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Abstract

The LHC Run 2, with a centre-of-mass en-
ergy of 13 TeV, has opened new avenues for
searching possible effects of physics beyond
the standard model. Such new physics can
be parametrised by adding additional oper-
ators to the standard model Lagrangian in a
model-independent effective field theory ap-
proach. In this thesis, a search is presented
for three operators that would lead to anoma-
lous WW+y or WWZ couplings. They are con-
strained by studying proton-proton collision
events, recorded by the CMS experiment, in
which two vector bosons are produced; a W
boson which decays into a charged lepton
and the corresponding neutrino, and a W or
Z boson which decays into hadrons that are
reconstructed as a single, large-radius jet. Us-
ing reconstructed kinematic variable distribu-
tions, one- and two-dimensional 95% confi-
dence intervals are obtained for the anoma-
lous coupling parameters. The obtained
limits, —1.58 < cwww /A2 < 1.59 TeV~2,
—2.00 < cw/A? < 2.65 TeV ™2, and —8.78 <
cg/A? < 8.54 TeV 2, are the strictest bounds
on these parameters to date.

The analysis presented in this thesis has been
published in the Journal of High Energy
Physics [1].
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Introduction

A prelude —

This mini-chapter serves as a preamble, and
gives a taste of things to come. The basic idea
is discussed, followed by an overview of the
strategy used in this search. The introduction
concludes by giving a glimpse of the final re-
sults and briefly summarising the contents of
the chapters in this thesis.



Introduction

complete understanding of the basic constituents of matter has been the holy

grail for researchers and scientists over the ages. Our efforts to attain this under-

standing have culminated in the standard model (SM) of particle physics. Whist
the SM describes elementary particles and their interactions quite precisely, it is inherently
incomplete. It does not include a description of the interaction that holds planets, stars,
solar systems, and galaxies together — gravity. Furthermore, there are several issues that
it cannot accommodate, including a description of dark matter [2,3] and dark energy [4-6],
the protection of the Higgs mass from the Planck scale (the Hierarchy problem) [7], the
observation of neutrino oscillations and nonzero neutrino masses [8], and the asymmetry
in observed amounts of baryonic matter and antimatter [9].

A plethora of beyond SM (BSM) models and extensions to the SM have been introduced to
address these issues. Most of these models add new physics at scales larger than the elec-
troweak scale, and it may or may not be within the reach of our current particle colliders
to directly produce and observe new heavy BSM particles. It is however much more plau-
sible to measure the impact of such new physics, if it exists, on the interactions of the SM
particles. This impact can be parametrised by higher-order operators within an effective
quantum field theory.

In 2015, the Large Hadron Collider (LHC) at CERN started colliding protons at a centre-
of-mass energy of 13 TeV. This enhanced centre-of-mass energy allows for a much larger
reach to look for the effects of physics beyond the SM. In the electroweak sector, these
effects can be expected to show up in vector boson final states. The analysis described
in this thesis looks for modifications to the production of WW and WZ final states, and
searches for anomalous WW+ and WWZ triple gauge couplings. The results, published in
the Journal of High Energy Physics [1], are derived from data recorded by the Compact
Muon Solenoid (CMS) experiment at the CERN LHC in proton-proton collisions during
2016, corresponding to an integrated luminosity of 35.9 fb~!. The results are also demon-
strated to show improvement by adding data recorded in 2017 and 2018.

Events with WW and WZ final states are considered for analysis, wherein a W boson de-
cays into a charged lepton and the corresponding neutrino, and the other W or Z boson
decays into hadrons. This semileptonic final state has the advantage of having a large
branching ratio compared to the fully leptonic final state, as well as the possibility of a bet-
ter reconstruction because of the presence of only one neutrino. When compared with the
fully hadronic final state, which suffers from the presence of background processes with
much larger cross sections, the semileptonic final state is much cleaner. The semileptonic
final state thus offers a perfect balance between purity and efficiency.

The effect of anomalous triple gauge couplings (aTGCs) is most pronounced in the tails
of kinematic distributions, at large momenta of the vector bosons and diboson invariant
masses. It is therefore natural to consider the scenario where the two jets coming from the
hadronically decaying W or Z boson have a significant Lorentz boost and will overlap in
the detector. The two jets are therefore reconstructed as a single, large-radius, “fat” jet, and
jet substructure techniques are used to improve sensitivity to gauge boson decays, and to
reject other background processes.

For the final signal extraction, a specially constructed two-dimensional fit is performed
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to the (soft drop jet mass mgsp, diboson mass myy)-distribution in data. The effect of
presence of a signal is modelled using parametric functions, which take into account con-
tributions from different anomalous triple gauge couplings and their interference, as well
as the interference between the standard model contribution and each anomalous coupling.
Background processes are estimated using a mix of Monte Carlo (MC) simulation and data-
driven techniques.

The dominant background process, W+jets, is estimated in the signal region by transferring
normalisation and shape of the contribution from a W+jets-enriched sideband region. The
shape of top quark pair production (tt) is estimated from simulation in the msp component
and from data in the mwy component, whilst the normalisaion is fixed from data. Minor
contributions, standard model WW and WZ and single top quark processes, are estimated
from simulation. Systematic uncertainties are included as nuisance parameters in the final
fit for contributions obtained from simulation.

One- and two-dimensional 95% confidence intervals are obtained for the anomalous cou-
pling parameters using profile likelihood distributions. Two-dimensional limits on the
anomalous coupling parameters obtained from this analysis are shown in Figure 0.1.
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Figure 0.1: Simultaneous limits on two aTGC parameters, with the third
being fixed to zero. Limits for the combinations cwww / A2—cy / A? (left),
cwww/ A2—cg/A? (centre), and cw/A%*—cg/A? (right) are shown. Ex-
pected 95% CL contours are shown in dashed green, whilst the dotted
blue and dot-dashed red represent the 68 and 99% CL contours, respec-
tively. Contours for the observed 95% CL are shown in solid black. The
SM expectation is marked with the black squares, while the observed
best-fit points are shown by the black crosses. This figure has been pub-

lished in Reference [1].

Previous searches for anomalous gauge couplings by the CMS and ATLAS experiments
have focused on fully leptonic final states [10-28]. Semileptonic final states were used for
studies performed with data taken at centre-of-mass energies of 7 and 8 TeV [29-32]. A
comparison of the 95% confidence limits obtained from the search presented in this thesis
with contemporary and historical measurements in other processes and final states is pre-
sented in Figure 0.2. The constraints from this search are the most stringent limits on these
parameters ever reported.

This thesis is structured as follows: The theoretical foundation is laid down in Chapter 1,
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Figure 0.2: Comparison of the observed limits on aTGC parameters from
different measurements. The highlighted rows represent the limits ob-
tained from the measurement presented in this thesis. This figure has
been published in Reference [1].

along with a synopsis of experimental results available on anomalous triple gauge cou-
plings; and the experimental setup is described in Chapter 2, which introduces the LHC
and the CMS experiment at the LHC. Chapter 3 discusses the matter of alignment of the
CMS tracker, which is pivotal in doing physics, and presents the alignment and validation
for legacy reprocessing of all of 13 TeV data. Monte Carlo simulation, object reconstruction,
and boosted topology techniques are elucidated in Chapter 4; event selection is discussed
in Chapter 5; and signal modelling and background estimation are presented in Chapter 6,
shedding light on the approach used to extract different contributions. Chapter 7 details
the statistical model and presents the results of this search; and Chapter 8 demonstrates the
improvement in results from inclusion of 2017 and 2018 data. The thesis concludes with
Chapter 9 with suggestions for future work on the topic.
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Theoretical
underpinning

Earth, water, air, fire —

This chapter briefly describes the evolution of
ideas regarding the basic building blocks of
matter, culminating in the standard model of
particle physics. Theoretical basis for the stan-
dard model is presented along with the parti-
cles included in various families and genera-
tions. Theoretical and experimental shortcom-
ings of the standard model are brought to light
and the idea of an effective field theory is dis-
cussed. The chapter concludes by giving an
overview of the experimental results available
on anomalous coupling parameters in the ef-
fective field theory, which are the topic of this
thesis.




1 Theoretical underpinning

ince times immemorial, our ancestors have speculated about the material nature of

things around us. These inferences were first passed on from generation to gener-

ation by word of mouth, but the development of writing enabled humans to keep
track of this knowledge and advance on it. One of the earliest characterisations of what
everything is made up of was in the form of classical elements. The Greek philosopher
Empedocles established the concept of four elements, depicted in Figure 1.1, which were
earthly and corruptible. Aristotle, in his treatise “On Generation and Corruption”, fur-
thered this notion of elements and added a fifth element, aether, which he hypothesised is
pure and comprised the stars. Similar ideas about the nature of matter were also present
in ancient cultures in Persia, Babylon, China, Japan, Tibet, and India.

In parallel, the notion that matter is made up of tiny discrete units was also put forth since
the ancient times. The Greek philosophers Leucippus and Democritus coined the term
“atomos” (“atopoc” in Greek) meaning “indivisible”, from which the term atom has been
derived. This concept of atomism was, however, quite different from the current idea of
atoms. The atoms of Leucippus and Democritus were eternal and came in infinite shapes
and forms. The idea of atomism and underlying similarity at a finer level in substances
that behaved similarly was furthered in the early middle ages by Arab philosophers and
scientists. Jabir Ibn Hayyan made a table to classify the chemical elements into groups of
metals, non-metals and substances that can be distilled. This table later served as a first
step towards Mendeleev’s periodic table of elements.

bty Sk

FIRE

Hot

Cold

Figure 1.1: The ancient concept of elements. It was hypothesised by Aris-
totle that fire is hot and dry, earth is dry and cold, water is cold and wet,
and air is wet and hot.

