our selection, the W+light jets contribution needs to be reduced by
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a factor of 0.83, whereas the W+bb and W+cc contribution does not need to be adjusted
relative to the corrections derived in Ref. [162]. By taking into account the b-tagging
uncertainty and uncertainties on other backgrounds, we assign an uncertainty of 13% on
the W+light jets scale factor, and 15% on the heavy flavor scale factor. Given that the
electron sample may suffer from a separate category of background, namely QCD multijet
production, the scale factors are derived in the muon-+jets sample and applied to both
samples. The heavy flavor scale factor obtained is within the uncertainties for the heavy
flavor corrections already applied from Ref. [162] and Ref. [139]. Figure 6.5 shows example
distributions where one can see an improvement after applying these data driven scale

factors.

W+Jets Shape

Events with 0 b-tagged jets that satisfy all other selection criteria are expected to originate
predominantly from the W+jets background. These events can be used to verify the shape
of the W+jets background in data. Figure 6.6 shows the comparison of the invariant mass
with 0 b-tagged jets derived from the data to the same distribution in the W—+jets Monte
Carlo sample. The contributions of the other backgrounds are corrected for by subtracting
them from the data. To demonstrate that the W-jets background shape is independent
of the number of b-tagged jets, the mass distribution with no b-tagged jets is compared to

that with one or more b-tagged jets. This comparison is shown in Figure 6.7.

6.4.2 tt Modeling
Top-Quark pr Shape

The top-quark pr distribution in data is not well modeled by the simulation in both MAD-
GRAPH and POWHEG. We reweight the MADGRAPH sample using an empirical function
based on the tt differential cross section measured in Refs. [164,165]. An empirical function
to reweight the top-quark pr distribution to match the observed data is applied to the

generator level quantities and is given by:
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Figure 6.5: Distributions showing improvement in the background modeling after applying
the data driven W+jets scale factors. Left: pr (leading jet) for the electron (top) and muon
(bottom) samples in events with at least one b-tagged jet. Right: the same distributions

after applying the scale factor.
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t 3
w— \/(60‘156—0.001374)71) (60.156—0.00137-pT) (6.2)

In order to verify the applicability of these weights in a different kinematic region, we
perform an independent “reco-level” study of the top-quark pr distribution. We define a
control region in data which is dominated by tt events in order to reweight the simulation
to match the observed distribution. The selection criteria which define the control region
are Njers > 4,Np_tqgs > 2, and 400 < M(tb) < 750 GeV. The requirement on M(tb) ensures
small (if any) signal contamination. In this region we observe 15956 total events in the
electron and muon channels combined. Of these events, 98% are expected to originate from
tt and single-top events, and a potential 800 GeV W’ signal would account for less than 1%
of the total events. We perform a fit to the ratio of data to expected background events
using both a Landau and linear function. The results are shown in Fig. 6.8. The top-quark
pr and M(tb) distributions in the signal region after applying the generator level reweighting
and the “reco-level” reweighting are in very good agreement. We reweight the tt samples
using the generator-level reweighting, and use the unweighted distribution as a systematic
uncertainty in the final limit setting. Using the “reco-level” reweighting as the central value

has no significant effect on the final result compared to using the generator-level reweighting.

6.4.3 Kinematic Distributions

Several relevant kinematic distributions after the event selection and data-driven corrections

to the W+jets and tt modeling described above are shown in Figs. 6.9, 6.10, 6.11, and 6.12.