At the turn of the seventeenth century, Descartes and Newton pioneered the idea that light
is made of tiny corpuscles which travel in a straight line with finite speed and possess
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momentum. A century later, John Dalton and Robert Brown proved experimentally that
matter does indeed consist of discrete packets, which later became known as atoms and
molecules.

In 1897, J. J. Thomson discovered the first subatomic particle by measuring the mass of
cathode rays and showing that they were made of electrically charged particles. At the
start of the twentieth century, Max Planck and Albert Einstein discovered the photon by
explaining the results of blackbody radiation and the photoelectric effect. In 1909, Ruther-
ford discovered the nucleus and proposed his model of the atom. Niels Bohr presented a
semiclassical model in 1913 to remedy some of the issues in Rutherford’s model.

With the advent of quantum mechanics, the field of atomic and subatomic physics was
turned on its head and people proposed radical new ideas and discovered lots of particles.
The discovery of mesons, the proposal of antiparticles by Dirac and their discovery later on,
and the idea of neutrinos from Fermi are all wonderful stories in their own right. Towards
the second half of the twentieth century, elementary particles were being discovered so
frequently that it was crucial to find a way to organise them based on their symmetries. This
was done in 1961 by Murray Gell-Mann and George Zweig, who introduced the eightfold
way and the quark model, which was later expanded and improved to form the standard
model (SM) of particle physics.

1.1 Particle content of the standard model

The SM of particle physics is our current theory describing elementary particles and their
interactions with one another. Fundamental particles in the SM are either fermions, fol-
lowing Fermi-Dirac statistics [33,34] and having half-integer spins; or bosons, following
Bose-Einstein statistics [35,36] and having integer spins. The fermions comprise three gen-
erations of quarks and leptons, and their antiparticles, while the bosons consist of force-
carrying gauge bosons and the recently discovered Higgs boson [37,38].

1.1.1 Fermions

Fundamental fermions of the SM can be broadly divided into quarks and leptons. Quarks
are the elementary particles that combine to form hadrons, which may be mesons formed
by combining a quark and an antiquark, baryons formed by combining three quarks, or
more exotic states like pentaquarks [39].

There are six quarks in the SM forming three generations. The up and down quarks make
up the first generation and have an electric charge of +(2/3)e and —(1/3)e, respectively,
where e is the magnitude of charge on an electron. The up quark is the lightest quark
in the SM with a mass of around 2.16 MeV [40]. The second generation consists of the
up-like charm quark and the down-like strange quark, both being heavier than their first
generation counterparts. The third generation consists of the top quark and the bottom
quark. The top quark is the heaviest of all quarks with a mass of around 173 GeV [40] and
is different from the other quarks in that its small decay time does not allow it to hadronise
before it decays, enabling us to study properties of the bare quark. The six quarks along
with their properties and year of prediction and discovery are summarised in Table 1.1.
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Table 1.1: Properties of the SM quarks along with their prediction and
discovery years. Electric charge is given in units of electron charge.
Masses are taken from Reference [40].

Quark  Symbol Electric charge (e) Mass Predicted Discovered
Up u +2/3 2.161072 MeV 1964 1968
Down d —1/3 4.67105 MeV 1964 1968
Charm C +2/3 1.27 +0.02 GeV 1970 1974
Strange s —1/3 931 MeV 1964 1968
Top t +2/3 1731+£09GeV 1973 1995
Bottom b —1/3 418700 GeV 1973 1977

Each lepton generation consists of a charged lepton and a corresponding neutral neutrino.
The neutrinos are massless in the SM, although recent discoveries of neutrino flavour os-
cillations [8] have confirmed nonzero neutrino masses. The electron is the lightest of the
charged leptons, having a mass of 0.511 MeV [40]. The muon is almost 200 times heavier
than the electron and the tau is even heavier. The SM leptons along with their properties
and year of prediction and discovery are summarised in Table 1.2.

Table 1.2: Properties of the SM leptons along with their prediction and
discovery years. Electric charge is given in units of electron charge.
Masses are taken from Reference [40].

Lepton Symbol Electric charge (e) Mass Predicted Discovered
Electron e -1 0.511 MeV 1874 1897
Electron neutrino Ve 0 <2eV 1930 1956
Muon n -1 105.6 MeV - 1936
Muon neutrino Vy 0 <019MevV  ~1940 1962
Tau T -1 1.78 GeV ~1970 1975
Tau neutrino U 0 < 18.2 MeV ~1970 2000

1.1.2 Gauge bosons

The SM incorporates three of the four fundamental interactions: electromagnetic, strong
and weak nuclear interactions. These are mediated by the photon, eight gluons, and the
W= and Z bosons, respectively. The photon and the gluons are massless whilst the W* and
Z bosons possess mass owing to electroweak symmetry breaking (EWSB) and the Brout-
Englert-Higgs (BEH) mechanism [41,42], which is discussed in Section 1.2. Fundamental
bosons in the SM along with their properties and year of prediction and discovery are sum-
marised in Table 1.3.

The W* and Z bosons, also called intermediate vector bosons (IVBs), play a pivotal role
in the analysis presented in this thesis. They were predicted in 1968 by Sheldon Glashow,
Steven Weinberg, and Abdus Salam [43-45], and discovered in 1983 by the UA1 (led by
Carlo Rubbia) and UA2 (led by Pierre Darriulat) experiments at CERN [46—-49]. Owing to
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Table 1.3: Properties of the SM fundamental bosons along with their pre-
diction and discovery years. Electric charge is given in units of electron
charge. Masses are taken from Reference [40].

Boson Symbol Electric charge (¢)  Mass (GeV)  Predicted Discovered
Photon v 0 0 ~1700 ~1900
Gluons g 0 0 1962 1978
W bosons W+ +1 80.379 + 0.012 1968 1983
Z boson V4 0 91.188 + 0.002 1968 1983

o]

Higgs boson H 125.10 £0.14 1964 2012

their large decay width — or equivalently, short lifetime — it is not possible to detect them
directly but only via their decay products. Both bosons decay dominantly into hadrons,
more than two thirds of the times, and less than one third of the times into leptons.

This analysis is interested in events in which a pair of vector bosons is produced. The
branching fractions of a WW or WZ boson pair are shown in Figure 1.2. The largest frac-
tion is the one with only hadrons in the final state. This final state, however, suffers from
huge backgrounds coming from interactions between quarks and gluons. The cleanest fi-
nal state is the one with only leptons. However, this final state has the smallest branching
fraction. The state where one of the vector bosons decays into hadrons and the other into
leptons offers a good balance between a decent branching fraction and manageable back-
ground contamination. Because of this reason, this analysis focuses on the final state with
one vector boson decaying hadronically and the other leptonically.
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Figure 1.2: Branching fractions of a WW (left) and WZ (right) pair.
Branching fractions are taken from Reference [40]. Only decays with
significant branching fractions are included.

1.1.3 The Higgs boson

The only scalar fundamental particle in the SM is the Higgs boson. The existence of the
Higgs boson was predicted in 1964 as the particle corresponding to the Higgs field, which
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was proposed to resolve the problem of gauge boson masses via electroweak symmetry
breaking [41,42]. This topic of electroweak symmetry breaking and the Brout-Englert-
Higgs mechanism is discussed in detail in Section 1.2. The discovery of this illusive final
piece in the SM had to wait several decades until the Large Hadron Collider at CERN
started to collect and analyse data. This discovery of the Higgs boson was announced
by the ATLAS and CMS collaborations at CERN simultaneously on July 4, 2012 [37, 38],
marking it as one of the most valuable milestones in the history of modern science.

1.2 Mathematical framework of the standard model

The standard model is a quantum field theory, wherein fields are the fundamental quan-
tities. All particles can be interpreted as excitations of these fields. In the Lagrangian
formalism, the central quantity is the Lagrangian density (generally referred to as the La-
grangian):

£ = £ (6(x),3,0(x)), 1

where x is the spacetime four-vector, ¢ is the spacetime dependent field, and 9, = %,

with u = 0,1, 2,3. The principle of stationary action states that the variation in action

S = /d4x L(d,3,0) (1.2)

must vanish (6§ = 0). It can be shown that this is equivalent to the condition that the
Lagrangian satisfies the Euler-Lagrange equation:
oL 5 9k
o "9(9,)
As a demonstration, we consider the postulated Lagrangian of a real scalar (spin-0) field
without any interaction:

=0. (1.3)

1
L= %(ayq))(aﬂq)) — P, (1.4)

where, in literature, the first term is generally called the kinetic term and the second term
the mass term. Putting this Lagrangian in the Euler-Lagrange equation gives us the Klein-
Gordon equation:

(0,0" +m*)p =0, (1.5)

or sometimes written as:

(O+m*)d =0, (1.6)
where [ = 0,0" is the d’Alembert operator. On the same footing, we can consider the
postulated Lagrangian of spin-'2 fermions without any interaction (generally called the
Dirac Lagrangian):

£ =(id — m)yp, (17)
where = 99, and | and P = P9 are the Dirac spinor and the adjoint spinor, re-
spectively. The 7" used here are the gamma matrices. Plugging this Lagrangian in the
Euler-Lagrange equation gives us the Dirac equation:

(id —m)p =0, (1.8)

and its conjugate. The Dirac equation has been held up by many as the most beautiful
equation in all of physics.
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The SM is a gauge theory, implying that the Lagrangian is invariant under local gauge
transformations (in addition to being invariant under Lorentz transformations) of the type:

P(x) = = e p(x), (1.9)

where a(x) is an arbitrary function of spacetime. The symmetry group of the SM is
SU(3)c ® SU(2)L ® U(1)y, corresponding to a transformation of the type:

P(x) - ¥ = U(x) - b(x), (1.10)

where . o
u(x) = e.L.B(x) . e% 213:1 a](x)a] . e%zlt?:l ek(x))‘k_ (111)

Here B(x), a/(x), and €¥(x) are arbitrary real-valued functions of spacetime; ¢/ are Pauli
matrices, generators of SU(2)r; and A¥ are Gell-Mann matrices, generators of SU(3)c. The
standard model Lagrangian contains terms corresponding to quantum electrodynamics,
weak interaction, electroweak symmetry breaking, Yukawa couplings, and strong interac-
tion. These contributions are discussed one by one in the following sections.