6.5 Event Reconstruction

The distinguishing feature of a W’ signal is a narrow resonance structure in the tb invariant-
mass spectrum. The tb invariant is reconstructed from the combination of the charged
lepton, the neutrino, the jet which gives the best top-quark mass reconstruction, and the
highest-pr jet in the event that is not associated with the top quark. The xy components of

the neutrino momentum are obtained from the missing transverse energy. The z component
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Figure 6.8: Distributions of the top-quark pr spectrum in the tt dominated control region.
The left plot shows a fit to the data/MC ratio using a Landau function, and the right plot
shows the fit to a linear function. The Landau function fit is used to reweight the tt samples,
and invariant mass distributions obtained using a reweighting based on the linear fit and
the original distribution without any reweighting are used as systematic uncertainties on

the tt shape.

is calculated by constraining the invariant mass of the lepton-neutrino pair to the W-boson
mass (80.4 GeV). This constraint leads to a quadratic equation in p¥. In the case of two real
solutions, both of the solutions are used to reconstruct the W-boson candidates. In the case
of complex solutions, the real part is assigned to p% and the imaginary part is forced to zero
by relaxing the W-boson mass constraint and recomputing pr.. The pi. solution that gives
the invariant mass of the lepton-neutrino pair closest to 80.4 GeV is chosen, resulting in a
single W-boson candidate. Top-quark candidates are then reconstructed using the W-boson
candidate(s) and all of the selected jets in the event and the top-quark candidate with mass
closest to 172.5 GeV is chosen. The W/-boson candidate is obtained by combining the best
top-quark candidate with the highest-pr jet, excluding the one used for the best top-quark
candidate.

We further apply three additional criteria which are imposed to improve the signal-
to-background discrimination: we require the pt of the best top-quark candidate pwp >

85 GeV, the pr of the vector sum of the two leading jets etl’JetQ > 140 GeV, and the
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Figure 6.9: The reconstruced lepton pr (top) and 7 (bottom) distributions in data and MC
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Figure 6.10: The reconstructed leading jet pr (top) and n (bottom) distributions in data
and MC for the electron (left) and muon (right) samples.
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mass of the best top-quark candidate with 130 GeV < M(t) < 210 GeV. These values were
optimized by simultaneously varying the thresholds for the selection and running the full
limit setting procedure, described in Section 6.7. The thresholds chosen are those which
maximized the expected sensitivity. The application of these selection criteria improves

the signal-to-background discrimination. These distributions are shown in Figs. 6.13, 6.14,

i

and 6.15
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Figure 6.15: The reconstructed pjTetl’jet2 distributions in Data and MC for the electron (left)

and muon (right) channels

Due to the low statistics in the W+jets sample at high mass after requiring at least one
b-tagged jet, we use the shape of the preselection sample scaled to the expected > 1 b-tag
event yield as the final template. The shape of the two samples has been checked to be
nearly identical.

Fig. 6.16 shows the reconstructed tb invariant mass distribution for our data and W’ sig-
nals generated at four different mass values (1800, 2000, 2500, and 3000 GeV), and Fig. 6.17
is the same distribution after the additional selection criteria described above. Fig. 6.18
shows the the distribution with the W-jets shape taken from the preselection sample as
described above. Also included in the plots are the main background contributions.

The number of events remaining with one and two b-tagged jets after the preselection
and final selection are listed in Table 6.8. The yields measured in data and those pre-
dicted from simulation agree within the statistical and systematic uncertainties, which are

described in the following section.

6.6 Systematic Uncertainties

Systematic uncertainties were evaluated in two ways:
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Figure 6.17: Reconstructed tb invariant mass distributions with the additional requirements
pjftl’JetQ > 140 GeV, p'fP > 85 GeV, and 130 GeV < M(t) < 210 GeV. Events with electrons
(muons) are shown on the left (right) for data, background and four different W7, signal

mass points. All events are required to have at least one b-tagged jet.
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Figure 6.18: Reconstructed tb invariant mass distributions with the additional requirements
p{ftldew > 140 GeV, p'fP > 85 GeV, and 130 GeV < M(t) < 210 GeV. Events with electrons
(muons) are shown on the left (right) for data, background and four different W7, signal
mass points. All events are required to have at least one b-tagged jet. For the W+jets

distribution, the preselection distribution scaled to the > 1 b-tag yield is shown.

e Uncertainty on the normalization:
This category includes uncertainties in the integrated luminosity, theoretical cross-
sections and branching fractions, object identification efficiencies, and trigger efficien-
cies. In the limit estimation, these are defined through log-normal priors based on

their mean values and their uncertainties.