1.2.1 Quantum electrodynamics

The quantum relatavistic version of electrodynamics is known as quantum electrodynam-
ics (QED). QED is the first theory in which a full agreement was achieved between the
theory of special relativity and quantum mechanics. It aims at describing the interaction
between matter and light. QED is an extremely precise theory and Richard Feynman fa-
mously called it “the jewel of physics” [50].

In order to develop the mathematical formalism, we start by considering the Dirac La-
grangian of Equation 1.7. As previously mentioned, the SM Lagrangian has to be gauge
invariant. We therefore introduce the gauge transformation:

I p—iqe(x)
ﬁ(x) - f, ¢ J)(x)’ (1.12)
P(x) =P =) (x),

where g represents electric charge and ¢(x) represents an arbitrary phase, and notice that
there is an extra term g0, ¢ in the transformed Lagrangian. In order to restore gauge
invariance, a gauge field is introduced into the Lagrangian such that its transformation
gives a term which cancels the extra term. The new Lagrangian becomes:

L= $(La - m)ll) - qE'YFII)A;u (1-13)
with A, transforming as:
Au(x) = AL (x) = Ay(x) + 0,9 (x). (1.14)

Equation 1.13 can be written nicely if we repackage the derivative and the newly added
gauge field into the covariant derivative:

Dy = 3, + igA,. (1.15)

This restores gauge invariance but now we also want to add the kinetic and the mass terms
for the new gauge field. The mass term of the form m3 A, A* would not be gauge invariant.
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This implies that the mass of the QED gauge boson has to be zero, and indeed the photon
is massless. After adding the kinetic term formed from the electromagnetic field strength
tensor F,, = 9,A, — 9, A, the final QED Lagrangian becomes:

— 1

Loep = (D= m)p = 7FuFT (1.16)

— — 1
= P(id —m)p — qhy"pA, — ZFWF’“’.
The first term describes the dynamics of a spin-2 particle, the third term the kinematics of
the photon field and the second term represents the interaction between the two.
1.2.2 Weak interaction

In order to incorporate the weak interaction, we can follow similar steps to the ones in
QED. We start by again considering the Dirac Lagrangian:

L£=0(id —mh, (1.17)

and note that the Dirac spinor { has four components. The SM is a chiral theory, and
therefore the Dirac spinor can be split into left- and right-handed components:

1F7°
bLr = —5 b, (1.18)
where .
5 L AV A&AB
T = Ieymxﬁ')/ Yvrr, (1-19)
with & being the Levi-Civita symbol. The Dirac spinor thus becomes:
P = <$;> . (1.20)

The component of the SM symmetry group corresponding to the electroweak interaction is
SU(2) ® U(1), where the charge corresponding to SU(2) is weak isospin I, and to U(1) is
weak hypercharge, defined as:

Y =2(g— 1), (1.21)

where g is the electric charge and I is the third component of weak isospin. It was exper-
imentally established in 1957 by C.S. Wu and her collaborators that the weak interaction
does not conserve parity [51]. It is rather maximally violated, and the weak interaction only
couples to left chiral spinors. The left-handed components of the Dirac spinor behave as
doublets under SU(2) while the right-handed components behave as singlets. The fermions
of the SM with respect to SU(2) are therefore:

t
C SR, b ’ .
) ero@r (5) eWroor a2

C
S

Quarks : <3>L ® (u)r @ (d)r, (

and
Ve v Ve
Leptons : <e>L ® (e)r, < :) ) ® (H)R, (T ) ) ® (T)R- (1.23)

In the SM, there are no right-handed neutrinos. For the electroweak interaction, a covariant
derivative can be defined in the same way as QED:

i i
D, =0, — Egajw;, — 58 YBy. (1.24)
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Similar to QED, we now want to add the kinetic and mass terms for the newly added gauge
fields. The mass terms would again violate gauge invariance, and this time we cannot leave
them out since we know that the gauge bosons W* and Z are massive. This problem is
resolved via electroweak symmetry breaking, which is discussed in the following section.
Adding the kinetic terms, the electroweak Lagrangian becomes:
- - . 1 1 i

Lew = iDL + YrilDyr — EBWBVV — waww;”’, (1.25)
where the mass terms for the fermions have been omitted (since they are now not invariant
under SU(2) in the chiral SM) and

B, = 3,By — 8,B,,

\ 4 ‘ , (1.26)
Wi = 3, W, — 9, Wy, + gl Wi W,

It is worth noticing that W;W contains a quadratic part and hence the Lagrangian would
have terms with cubic (and quartic) gauge self-interactions, which are central to the analysis
presented in this thesis. The exact form of these is discussed after introducing the physical
gauge bosons following electroweak symmetry breaking.

1.2.3 Electroweak symmetry breaking

Gauge invariance of the electroweak Lagrangian, as discussed in the previous section, dic-
tates that the gauge bosons should be massless. However, we know from experiments that
the W* and Z bosons are massive. This conflict was resolved by a machanism introduced
by Peter Higgs, Robert Brout, Frangois Englert, and others [41,42] in 1964. The basic idea
of this Brout-Englert-Higgs mechanism is to introduce a complex scalar field:

1 d>+> (491 + i<|>2)
-5 = , 1.27
¢ V2 (4?0 $3 + ids (1.27)
which is a doublet under SU(2);.. The Lagrangian corresponding to this field is given by:
Luiiggs = (D) (D) — V(' d), (1.28)

where Dy, is the covariant derivative defined in Equation 1.24 and the potential V(¢'¢) is
chosen to be of the form:

V(0') = 1(6'0) + 5 (0 0)°, (1.29

with u? and A being arbitrary real parameters. The shape of this potential for #? < 0 and
A > 0 is shown in Figure 1.3. This shape, generally called the Mexican hat potential, is
symmetric and has a ring minimum at:

—‘HZ .
$o =1/ Te“”, ¢ € [0,2m]. (1.30)

When we choose a value of ¢, the ground state does not inherit the original symmetry
of the potential, or equivalently the Lagrangian. This is spontaneous symmetry breaking
(SSB) in the context of the electroweak SM. The magnitude of the minumum,

_ 142
0=+, (1.31)




1 Theoretical underpinning

Figure 1.3: The shape of the Higgs potential for 4> < 0and A > 0, and a
cartoon analogy. The goat on top of the hill likes the grass everywhere
and the situation is symmetric as long as he stays there. But in order
to eat the grass, he has to come down in one direction. As soon as he
does that, the symmetry of the initial terrain is not present in his selected
“ground state”.

is called the vacuum expectation value (VEV) of the Higgs field, having a value v =
246 GeV. It can be shown that by choosing an appropriate gauge, ¢ can be written in
terms of a Hermitian field H:

d(x) = \2 (H%(x)) . (1.32)

We can now put the ingredients in the Higgs Lagrangian (Equation 1.28), and evaluating
it at the vacuum expectation value of the Higgs field finally gives us the physical massive
gauge bosons:

1

W, = 72(w;, TiW5), (1.33)

and

1
Z, = ————(gW; — ¢'By), (1.34)
V& +g”

and the massless photon:

'W3 + gBy)). (1.35)

Noting the structure of Z, and A;, we can rewrite the Equations 1.34 and 1.35 by introduc-
ing the weak mixing angle, also called the Weinberg angle, 0y (sin? Oy = 0.232 [40]). We
identify:

/

and sinfy = ——S (1.36)

cos By =

g
Jervg?




1.2 Mathematical framework of the standard model

enabling us to write the weak mixing relations in the form:

Ay\ [ cosby  sinfy B,
<Zy> N <— sin Oy cos(9w> <W2 ' (1.37)

The mass of the Higgs, W, and Z bosons can all be specified in terms of v, A, g, and Oyy:

my = VAU,

_ &Y
mw
myz = .
cos Oy

1.2.4 Cubic gauge self-interactions

Now that we have the gauge bosons, we can try to write the exact form of the Lagrangian
consisting of cubic gauge self-interactions. The leading-order (LO) Feynman diagram for
such an interaction is shown in Figure 1.4.

W+

W-
Figure 1.4: The leading-order Feynman diagram for cubic gauge self-interactions

If we define the gauge field strength tensors:

Win = 0, Wy — 9, Wy,
Zyv = ayzv - avzy/ (139)
Ay = 0, Ay — 9 Ay,

expanding the kinetic terms in Equation 1.25, we can write the cubic gauge self-interaction
Lagrangian as:

Az
2

L3 = — iecot Oy (glz(WPTVW’* —WHHW ) ZY + kW W, Z1 -
w

g P

WI'W, Zp)

A (1.40)
e <gg (WH W — WHW)AY 4 W W, AR m;w;vaPAg> ,

w

where the first three terms correspond to a WWZ interaction and the last three to a WW<y

interaction. The coupling parameters g%, Kz, g?, and «x, are 1 in the SM, and Az and A, are

0. In the analysis presented in this thesis, the deviation of these couplings from this SM

prediction is probed.
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1.2.5 Yukawa couplings

As stated earlier, in the chiral SM, the Dirac mass term takes the form m (b g + brby).
This is not allowed since it is not invariant under the SU(2) structure of the SM. But the
newly introduced Higgs field allows us to construct mass terms for fermions by coupling
the left- and right-handed spinors via the Higgs field. We therefore include the following
type of terms in the SM Lagrangian:

Lyukawa = —8f <$L¢1|)R + $R¢+wL)z (1.41)

where gy is the Yukawa coupling of the fermion to the Higgs. The measurement of these
Yukawa couplings has been the focus of recent studies, with the ATLAS and CMS collab-
orations announcing the discovery of Yukawa couplings between the Higgs boson and the
third generation fermions in 2018 [52-55].

1.2.6 Quantum chromodynamics

The dynamics of quarks and gluons is governed by the third type of interaction in the
SM, the strong interaction. The symmetry group for the strong interaction in the SM is
non-abelian SU(3). The gauge invariant Lagrangian in QCD is given by:

_ 1

EQCD = wz(L]Dl] — m51])1.l)] — EGa

WGh' (1.42)

where i and j in the quark field \ run over the three quark generations, and a in the gluon
field strength tensor Gj, runs from one to eight, corresponding to eight types of gluons.
The covariant derivative in QCD is given by:

i’ a
Dy =y — 58sAa AL, (1.43)

where A;Z are the gluon fields, A, are the Gell-Mann matrices, and gs is the strength of the
coupling. The gluon field strength tensor is given by:

Gy = 9 AY — 9y Al + gs f7C AL AL (1.44)
where £ are structure constants of the group SU(3)..

The particles affected by QCD, quarks and gluons, carry colour charge. The charge comes
in three flavours, often called red, blue and green, hence the name quantum chromodynam-
ics for the theory. Quarks carry red, blue, or green, and antiquarks carry antired, antiblue,
or antigreen. Gluons, which are the mediators of strong force, change colour of quarks and
antiquarks for another colour. They therefore carry a pair of colour-anticolour charges. A
schematic showing colour charges of quarks, antiquarks and gluons is shown in Figure 1.5.

The strong coupling constant, defined as ag = g3/471, depends on the scale of the process
and the momentum transfer. This is why it is generally called a running coupling constant.
The strong coupling at four-momentum transfer squared #? can be written as:

2y “S(P‘%z)
ws(i) = 1+ Boas(ug) In(p2/pg)’ (149
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Figure 1.5: Schematic showing colour charges on quarks and gluons. An-
tiquarks carry the opposite of colour charges red, blue and green, and
gluons carry a pair of colour-anticolour charges. Two gluons which have
combinations of colour charges summing up to zero are represented at
the origin.

with By given by:

B 11n. — an

1.4
127 (1.46)

0

where yuR is a reference scale, called renormalisation scale, at which the value of ag is known
experimentally, 7. is the number of colours, and 7y is the number of quark flavours. Since
in the SM the number of colours is 3 and the number of quark flavours is 6, B is positive.
This implies that «g falls with the reciprocal of the logarithm of the four-momentum trans-
fer.

At really high energies — or equivalently, at really small distances — the strong coupling
vanishes. This condition is called asymptotic freedom. Since the value of the coupling is
small, perturbation theory can be used to give accurate description in terms of higher-order
effects. This region of phase space is called the perturbative regime for QCD.

In the exact opposite case, at lower energies — or equivalently, at larger distances — the
coupling becomes dramatically strong. It is because of this reason that bare quarks having
colour charge do not exist freely. This is called quark confinement. If we try to pull
coloured particles apart, the larger potential with increasing distance means that at one
point, there is enough energy to create a new quark-antiquark pair. A large value of ag
also means that perturbation series cannot be used at lower energies. This region of phase
space is called the non-perturbative regime for QCD.
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1.3 Shortcomings of the standard model

The standard model is the most rigorously tested theory and it has, by and large, stood
the test of time. There are, however, various shortcomings of the SM. These range from
theoretical shortcomings to unexplained phenomena and experimental issues. The major
issues with the SM are discussed below.

1.3.1 Gravity

The most obvious interaction that we experience on an everyday basis is gravity. In a stroke
of brilliance, in the seventeenth century, Newton “unified” gravity by hypothesising that
the force that keeps the moon in orbit is the same as the one that makes an apple fall
to the ground, and gave a mathematical framework of it. In the modern age, gravity is
explained by Einstein’s general theory of relativity, at the heart of which are the Einstein’s

field equations:

8tG

1

where R, is the Ricci curvature tensor, which describes the curvature of spacetime; g, is
the metric tensor; R is the Ricci scalar, obtained by contracting the Ricci tensor; T, is the
energy-momentum-stress tensor, which is related to energy density and is the source of
curvature of spacetime; and G and c are the gravitational constant and the speed of light
in vacuum, respectively. The cosmological constant A can be added to the left-hand side to
give space an accelerated expansion.

The SM has no explanation of gravity. If we make an attempt to do so, divergences occur
and the theory is no longer renormalisable. There have been efforts beyond the SM, most
notably loop quantum gravity [56] and string theory [57], that hypothesise unifying gravity
with the other interactions.

1.3.2 Dark matter and dark energy

Cosmological observations within the last few decades have pointed to the fact that ordi-
nary baryonic matter makes up less than 5% of the energy content of the universe. The rest
is postulated to be non-luminous matter and energy.

The first evidence of non-luminous matter was obtained by studying the rotation curves
of galaxies. The mass density of a spiral galaxy decreases as a function of distance from
the centre of the galaxy. This implies that the galaxy can be modelled as a point mass at
the centre, and we can study the effect of the mass of the galaxy on the speed of stars near
the edge. This should be decreasing as the distance from the centre increases. However,
it was observed by Vera Rubin and her colleagues [3] that the rotation speed stays almost
constant with distance. This implies the existence of a lot of “dark” matter in the galaxy.
The hypothesis of dark matter has been supported by lots of other observational evidence,
like cosmic microwave background and redshift of galaxies and nebulae [2].

Until a few years ago, it was thought that the universe is expanding, but the expansion
is slowing down. Riess, Perlmutter, and others observed the exact oppisite, accelerated
expansion [4,5]. This led to the hypothesis that some dark energy is pushing spacetime
outwards at an ever increasing rate. It is worth noting that accelerated expansion can be
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explained by the cosmological constant in Equation 1.47.

The most recent surveys calculate that ordinary baryonic matter constitutes 4.8%, dark
matter 25.8%, and dark energy 69.4% of the energy content of the universe [6]. The SM
does not give any particle candidates or mathematical plausibility for dark matter or dark
energy.

1.3.3 Hierarchy problem and naturalness

As discussed in Section 1.2, the gauge bosons and fermions in the SM get their masses
via electroweak symmetry breaking by the introduction of the Higgs field. The Higgs bo-
son has an experimentally measured mass of 125.10 4= 0.14 GeV [40]. Theoretically, the
mass-squared parameter of the Higgs boson should get very large radiative quantum cor-
rections. In order to have its value close to the observed value, the bare mass-squared
parameter should also be very large, and precisely cancel the quantum corrections to leave
behind the observed value. Such fine tuning is considered unnatural by many theorists.
This is the hierarchy problem in the context of the VEV of the Higgs field [7].

Another way in which the hierarchy problem is stated, is in terms of strengths of fun-
damental interactions. It questions why gravity is so much weaker — nearly 40 orders
of magnitude — as compared to the other forces. The SM has about 20 free parameters
that can be experimentally determined, but not much can be said about the origin of their
values. This level of arbitrariness also does not sit well with many theorists.

1.3.4 Matter-antimatter asymmetry

It is a common observation that we live in a matter dominated universe. The question
naturally arises about this asymmetry in amounts of matter and antimatter. The SM does
not explain this very well. Theoretically, one can add terms in the SM that break CP
symmetry in strong interactions. This will relate matter to antimatter; however, this has
not been observed, implying that these terms have a very small coefficient. This is, again,
considered unnatural and the issue is called the strong CP problem [9].

1.3.5 Neutrino masses

Neutrinos are massless in the SM. This is owing to the fact that in the SM, there are only
left-handed neutrinos and thus, we cannot write mass terms of the form in Equation 1.41.
There are some ad-hoc techniques via which we can add neutrino masses. The seesaw
mechanism is one such technique, in which we add heavy right-handed sterile neutrinos,
and the mass of the left-handed neutrinos is inversely proportional to the Majorana mass
of the right-handed neutrinos [58].

The presence of nonzero neutrino masses also means that neutrino flavours mix and we
have neutrino flavour oscillations. These neutrino flavour oscillations have been experi-
mentally observed [8], confirming that neutrinos must have nonzero masses. The absolute
scale of these masses still has to be determined, a task for which the Karlsruhe Tritium
Neutrino (KATRIN) experiment has been set up in Karlsruhe, Germany. The first results
from the KATRIN experiment were announced in 2019 [59].




1 Theoretical underpinning

1.3.6 Further experimental observations

In addition to the shortcomings described above, there are several experimental observa-
tions that the SM does not explain. One of these observations is a deviation in anomalous
magnetic dipole moment of the muon from the SM value [60]. This ¢ — 2 anomaly has been
studied at Brookhaven National Laboratory (BNL), and a new experiment called “Muon
g—2" [61] is recording data to improve the precision of this measurement. Another incon-
sistency comes from B meson decays where an excess of 5-sigma from the SM prediction
has been reported in 2017 [62].

Keeping in view all these problems, a plethora of beyond the standard model (BSM) the-
ories and models have been proposed. These span a wide range of ideas including, but
not limited to, supersymmetry, composite Higgs boson models, different strong dynamics,
warped and flat extra dimensions, hidden sector gauge theories, and so on. There has,
however, been no evidence of any of these models in our current experiments.