e Uncertainties that also change the shape of the distributions:
This category includes the uncertainty from the jet energy scale, jet energy resolu-
tion, b-tagging, light quark mistagging efficiencies, and event pileup conditions. These
were evaluated by raising and lowering the jet energy scale correction (of order 2-3%
as a function of jet pr and ), the jet energy resolution (by 6-10%, depending on the
jet pr and 7n), or the b-tag efficiency and mistag rate scale factors by one standard
deviation and repeating the analysis. For the W+jets samples, uncertainties relat-
ing to the extraction of the light- (13%) and heavy-flavor (15%) scale factors from

data are included [161]. For the tt background, the invariant mass distribution before
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Table 6.8: Number of selected data, signal, and background events. For the background

samples, the number of expected events is computed corresponding to an integrated lumi-

nosity of 19.5 fb~!. The final two columns for each sample include the following selections:

pr b > 85 GeV, pr L2 > 140 GeV, 130 < M(t) < 210 GeV. The combined statistical

and systematic uncertainty on the total background prediction is also shown. The standard

model s-channel tb process contributes to the background only in the search for Wj bosons

due to its interference with the Wi — tb process. The number of events for the W} signal

takes into account the interference with the SM s-channel tb process.

Number of selected events

Electron sample

Muon sample

Preselection Final selection Preselection Final selection

Process 1 b-tag | 2 b-tags | 1 b-tag | 2 b-tags | 1 b-tag | 2 b-tags | 1 b-tag | 2 b-tags
Signal
M(Wg) = 1.8 TeV 45.2 12.7 32.2 9.3 38.0 10.8 26.3 7.7
M(Wg) = 2.0 TeV 20.9 5.6 14.6 4.0 17.5 4.7 11.8 3.2
M(Wg) = 2.5 TeV 3.5 0.9 2.3 0.6 3.0 0.8 1.8 0.5
M(Wg) = 3.0 TeV 0.8 0.3 0.5 0.2 0.7 0.2 0.4 0.2
M(Wi,) = 1.8 TeV 143.0 60.9 57.1 19.7 148.8 63.7 58.1 19.5
M(Wi,) = 2.0 TeV 125.2 57.9 44.7 17.8 128.3 61.0 45.7 18.1
M(Wi) = 2.5 TeV 115.8 58.6 38.4 17.2 122.3 62.6 41.6 17.7
M(Wi,) = 3.0 TeV 121.3 58.1 41.0 16.7 126.6 64.4 42.2 17.9
Background:
tt 34561 7888 12383 1639 35349 8191 12610 1650
s-channel (tb) 175 93 58 28 196 102 63 32
t-channel (tgb) 2113 357 710 108 2275 373 747 114
tW-channel 2557 362 847 107 2645 372 861 113
W(— fv)+jets 19970 563 3636 99 19697 679 3704 62
Z [y (— £0)+jets 1484 83 260 10 1497 73 275 17
WW 205 9 47 3 219 7 47 2
Total bkg. 61065 9357 17942 1993 61877 9797 18307 1991

+6188 +1504 +2514 +399 +6098 +1524 +2488 +400
Data 63050 9646 18175 2063 62955 9865 18558 2081
Total bkg. / Data | 0.969 0.970 0.987 0.966 0.983 0.993 0.986 0.957

+0.10 +0.16 +0.14 +0.19 +0.10 +0.15 +0.13 +0.19
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the top-quark pr reweighting described in section 6.4.2 is included as a systematic
uncertainty. The variation of the renormalization and factorization scale Q? used in
the strong coupling constant a,(Q?), and the jet-parton matching scale uncertainties
in the MLM scheme [166] are evaluated for the tt background sample. These uncer-
tainties are evaluated by raising and lowering the corresponding parameters by one
standard deviation (or in the case of the renormalization and factorization scale @
and the jet parton matching scale by a factor 2 and 0.5), and repeating the anal-
ysis. A bin-wise interpolation using a cubic spline between histogram templates at
the different variations is performed and a nuisance parameter is associated to the

interpolation and included in the limit estimation.

For the W+jets background jet energy resolution (J.E.R) and jet energy scale (J.E.S) sys-
tematics, the same procedure to form the final templates as described in Section 6.4.1 is
used. For the b-tag systematic, we use the nominal preselection derived W+jets sample
and normalize to the expected yields for the +10 distributions. The uncertainty on the
b-tag scale factor varies between 2% and 8% depending on the jet pp . For jet pr > 800
GeV, we use the scale factor at 800 GeV with twice the uncertainty since no scale factor
has been derived in this kinematic region. Details of these uncertainties for the signal and
background samples are shown in Table 6.9.

The process W — tb — Wbb with W— 7v — (e/p)vr has a small but non-negligible
contribution to the analysis. In order to obtain high statistics in the e+jets and p+jets
samples, events with W— 7v are not included in the signal sample generation. The contri-
bution from these events is estimated from the 7 TeV analysis by determining the fraction
of events in the final sample which originate from W— 7v — (e/u)vv decays. This con-
tribution is found to be 11.6% averaged over different W’ masses, in both the electron and
muon channels. The shape of the tb invariant mass spectrum is also found to be sufficiently
similar between W— 7v — (e/pu)vv and W— (e/p)v decays, as shown in Fig. 6.19. There-
fore, the contribution from 7 decays can be accounted for by scaling the signal templates

by an additional 11.6%. A systematic uncertainty on the signal efficiency for 7 events of
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2% is included which accounts for the spread in the efficiencies observed at all masses.
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Figure 6.19: Comparison of W’ signal templates at 7 TeV for W— (e/7)r events and
W— ev events only at two different W' masses (left: M(W')=1.0 TeV, right: M(W')=2.1
TeV). The latter template is scaled by an additional factor of 11.6%.

Table 6.9: Systematic Uncertainties. For systematics with a (*) refer to Tables 6.10 and 6.11

for further information.

Source Rate Uncertainty = Shape
Luminosity 2.6% No
Trigger Efficiency 2%/1% (e/u) No
Lepton efficiencies 1% No
tt and single top cross-section 8% No
Jet Energy Scale +o(pr,n)(*) Yes
Jet Energy Resolution +o(pr,n)(*) Yes
b-tagging (CSVM) to(pr,n)(*) Yes
c-tagging (CSVM) +o(pr,n)(*) Yes
light quark mis-tagging (CSVM) +o(pr,n)(*) Yes
Pileup *) Yes
W-+jets Heavy Flavor Fraction @) Yes
W-+jets Shape (data/MC diff using 0-btags) No Yes
tt jet-parton matching scale *) Yes
tt renormalization and factorization scale *) Yes
top-quark pr reweighting @) Yes




120

The percent difference in the number of events between the nominal and systematic
samples for both p+jets and e+jets is shown in Tables 6.10 and 6.11. The reconstructed tb
invariant mass distribution of the total background for the nominal and 41 variations are
shown in Figures 6.20, 6.21, 6.22 and 6.23. The data and background distributions used for
the limit setting procedure in the next section with the total uncertainty for each bin can

be seen in Fig. 6.25.

Table 6.10: Fractional change in rate for systematic uncertainty sources which affect both

shape and rate in the 1 b-tag channel.

V+jets tt + single-t
ptjets e+jets ptjets e+jets

Systematic +1lo —1lo +1lo —1lo +1lo —1lo +1lo —1lo
J.E.S. 1.077 | 0.9368 | 1.067 | 0.9569 | 1.032 | 0.9564 | 1.033 | 0.9557
J.E.R. 1.017 | 0.9969 | 1.023 | 0.9813 | 1.003 | 0.9966 | 1.001 | 0.9967
B-Tag 1.043 | 0.9402 | 1.039 | 0.9247 | 1.019 | 0.9819 | 1.018 0.98
Pileup 0.9991 — 0.9901 — 0.9949 — 0.9989 —
H.F. 1.083 | 0.9168 | 1.076 | 0.9237 — — — —
Matching Scale — — — — 0.9785 | 1.015 | 0.9593 | 1.002
Q? Scale — — — — 0.9716 | 0.9952 | 0.9623 | 0.9838
top pr reweighting — — — — 1.141 1 1.145 1