1.4 Effective field theory

As discussed in Section 1.3, the SM has many inconsistencies and unexplained issues. Hun-
dreds, if not thousands, of models have been proposed to rescue the SM from these issues,
and offer a more intuitive picture of reality. Many of these models propose resonances,
which may or may not be within the reach of our current experiments. While trying to
search for physics beyond the SM, it hence becomes a dilemma to choose a model to look
for new physics. This can be remedied by choosing a model-independent framework. One
of the best such frameworks is the effective field theory (EFT). In the EFT, we parametrise
new physics by expanding around the SM, and integrating over degrees of freedom at
higher energies. This leads to additional terms in the Lagrangian, supressed by the mass
scale of new physics, hereafter referred to as A. We therefore form an effective Lagrangian:

4
et

oo )
‘Ceff = EO + 2 2 701-(”+4), (148)
n=1 i

(@)

where £ is the SM Lagrangian, O
(d)

c;  are the respective coupling constants. It should be noted that for the effective field
theory expansion to be valid, the scale of the process must be much smaller than A.

are additional operators of mass-dimension 4, and

The first added term consists of dimension-5 operators, which violate lepton number con-
servation and are relevant at higher energies and in neutrino oscillation studies. The next
term comprises dimension-6 operators, and while there is a large number of them, this
thesis focuses on CP-conserving operators in the vector boson sector [63,64]:

Owww = Tr [W,,WPW}],
Ow = (Dud)" W (Dyb), (1.49)
Op = (Dud) " B* (Dyoh),

where ¢ and D,, are the SM Higgs boson doublet and the electroweak covariant derivative,
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respectively, defined in Section 1.2, and W, and B, are now given by:

i ‘ : :
Wy = 5805 (Wi — 3, W} + g WiW, )

L (1.50)
B, = 58 Y (9B, —9,By) .
After defining these operators, our relevant Lagrangian becomes:
CWWW ‘w CB
Lot = Lo+ — 5~ Owww + 50w + 50, (1.51)

and the parameters {cwww, cw, cg}, called anomalous triple gauge couplings (aTGC) pa-
rameters, control the size of each new contribution. The addition of these aTGCs modifies
the cubic gauge self-interaction of Figure 1.4 to the one shown in Figure 1.6.

W+

W

Figure 1.6: Feynman diagram showing anomalous triple gauge couplings
between the electroweak gauge bosons

These aTGCs can be linked to the Lagrangian parameters in Equation 1.40 using the fol-
lowing relations [64]:

3¢%m?
Az = Ay = cwww gZAZW’
2
m
AgT = cwo s,
2A , (1.52)
m
AKZ = (CW — CB tan2 9w) 27[{\72,
2
_ My
AK«Y — (CW + CB) 2A2/

where A denotes a difference from the SM value of 1.

The newly added terms in Equation 1.51 give contributions proportional to s/ A2, where s
is the square of the centre-of-mass energy. This means that at higher energies, kinematic
variables such as the diboson invariant mass, will show enhanced cross sections. This fact
is exploited in this analysis, where deviations from the SM in the tails of diboson invariant
mass distributions are examined. It is, however, worth noting that as the newly added
contributions become large, they may become large enough to violate unitarity. At high
enough energies, where /s starts to become of the order of A, EFT is no longer valid. This
cutoff scale hence prevents EFT from violating unitarity by construction, and we instead
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have to talk about EFT validity. On the other hand, if we consider the Lagrangian param-
eters of Equation 1.40, they do not come equipped with such a cutoff scale, and are prone
to unitarity violation. One therefore has to add form-factors to this approach to make sure
that the unitary bound is not broken. These form-factors may be overly restrictive, and this
shows the inherent advantage of the EFT approach over the other approaches. EFT does
not need these form-factors owing to the fact that EFT will always be valid if it fits the data
(on the actual scale of the process) since data will never violate unitarity.

As an example, we can consider the predicted differential cross section of WW produc-
tion, as a function of diboson invariant mass, at /s = 14 TeV at the LHC, shown in Fig-
ure 1.7. The SM cross section as well as the cross section in the presence of a nonzero aTGC,
cwww /A% = (400 GeV) 2, is shown. The unitarity bound can also be calculated, and for
the scales relevant at the LHC, it is way larger than the cross sections, even in the presence
of significant nonzero aTGCs.

102
Unitarity Bound
100}
do b
dMww (GpeV)
1072 X
f&gi = (400GeV)2
104} SM —_——
6 - .5(.)0. — .10.00. — .15.00. — .20.00

Figure 1.7: Predicted differential cross section of WW production, in the
SM case, as well as the case where cwww /A% = (400 GeV) 2, at 14 TeV
LHC. The calculated unitariy bound is also shown. This figure is taken
from Reference [64].

1.5 Synopsis of experimental results

Experimental search for aTGCs has been carried out quite vigourously at particle colliders.
Historically, this search was carried out in the Lagrangian formalism and constraints were
placed on the Lagrangian parameters of Equation 1.40. Experiments at the Large Electron-
Positron (LEP) collider at CERN carried out this search in fully leptonic and semileptonic
decay channels [65]. The results of these searches are shown in Table 1.4. The D@ experi-
ment at Fermilab combined the results of WW + WZ — (vjj, WZ — fvil, Wy — fv7y, and
WW — {vlv final states to constrain these parameters [66]. These constraints are shown
in Table 1.5. Owing to considerably less centre-of-mass energies, these experiments were
severely limited in sensitivity compared to the experiments of today.
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With the advent of the LHC, focus was shifted to the ATLAS and CMS experiments. These
experiments are also carrying out an extensive programme of aTGC searches. Most of
these searches are in fully leptonic final states [10-28], whilst searches in the semileptonic
final state have been carried out at 7 and 8 TeV [29-32]. Recently, as EFT became popular,
constraints on aTGCs have been formulated mostly in the EFT parametrisation. The most
stringent constraints on charged aTGC parameters — not considering constraints from the
analysis presented in this thesis — are from study of electroweak production of a W or Z
boson along with two jets [67], and measurement of WZ production cross section in the
fully leptonic final state [26], both at v/s = 13 TeV. These constraints are shown in Table 1.6.

Table 1.4: Historical measurements of charged aTGC parameters, per-
formed at the four LEP experiments [65]. The measurements were per-
formed in fully leptonic and semileptonic decay channels.

Parameter ALEPH DELPHI L3 OPAL Comb. 95% CL interval
+0.029 +0.036 +0.042 +0.037 +0.019
Ay —0.0147 700 00017555 —0.023T 555 —0.0617 )56  —0.0227 755 [—0.059, 0.017]
VA +0.030 +0.035 +0.038 +0.035 +0.018
& 0.9967 28 0.9757 032 0.965" ) 537 0.9857 034 0.9847 0 [0.946, 1.021]
+0.060 +0.082 +0.075 +0.090 +0.042
Ky 0.9837 oe0 1.0227 064 1.020% 560 0.8997 ) oza 0.9827 045 [0.901, 1.066]

Table 1.5: Historical measurements of charged aTGC parameters, per-
formed at the D@ experiment [66]. The final result is a combination
of measurements in fully leptonic and semileptonic decay channels.

Parameter Minimum 68% CL interval 95% CL interval

Ay 0.007  [-0.015, 0.028] [—0.036, 0.044]
¢ 0022  [-0.008, 0.054] [—0.034, 0.084]
Ky 0.048  [-0.057, 0.154] [—0.158, 0.255]

Table 1.6: Best 95% CL intervals on aTGC parameters, not considering the
analysis presented in this thesis. These limits were obtained from elec-
troweak W/Z+2-jets analysis [67] and WZ cross-section measurement in
the fully leptonic decay channel [26], both at /s = 13 TeV.

Parameter EW W/Z+24ets (TeV %) WZ (TeV?)

cwww /A2 [—1.8, 2.0] [—4.1, 1.1]
cw/A? [—5.8, 10.0] [—2.0, 2.1]
cp/ N? [—43, 45] [—100, 160]

A summary of limits on aTGC parameters — not considering limits from this analysis —
is shown in Figure 1.8. In order to easily compare with historical results, such summary
plots are often presented in the parametrisation of Lagrangian parameters of Equation 1.40,
hereafter called LEP parametrisation. The constraints on all three parameters obtained from
the analysis presented in this thesis are the most stringent ones when compared with any
of the shown (or otherwise) historical or contemporary measurements. In this thesis, we
discuss the procedure used in this analysis, followed by the resulting constraints, and come
back to this summary plot in the end.
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Figure 1.8: Summary of observed limits on aTGC parameters from differ-
ent measurements, not considering the analysis presented in this thesis.
The same summary plot, with the limits derived from this analysis, is
shown in Introduction, and again in Chapter 9.
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The LHC and the CMS
experiment

The big bang machine —

This chapter sheds light on the experimental
setup of the LHC, followed by an explanation
of the CMS experiment, which is used to record
data from which the measurement presented
in this thesis is derived. Construction and func-
tioning of the subdetectors of the CMS detector
are described in detail, along with considera-
tions of performance. The chapter concludes
by discussing the CMS trigger system and a
distributed computing infrastructure used to
share, store and analyse data.




2 The LHC and the CMS experiment

n the year 1897, Ferdinand Braun made the first cathode ray tube, building on the

ideas of Geifdler and Crookes. The same year, J. J. Thomson discovered the electron

using cathode rays. This was a historic landmark in the field of particle physics. It
demonstrated that electric and magnetic fields could be used to accelerate, deflect, and
hence detect fundamental particles. The idea caught on, and slowly and steadily, people
built new and better particle accelerators and detectors. The Large Hadron Collider at
CERN is a testament to the ingenuity and effort put into building particle accelerators.

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is the flagship accelerator of the European Organization
for Nuclear Research (CERN). Located on the border of Switzerland and France, near the
town of Meyrin, the LHC is the biggest, most complex machine ever built by man. The
LHC is designed to accelerate protons while they circulate in two beams in opposite di-
rections around a ring of circumference 26.7 km, and then collide at specific points along
the ring, where experiments have been set up to detect the scattered and newly produced
particles.