6.7 Results

6.7.1 Cross Section Limits for Wy

The W’-boson mass distribution observed in the data and the prediction for the total
expected background agree within statistical and systematic uncertainties. We set upper
limits on the W/-boson production cross section for different W'-boson masses. The limits
are computed using a Bayesian approach with a flat prior on the signal cross section with
the THETA package [167]. The systematic uncertainties described in the previous section
are treated as nuisance parameters and are marginalized using Markov Chain Monte Carlo

method. Systematic uncertainties which affect both signal and background are considered
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Table 6.11: Fractional change in rate for systematic uncertainty sources which affect both

shape and rate in the 2 b-tag channel.

V+jets tt + single-t
p+jets e+jets ptjets e+jets

Systematic +1o —1lo +1lo —1lo +1lo —lo +1lo —1lo
J.E.S. 1.067 | 0.8038 | 1.192 | 1.015 | 1.054 | 0.9534 | 1.039 | 0.9377
J.ER. 1.042 | 0.859 | 1.061 1.002 1.01 | 0.9991 | 0.9993 | 0.9858
B-Tag 1.165 | 0.8406 | 1.092 | 0.998 | 1.057 | 0.9311 | 1.056 | 0.949
Pileup 0.9832 — 0.9687 — 1.003 — 1.003 —
H.F. 1.116 | 0.8839 | 1.133 | 0.8668 — — — —
Matching Scale — — — — 0.9644 | 1.006 | 0.9574 | 0.9687
Q? Scale — — — — 0.9812 | 0.9813 | 0.9215 | 0.9557
top pr reweighting — — — — 1.158 1 1.162 1

to be fully correlated. In order to reduce the statistical uncertainty in the predicted event
yields obtained from the simulated samples, we bin the invariant-mass distribution using
one bin from 100 GeV to 300 GeV, 17 bins of 100 GeV width from 300 to 2000 GeV, and
two additional bins from 2000 to 2200 GeV and from 2200 to 4000 GeV. Four categories
are defined according to the lepton flavor (electron or muon) and b-tag multiplicity (one
or two b-tagged jets) to improve the sensitivity of the analysis. The resulting distributions
serve as the inputs to the limit setting procedure. The data, background and three different
signal distributions can be seen in Figs. 6.26, 6.27 and 6.28.

The limit is based on the posterior probability defined by using all categories simul-
taneously. A binned likelihood is used to calculate upper limits on the signal production
cross section times total leptonic branching fraction: o(pp — W’) x BR(W’ — tb — fvbb),
where ¢ = e/u/7. The limit computation accounts for the effects of systematic uncertainties
(discussed in Section 6.6) in the normalization and shape of the invariant-mass distribu-
tions, as well as statistical fluctuations in the background templates. Expected limits on
the production cross section for each Wi-boson mass are also computed as a measure of

the sensitivity of the analysis.
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In Figs. 6.29, 6.30 and 6.31, the solid black line denotes the observed limit and the
red lines represent the predicted theoretical cross section times leptonic branching fraction.
The lower mass limit is defined by the mass value corresponding to the intersection of
the observed upper limit on the production cross section times leptonic branching fraction
with the theoretical prediction. For W’ bosons with right-handed couplings to fermions the
observed (expected) limit is 2.05 (2.02) TeV at 95% confidence level (CL). These limits also
apply to a left-handed W’ boson when no interference with the SM is taken into account.
Assuming heavy right-handed neutrinos (M(vr) > M(W')), the observed (expected) limit
is 2.13 (2.12) TeV at 95% CL.