The LHC started collecting data in 2010, at a centre-of-mass energy of 7 TeV. The so called
Run 1 continued for three years, with the centre-of-mass energy raised to 8 TeV in 2012.
The Higgs boson was discovered utilising this data [37,38]. In 2013 and 2014, there was a
long shutdown of the LHC to make upgrades and improvements. Run 2 started in 2015,
with a centre-of-mass energy of 13 TeV, and continued until the end of 2018. 2019 and
2020 are reserved for upgrades, and the LHC will start again for Run 3 in 2021, which will
go on for three years. At some point during these three years, the centre-of-mass energy
will be shifted to the design value of 14 TeV. For the next few decades, the LHC will be
transformed into a high-luminoisty LHC, upgraded drastically to deliver and record many
more collisions per second.

The current LHC was built after decommissioning of LEP in 2001. A hierarchy of pre-
accelerators at the CERN complex is used to accelerate protons, before they are fed into
the LHC. A schematic of the accelerator chain, along with the main experiments, is shown
in Figure 2.1. In addition to colliding protons, the LHC also performs Pb-Pb collisions,
although they are quite limited in number compared to the proton-proton collisions.

2.1.1 Accelerators feeding the LHC

A cylinder of hydrogen gas is the primary source of protons, which will eventually be used
in collisions. Hydrogen atoms are passed through an electric field, which strips them off
their electrons leaving behind protons. The protons start their journey at the Linear Accel-
erator 2 (LINAC 2) [69]. Radio-frequency (RF) cavities are used to accelerate the protons,
and when they leave LINAC 2, they are already travelling at one-third the speed of light,
having an energy of 50 MeV and gained 5% in mass. LINAC 2 has been working as the
starting point of the CERN accelerator complex since 1978, and it will be succeeded by
LINAC 4 in 2020.

The protons from LINAC 2 are fed into the Booster [70], which is circular, since linear
acceleration is impractical from now on. The Booster has four rings, with a circumference
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Figure 2.1: Schematic showing the CERN accelerator complex and ex-
periments set up at various points. The largest ring in the centre is the
LHC, and the protons travel sequentially through various small acceler-
ators before being injected into the LHC ring. This figure is taken from
Reference [68].

of 157 m, to each accelerate one fourth of the packet of protons, hence increasing beam
intensity. The Booster accelerates the protons to 92% of the speed of light. Each proton
now has an energy of 1.4 GeV.

The next step is the Proton Synchrotron (PS) [71], which is 628 m in circumference, and
has been operational since 1959. The protons spend 1.2 s in the PS, and it has 100 dipole
magnets to keep the beam following a circular path. At the time of leaving the PS, the
protons are travelling at almost the speed of light, and from now on, the increased energy
manifests only as increased mass. The energy of protons at the time of leaving the PS is
25 GeV.

Proton beams from the PS are fed into the Super Proton Synchrotron (SPS) [72], which is
7 km in circumference. The SPS has 744 dipole magnets, and protons leave the SPS at an
energy of 450 GeV. The SPS is also important historically, since the W and Z bosons were
discovered by the UA1 and UA2 collaborations [46—49], using protons and antiprotons ac-
celerated by the SPS.
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2.1.2 The LHC ring

Protons from the SPS are injected into the 26.7 km long LHC ring by using kicker mag-
nets. The LHC ring contains two beam cavities, one for protons travelling clockwise and
anticlockwise, each. During Run 2, the final energy reached by the protons in the LHC is
6.5 TeV. Each beam consists of 2808 bunches, with the bunches being 25 ns apart, and each
bunch contains 10! protons. Travelling at the speed of light, the protons circle around the
LHC ring 11,000 times per second.

To accelerate the protons, 16 radio-frequency cavities are placed along the length of the
LHC. In order to keep the protons moving in a circular orbit, strong magnetic fields are
needed. The current required to generate such magnetic fields is so high that the magnets
are made from superconducting niobium-titanium (Ni-Ti) wires, cooled by superfluid lig-
uid helium at 1.9 K. There are 1232 such 15-metre-long dipole magnets along the length of
the LHC, which generate a magnetic field of 8.34 T. A cross section of the LHC beam pipe
showing the two beam cavities, the dipole magnets, and the cooling and support structures
is shown in Figure 2.2. The size, or centre-of-mass energy if we fix the size, of our circu-
lar accelerator is primarily determined by the strength of the bending magnetic field. For
future accelerators, like the Future Circular Collider (FCC), there is a plan to increase the
magnetic field to 12 T, and Ni3-5n is being proposed as the superconductor, since it has a
higher critical temperature than Ni-Ti.

dipol

Thermal shield

CryoLine (QRL)

Figure 2.2: Cross section of an LHC beam pipe showing the supercon-
ducting dipole magnets used to bend proton beams, along with cooling
and support structures. This figure is taken from Reference [73].
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2.1.3 Beam dynamics and luminosity

To counter electrostatic repulsion between the protons in a bunch, as well as differences in
initial conditions, focusing has to be done to keep the protons as close to the design orbit
as possible. This is accomplished by 392 quadrupole magnets along the LHC. A quadruo-
ple magnet which focuses in the horizontal plane defocuses in the vertical plane, and vice
versa. Horizontal focusing and defocusing magnets are thus placed alternately, with three
dipole magnets following each. This structure is called a FODO cell. Each of the eight arcs
of the LHC contains 23 FODO cells.

A detailed discussion of the transverse beam dynamics can be found in Reference [40]. The
quadrupole magnets apply a restoring force proportional to the transverse displacement of
protons from the design orbit. Using a rotating Frenet-Serret frame, an equation of motion
can be written, which turns out to be a Hill’s differential equation. The general solutions
can be written in terms of a constant of motion called emittance of the beam ¢, and a
periodic function B, that depends on the properties of the quadrupole lattice. Typically, the
distribution of protons in a bunch follows a Gaussian shape, and the one-sigma beam size
can be written in terms of emittance of the beam and the beta function, as follows:

Ox = \/€Px. (2.1)

We can now define a measure of the interaction rate at the points where the proton beams
cross, called instantaneous luminosity, as:

niny
4mnoyoy

L= fny 7, (2.2)

where f is the frequency of revolution, 7, is the number of bunches per beam, n; and 1,
are the numbers of protons in the colliding bunches, and ¢, and ¢, are the beam sizes in
horizontal and vertical directions, respectively, as defined in Equation 2.1. F is a reduction
factor coming from nonzero crossing angle and other effects. The number of events for
a specific process can be written as the product of the process cross section and time-
integrated luminosity:

Ny =0, x [ 2t (23)

Therefore, to obtain statistically significant results for the process we are interested in,
against the unwanted backgrounds, it is desirable to have as large an integrated luminos-
ity as possible. The LHC, in all its years of operation, has delivered about 192 fb™! of
proton-proton collision data. The growth of integrated luminosity delivered by the LHC,
and recorded by the CMS experiment, is shown in Figure 2.3. During Run 1, 45.0 pb™*
and 6.1 fb~! of data was collected at 7 TeV, and 23.3 fb~! at 8 TeV, during 2010, 2011 and
2012, respectively. During Run 2, 4.2 fb™!,41.0 fb!, 49.8 fb~!, and 67.9 fb~! was recorded
at 13 TeV during 2015, 2016, 2017, and 2018, respectively. 35.9 fb~! out of the 41.0 fb~ ! of
2016 data, which is usable for physics, is utilised in the analysis presented in this thesis.

During Run 3, starting in 2021, the LHC is planned to record more than 300 fb~' of data
over a period of three years. With the upgrade to high-luminosity LHC, the goal is to
record 3000 fb~! of data in the runs following the upgrade.
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Figure 2.3: Integrated luminosity delivered by the LHC, and recorded by
the CMS experiment, as a function of time. The integrated luminosity
for different years is shown separately on the left, whilst the cumulative
integrated luminosity is shown on the right. These figures are taken from

Reference [74].

2.1.4 Experiments at the LHC

Four major experiments have been set up at the LHC, at interaction points where the clock-
wise and anticlockwise travelling beams cross. Two out of these four, ATLAS and CMS,
are general-purpose detectors, while the other two, ALICE and LHCb, have much more
specific purposes. In addition, there are several minor experiments, which share their lo-
cations with the major experiments.

One of the two general-purpose experiments is ATLAS. Having a length of 46 m, and a di-
ameter of 25 m, ATLAS is the largest detector at the LHC, in terms of volume. The ATLAS
detector consists of a complex toroidal magnetic field, tracking detectors, calorimeters, and
a muon spectrometer. ATLAS explores a large range of physics, from studying properties
of SM particles, including the top quark and the Higgs boson, to resonances searches and
searches for supersymmetry and exotica.

The other general-purpose experiment is CMS (Compact Muon Solenoid). Weighing over
14,000 tonnes, the CMS detector is the heaviest detector at the LHC. A detailed explanation
of the CMS detector is given in Section 2.2. CMS investigates the same topics as ATLAS,
and both experiments work in tandem to give independent measurements regarding the
same processes. This ensures that the results quoted by one experiment can be reproduced
in another experiment, which is one of the cornerstones of modern scientific philosophy.

ALICE (A Large Ion Collider Experiment) is designed to study heavy ions, and interac-
tions in quark-gluon plasma, similar to the one found just after the Big Bang. The ALICE
detector is 26 m long, and 16 m in diameter. To distinguish particles coming from the
quark-gluon plasma, ALICE uses a large variety of detectors, including silicon tracking
detectors, a time projection chamber (TPC), a transition radiation detector (TRD), a time-
of-flight (TOF) detector, a high momentum particle identification detector (HMPID), and
calorimeters.
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The LHCb (Large Hadron Collider beauty) experiment is designed to study properties
and decays of hadrons formed by the bottom quark. An insight into CP violation and
matter-antimatter asymmetry can be obtained from such studies. The LHCb detector is an
asymmetric forward spectrometer, covering 10-100 mrad in the horizontal and 250 mrad
in the vertical direction.