6.7.2 Limits on coupling strengths

The effective Lagrangian given by Eq. 6.1 can be analyzed for arbitrary combinations of
left-handed or right-handed coupling strengths [139]. The cross section for single-top-quark
production in the presence of a W’ boson for any set of coupling values can be written
in terms of the cross sections oy, for purely left-handed couplings (a,a®) = (1,0), or for
purely right-handed couplings (a®,a®) = (0,1), orr for mixed couplings (a¥,a®) = (1,1),

and ogy for SM couplings (a",a®) = (0,0). It is given by:

o = osM+ a{jdabj (oL, — orR — OsM) (6.3)
L L\2 R _R\2
+ ((audatb) + (angarp) )UR

1
+ 5 ((alddag;)Q + (QSda%b)Q) (LR — OL — OR) -

We assume that the couplings to first-generation quarks, a,q, that are important for the
production of the W’ boson, and the couplings to third-generation quarks, as, that are
important for the decay of the W’ boson, are equal. For each value of a® and af, the
predicted invariant-mass distributions are obtained by combining the four event samples
according to Eq. (6.3).

We vary both a and a® in the range (0,1) with a step size of 0.1, for each M(W’). For

each of these combinations of a¥, a®, and M(W’), we determine the expected and observed
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95% CL upper limits on the cross section and compare them to the corresponding theory
prediction. If the limit is below the theory prediction, this point in (a®, a®, M(W’)) space
is excluded. Figure 6.32 shows the excluded W’'-boson mass for each point in the (a®,a®)
plane. The observed (expected) mass limit for a W’ boson with only left-handed couplings,
including interference with the SM, is 1.84 (1.84) TeV. These constraints, as well as those

presented Section 6.7.1, are the most stringent limits on W’-boson production in the tb

decay channel obtained to date.
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Figure 6.20: The reconstructed tb invariant mass distribution of the total background for

the nominal (black), +10 (red), and —1o (blue) variations for the 1 b-tag electron channel.

Also shown is the bin-by-bin percent difference.
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Figure 6.21: The reconstructed tb invariant mass distribution of the total background for
the nominal (black), +10 (red), and —1o (blue) variations for the 2 b-tag electron channel.

Also shown is the bin-by-bin percent difference.
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Figure 6.22: The reconstructed tb invariant mass distribution of the total background for
the nominal (black), +10 (red), and —1o (blue) variations for the 1 b-tag muon channel.

Also shown is the bin-by-bin percent difference.
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Figure 6.23: The reconstructed tb invariant mass distribution of the total background for
the nominal (black), +10 (red), and —1o (blue) variations for the 2 b-tag muon channel.

Also shown is the bin-by-bin percent difference.
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Figure 6.24: The reconstructed tb invariant mass distribution of the total background for

the nominal (black), +1o (red), and —1o (blue) variations due to the top-quark pr shape

systematic on the ttbackground shape. Also shown is the bin-by-bin percent difference.
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Figure 6.25: The templates used for the limit setting, including the total statistical plus

systematic uncertainty on the background. The electron channel is in the top row and the

muon channel is in the bottom row, with the 1 b-tag templates on the left and the 2 b-tag

templates on the right.
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Figure 6.26: The templates used for the limit setting, including Left, Right, and Mixed W’
samples for M(W’)=1.8 TeV. The electron channel is on the top and the muon channel is
on the bottom, with the 1 b-tag templates on the left and the 2 b-tag templates on the

right. The uncertainty band is the statistical error only.
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Figure 6.27: The templates used for the limit setting, including Left, Right, and Mixed W’
samples for M(W’)=2.0 TeV. The electron channel is on the top and the muon channel is
on the bottom, with the 1 b-tag templates on the left and the 2 b-tag templates on the

right. The uncertainty band is the statistical error only.
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Figure 6.28: The templates used for the limit setting, including Left, Right, and Mixed W’
samples for M(W’)=2.5 TeV. The electron channel is on the top and the muon channel is
on the bottom, with the 1 b-tag templates on the left and the 2 b-tag templates on the