In addition to the above mentioned experiments, the LHCf (Large Hadron Collider for-
ward), TOTEM (TOTal Elastic and diffractive cross section Measurement), and MoEDAL
(Monopole and Exotics Detector at the LHC) experiments have been set up alongside AT-
LAS, CMS, and LHCb, respectively.

2.2 The CMS experiment

The CMS detector is located 100 m below the surface, at Point 5 of the LHC, near the
French village of Cessy. It is designed like a cylindrical onion, with layers of detectors, and
keeping hermeticity and redundancy in mind. The detector weighs 14,000 tonnes, and is
the heaviest detector at the LHC. In terms of dimensions, it is 21.6 m long, and 14.6 m in
diameter.

A schematic showing different layers of the CMS detector is shown in Figure 2.4. The
innermost component is a silicon based tracking system. Its inner portion consists of
pixel detectors while the outer one contains strips. Outside the tracker, there is a lead
tungstate (PbWQO,) based electromagnetic calorimeter (ECAL), and then a brass and plastic-
scintillator based hadron calorimeter (HCAL). The tracker and the calorimeters are housed
in a superconducting solenoid magnet, that generates a 3.8 T magnetic field, which is used
to curve charged particles for identification and measurement. The outer portion of the
CMS detector consists of a muon system, comprising of drift tubes, cathode strip chambers
and resistive plate chambers. Return steel yoke structures are placed in between layers of
muon detectors to shape the magnetic flux.

All particles produced at the LHC are either stable over the lengths associated with the
CMS detector or decay quite rapidly into a handful of particles, which the CMS detector
is designed to detect. The interaction of these particles with the CMS detector is demon-
strated in Figure 2.5. The pivotal idea is that travelling charged particles bend in presence
of a magnetic field, and the curvature depends upon the momentum and charge of the
particles. This information, along with the energy deposited in the calorimeters, is used
to reconstruct particles, which are then combined to suggest the particles from which they
decayed, or scattered. Electrons leave a track in the tracker, owing to their charge, and
deposit their energy in the ECAL. Photons on the other hand, do not leave any tracks, and
just deposit their energy in the ECAL. Similarly, charged hadrons leave a track and deposit
their energy in the HCAL, while neutral hadrons deposit energy without leaving a track.
Muons travel the longest, and bend in one direction inside the magnet, and the other out-
side of it. The CMS detector does not detect neutrinos, and their properties are deduced
using momentum conservation.

The CMS experiment uses a right-handed coordinate system, with the x-axis pointing to-
wards the centre of the LHC, and the y-axis upwards. This fixes the z-axis in the direction
of the beams. Because of cylindrical symmetry, it is natural to use polar and azimuthal
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Figure 2.4: A cutaway view of the CMS detector demonstrating the main
components. Silicon pixel tracking detectors are closest to the interaction
point, followed by silicon strip tracking detectors. Outside these, reside
the electromagnetic and hadron calorimeters, respectively. The tracker
and the calorimeters are housed in a solenoid magnet, which generates
3.8 T magnetic field. The region outside this is primarily occupied by
muon detectors. This figure is taken from Reference [75].

angles. The azimuthal angle ¢ goes from 0 to 277, from the x-axis, around the z-axis. The
polar angle 0 is measured from the z-axis. Instead of using the polar angle directly, it is
useful to transform this into pseudorapidity, defined as:

n=—In (tan g) , (2.4)

where 7 is zero in the transverse direction and diverges as 6 approaches zero. It is useful
to note that pseudorapidity, written as a function of three momentum:

1 7l + PZ)
=-In (_,— , (2.5)
T2\l =
changes into the usual rapidity:
1 E+p:
y—iln(E_pz) (2.6)

in the relativistic limit. Different components of the CMS detector are described in detail
in the following sections.
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Figure 2.5: A transverse slice of the CMS detector demonstrating the de-
tection of various types of particles. This figure is taken from Refer-
ence [76].

2.2.1 Tracker

One of the basic working principles of the CMS detector is that moving charged particles
bend in the presence of a magnetic field. The momentum and charge of a particle can
be deduced, if we know the trajectory of the particle. Therefore, in order to pinpoint the
trajectory of charged particles coming from the interaction point, a tracking detector has
been set up at the centre of CMS. The job of the tracker is to record hits from the charged
particles at different distances from the centre, and these hits can then be fitted to precisely
estimate the trajectory of the particles.

The CMS tracker is made entirely of silicon, and operates on the principle of a p-n junction
diode. A basic module consists of an over-depleted n-doped silicon substrate, on which
bits of p-doped silicon are implanted. When a charged particle passes throught the bulk of
the substrate, it generates electron hole pairs which drift in the electric field, and induce
a current in the attached metal electrodes. This current is amplified and converted into
hits, indicating the passage of a charged particle. Silicon based tracking detectors are faster
and much more precise than gaseous detectors and multiwire proportional chambers, but
the downside is their high cost. Silicon based tracking has benefitted a lot from the fact
that the silicon industry is very well developed because of research for advancements in
semiconductor electronics.

The CMS tracker consists of a central pixel detector surrounded by a strip detector. A
cutaway view of the tracker, and the layout of different layers of pixel and strip detectors
is shown in Figures 2.6 and 2.7, respectively. The pixel detector is the closest of all CMS
subdetectors to the interaction point. It thus has to handle large amounts of radiation. In
order to cope with increasing luminosity, the pixel detector was given an upgrade during
the technical stop between the years 2016 and 2017 [77]. Following the upgrade, the pixel
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detector consists of four concentric cylindrical layers with radii 30, 68, 109, and 160 mm,
respectively, and a length of 548.8 mm, called the barrel pixel (BPIX); and three disks on
each side, at a distance of 291, 396, and 516 mm from the centre, called the forward pixel
(FPIX). The BPIX is made of 1184 pixel modules, having a total of 79 million 100 x 150 um?
pixels. The FPIX has 672 modules, having 45 million pixels in total. The 1856 modules of
the pixel detector cover an area of about 1 m?, and give a coverage up to || = 2.5 and a
position resolution of about 15 pm.

BPIX

Beam pipe Barrel pixel

FPIX

Forward Pixel

TID

Tracker inner disk

TEC

Tracker endcap

TOB

Tracker outer barrel

[
{2
NAH

TIB

Tracker inner barrel

Figure 2.6: A cutaway view of the CMS tracker. This figure has been
rendered in 3ds Max [78], after adapting and modifying the original CMS
model from Reference [75].

The strip detector is made of 15,148 modules, covering an area of about 210 m?, comparable
to the size of a tennis court, and 9.6 million readout channels are required to get the output
from all of the sensors. The modules are arranged in the barrel as tracker inner barrel (TIB)
and tracker outer barrel (TOB), and in the endcap as tracker inner disk (TID) and tracker
endcap (TEC). TIB extends from 20 to 55 cm from the beam axis, and consists of two layers
of single-sided modules and two layers of modules mounted back to back at an inclination
of 5.7° with respect to each other, called stereo modules. TOB extends up to 110 cm, and
consists of two layers of stereo modules and four layers of single-sided modules. TID and
TEC consists of three and nine layers, respectively, on either side the interaction point. The
strip detector gives a considerably worse position resolution than the pixel detector, and
the resolution can vary between 20 um and 200 um, depending on the relevant layer of TIB,
TOB, TID, and TEC.

In order to ensure good position resolution of the tracker during data taking, shifts in posi-
tion, orientation, and surface deformations in the modules have to be taken care of. This is
done via software alignment and validation of the tracker modules using information from
a large number of tracks. This alignment and validation of the CMS tracker is discussed in
detail in Chapter 3.
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Figure 2.7: A schematic showing layout of the CMS tracker, and the
placement of pixel and strip detectors in one quadrant. Following an
upgrade at the start of 2017, the pixel detector now consists of four bar-
rel layers (BPIX) and three endcap layers (FPIX). The surrounding strip
detector consists of several layers of tracker inner barrel (TIB), tracker
inner disk (TID), tracker outer barrel (TOB), and tracker endcap (TEC).
Pairs of module lines in the strip detectors indicate double-sided stereo
modules.

2.2.2 Electromagnetic calorimeter

In order to measure the energy of particles that interact electromagnetically, an ECAL has
been built around the tracker. Particles can interact electromagnetically with a detector
material in a few primary ways. They can interact with the atomic electrons of the detector
material, causing excitation or ionisation; or they can be deflected or scattered by the nu-
cleus, and may emit bremstrahlung photons in the process. In rarer situations, they might
emit Cerenkov radiation, when they enter a material in which the speed of light is smaller
than their incident speed; or produce transition radiation while crossing the boundary be-
tween different media.

The ECAL works on the principle of electromagnetic showering through bremstrahlung
and pair production. Electrons and positrons having energy higher than a certain critical
energy generate photons via bremsstrahlung, in the presence of a nucleus with high atomic
number, which can then do pair production, and so on, forming a shower. Similarly, in-
cident photons with a high enough energy can initiate pair production, and the resulting
electron-positron pair can produce bremstrahlung photons, and so on. When the energy
of the photons in the shower becomes smaller than the critical energy necessary for pair
production, they are absorbed by the scintillating material, which emits scintillation light.
The intensity of the light we get in the end is proportional to the energy of the incident
particle; therefore, the energy of the incident particle can be deduced.