right. The uncertainty band is the statistical error only.
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Figure 6.29: Expected and measured Bayesian 95% C.L. upper limits on the production
cross-section of right-handed W’ bosons in the electron-+jets channel, for the 1 b-tag sample
(top left), 2 b-tags sample (top right), and combined 1 or 2 b-tags sample (bottom) for
right-handed W’ bosons. W’ masses with a cross-section exceeding the observed limit are

excluded.
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Figure 6.30: Expected and measured Bayesian 95% C.L. upper limits on the production
cross-section of right-handed W’ bosons in the muon-jets channel, for the 1 b-tag sample
(top left), 2 b-tags sample (top right), and combined 1 or 2 b-tags sample (bottom) for
right-handed W’ bosons. W’ masses with a cross-section exceeding the observed limit are

excluded.
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Figure 6.31: Expected and measured Bayesian 95% C.L. upper limits on the production
cross-section of right-handed W’ bosons in the combined electron/muon-+jets channel, for
the 1 b-tag sample (top left), 2 b-tags sample (top right), and combined 1 or 2 b-tags
sample (bottom) for right-handed W’ bosons. W’ masses with a cross-section exceeding the

observed limit are excluded.
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Chapter 7

Conclusions and Outlook

The study of particle physics is a fascinating field of fundamental science that has developed
over thousands years. In the last 100 years, the fundamental particles have been discovered
and understood using the laws of relativity and quantum mechanics. The final piece of
the standard model (SM) of particle physics, which describes accurately the results of
every particle physics experiment performed so far, was put in place with the discovery
of the Higgs boson at the LHC. This discovery was made possible by complicated particle
detectors like the CMS experiment. The CMS experiment was able to efficiently collect
data at unprecedented luminosities and was able to reconstruct the decay products of the
Higgs boson, a monumental experimental achievement.

However, the SM does not explain naturally why the Higgs boson mass is relatively light
compared the Planck scale M, = 10* GeV, nor does it explain the light neutrino masses
and the existence of dark matter. These shortcomings can be addressed by extending the
SM to include new symmetries, particles, or even new dimensions of space. Many of these
extensions contain a heavy copy of the SM W boson, referred to as a W’ boson. These
hypothetical particles are searched for in many different decay modes. One important
decay mode is W' —tb, which is a dominant decay mode in many extensions of the SM.
A search for this decay was carried out with the CMS experiment, and no evidence for
W’-boson production was found. Limits on the mass of the W’ boson were set, restricting
the parameter space of several extensions of the SM.
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In 2015 the LHC will begin a second data taking run with a center of mass energy of 13-
14 TeV, thereby creating another opportunity to discover W’ bosons. The search strategy
will need to be reconsidered to prevent any loss of sensitivity for high mass W’ bosons which
could arise when the decay products of the top quark become merged. Furthermore, the
search presented in this dissertation can be improved by combining it with the complemen-
tary search channel using hadronic decays of the top quark to achieve the best sensitivity. If
a discovery takes place, it will signal a new era of particle physics. Theories beyond the SM
which predict a W’ boson will reign supreme, and the mass and properties of the W’ boson
will be studied to distinguish the between different models. Or perhaps no W’ boson will
be found, and only more limits on its mass will be obtained. This scenario would demand
many models of new physics to be as unnatural as the SM, and would require them to be
critically re-examined.

In the case of no W’ boson discovery during the next LHC data taking run, there is a
hope that at least some other form of physics beyond the SM will be discovered. One such
possibility is Supersymmetry, which in its minimal form does not contain any W’ bosons.
However, Supersymmetry does contain a charged higgs boson H™ which can decay to a top
and bottom quark, just like a W’ boson. The experience gained from the search for W’
bosons in the tb decay channel will prove very valuable for the search for H — tb decays.

If anything has been learned from the history of particle physics, it is to never stop
looking. Even when it seems like there is nothing more to be discovered, something new
could always appear. Wherever there is an unexplored territory, every effort should be
made to explore it. This is the way humankind has come to understand nature, and this is

the way it will continue until there is nothing left to explore.
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