Certain characteristics of the stopping material are useful when we want to generate and
detect these electromagnetic showers. We can, for instance, benefit from high density and
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atomic number of a material, short radiation length X,, and small Moliére radius Ry,
which describes the spread of the shower in the transverse direction. The CMS ECAL is
a homogeneous detector made primarily from lead tungstate (PbWO,) crystals. PbWOy
is transparent and has a density of 8.28 g/cm?, radiation length of 0.89 cm, and Moliére
radius of 2.2 cm [79]. Furthermore, PbWO, has a scintillation decay time such that 80%
of the light is emitted in 25 ns. These properties make PbWOy a very attractive choice for
ECAL absorbing and scintillating material.

The CMS ECAL consists of a central barrel (EB), and a forward endcap (EE) on either side
of the interaction point. A cutaway view of the ECAL, and the layout and coverage of the
barrel and endcap is shown in Figures 2.8 and 2.9, respectively. The EB consists of 61,200
PbWO; crystals, arranged in the form of 36 supermodules. Each supermodule consists of
four modules, and is made from 1700 crystals. The crystals have a tapered shape, with an
area of 22 x 22 mm? at the front face, and 26 x 26 mm? at the rear face, and are mounted
at a small angle (3°) with respect to the vector from the nominal interaction point, to avoid
visible gaps. The length of the crystals, 230 mm, is 25.8 times the radiation length, and
allows enough material to fully develop the electromagnetic shower. In total, the EB has
a crystal volume of 8.14 m® and a weight of 67.4 tonnes, and covers the pseudorapidity
range || < 1.479. The blue-green scintillation light emitted by the crystals is absorbed
using avalanche photodiodes (APDs).

Beam pipe EB
ECAL barrel

EE
ECAL endcap

Dee

Modules

ES

Preshower

Figure 2.8: A cutaway view of the CMS ECAL. This figure has been ren-
dered in 3ds Max [78], after adapting and modifying the original CMS
model from Reference [75].

The EE consists of two halves, called Dees, on either side of the interaction point, each
holding 3662 crystals. The EE crystals have a front face area of 28.62 x 28.62 mm? and a
rear face area of 30 x 30 mm?2. The length of EE crystals, 220 mm, is 24.7 times the radiation
length. In total, the EE crystals have a volume of 2.90 m® and a weight of 24.0 tonnes, and
cover the pseudorapidity range 1.479 < || < 3.0. The absorption of scintillation light in
EE is done using vacuum phototriodes (VPTs).

When a neutral pion decays into two photons, especially in the endcap region where the
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Figure 2.9: A schematic showing layout of the CMS ECAL in one quad-
rant. ECAL barrel (EB) supermodules cover up to pseudorapidity 1.479,
from where the ECAL endcap (EE) extends to 3.0 in pseudorapidity. A
preshower detector (ES) is placed in front of the endcap to help differen-
tiate 7T from 7. This figure is taken from Reference [80].

two photons are highly collinear, it can mimic a high-energy photon in the ECAL. In order
to reduce this background, a 20 cm thick preshower (ES) is placed in front of the EE in the
pseudorapidity range 1.653 < || < 2.6. The ES is a two-layer sampling calorimeter, where
each layer consists of lead radiators and silicon strip sensors, which measure the transverse
development of the showers induced by the radiators. By looking at the strip sensor hits,
when a high-energy photon seems to appear in the ECAL, it can be deduced if the signal
was indeed a high-energy photon or a pair of photons from the decay of a neutral pion.

Since the energy measurement in ECAL depends directly on the number of detected pho-
tons, which is Poisson distributed, the energy resolution depends on 1/+/E. The statistical
fluctuations in the showering process also follow this trend. However, there are other
contributions as well. The electronic noise in the readout chain dictates a 1/E dependence,
since the absolute uncertainty from this source is independent of energy of the incident par-
ticle. The resolution also has a constant contribution from instrumentation effects which
becomes extremely relevant at higher energies, since the other terms start to become negli-
gible. The combined resolution is the sum in quadrature of these contributions, and they
are called stochastic, noise and constant term, respectively. The coefficients of these terms
have been measured with electrons of energy 20-250 GeV [81], and thus, the resolution can
be given as:

o(E) _ 0028 VGeV 012Gev

0.003. 2.7
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2.2.3 Hadron calorimeter

One important aspect of a high-energy detector, especially one operating at a hadron col-
lider, is measurement of hadron energies. For this purpose, an HCAL has been set up in
the CMS detector between the ECAL and the solenoid magnet. In analogy to the ECAL, the
HCAL works on the principle of hadronic showering and jets, with the dominant interac-
tion in the showers being the strong nuclear interaction. The HCAL also plays a significant
role in the indirect detection of invisible particles, like neutrinos, which appear as “miss-
ing” momentum and energy when all other particles and jets are accounted for.

In analogy to the radiation length Xy in ECAL, a nuclear interaction length Ay can be de-
fined for hadronic interaction in a material. Nuclear interaction lengths are typically much
larger than radiation lengths. Therefore, in order to have a full shower development, the
HCAL is designed as a sampling calorimeter, with alternating layers of dense absorbing
and scintillating materials. In the CMS HCAL, the absorbing layers are made from steel
and brass. The brass used is composed of 70% copper and 30% zinc, and has a density
of 8.53 g/cm?, radiation length of 1.49 cm, and interaction lenght of 16.42 cm [79]. The
scintillating layers are composed of Kuraray SCSN81 plastic, which is chosen owing to its
long-term stability and resistance against radiation damage.

The main structure of the HCAL comprises a central barrel (HB) and an endcap (HE) on
either side of the interaction point. A cutaway view of the HCAL, and the layout of the
barrel and endcap, along with additional forward and outer calorimeters, is shown in Fig-
ures 2.10 and 2.11, respectively.

HB
HCAL barrel

HE
HCAL endcap

Beam pipe

Figure 2.10: A cutaway view of the CMS HCAL inside the superconduct-
ing solenoid magnet. This figure has been rendered in 3ds Max [78], after
adapting and modifying the original CMS model from Reference [75].

The HB consists of 36 azimuthal wedges, and cover a pseudorapidity range || < 1.3. The
wedges are made from flat plates placed parallel to the beam axis. From inside to outside,
the wedges contain a 40-mm-thick steel plate, 14 brass plates, eight 50.5 mm thick and six
56.5 mm thick, and a 75-mm-thick steel plate. In the centre, the HCAL offers an absorber
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Figure 2.11: A schematic showing layout of the CMS HCAL in one quad-
rant. In addition to the HCAL barrel (HB) and HCAL endcap (HE), the
HCAL is extended outside the solenoid magnet with a tail catcher HCAL
outer (HO) calorimeter, to ensure adequate sampling depth. There is also
an HCAL forward (HF) calorimeter in the very forward region, which
has to endure enormous amounts of particle flux. This figure is taken
from Reference [79].

thickness of 5.82 Ay, while towards the sides, it increases with the reciprocal of the sine of
the polar angle. The scintillators consist of 70,000 plastic tiles in total, from which light is
collected using wavelength shifting (WLS) fibres, and taken to the readout electronics.

The HE consists of 79-mm-thick brass plates, with 9-mm gaps for the scintillators, and
covers a pseudorapidity range 1.3 < || < 3.0. This range includes 13.2% of the total solid
angle, and contains about 34% of all the produced final state particles. The total length of
the HE calorimeters is 10 Ay.

In the central region, the sampling length of the HCAL is not adequate; therefore, the
HCAL is complemented with an outer calorimeter (HO) outside the solenoid magnet. The
HO also cleverly uses the solenoid coil as an absorber. The final absorber length after
adding the HO is stretched to 11.8 A,.

In the very forward region of the detector, at a pseudorapidity range of 3 < [57| < 5, a
forward calorimeter (HF) is added to maintain hermeticity of the detector. The HF has to
deal with extreme amounts of particles flux, seven to eight times on average as compared
to the rest of the detector. Therefore, in order to be robust and endure the harsh environ-
ment, the HF is constructed as a Cerenkov detector, with quartz fibres as the active material.

Analogous to the ECAL, the HCAL energy resolution has been measured with pions of
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energy 20-300 GeV [82], and the resolution can be given as:

o(E) _ 115 ”EGeV & 0.055. 2.8)

ETVE

2.2.4 Superconducting solenoid magnet

At the heart of the CMS detector, is the idea to bend charged particles using a magnetic
field, and deduce their charge and momentum from the curvature. The magnetic field
strength required for bending charged particles significantly, at typical LHC energies, is
quite high. This is accomplished by a superconducting solenoid magnet. The solenoid is
designed to generate up to 4 T magnetic fields, although it is nominally operated at 3.8 T, to
ensure a longer lifetime. The field strength generated by the solenoid, as well as predicted
field lines, are shown in Figure 2.12.

i N\ /
3.5 \

3.0 b : e\ \\|] ) |

’,.__‘//// I H
o5 ]:I 1= J
=] i f—
= 2.0 = L 7 > ] ' ; 3 g o >
=] =
15 ]] 1= ”

:\§ H\H
+1.0 D

.. . sl |l

Figure 2.12: Value of magnetic field (left), and field lines (right), projected
onto a longitudinal section of the CMS detector, at a central magnetic
field of 3.8 T. Each field line shows an increment of 6 Wb in the magnetic
flux. This figure is adapted from Reference [83].

The CMS solenoid is 12.5 m long and 6.3 m in diameter, and weighs 220 tonnes. The 4-layer
winding is made from Ni-Ti Rutherford cables, co-extruded with pure aluminium, called
insert, and an aluminium alloy is used for mechanical reinforcement. To achieve critical
temperature for the Ni-Ti superconductor, the coil is operated at 4.5 K, using liquid helium.
When operated at the nominal current of 19.14 kA, the coil stores 2.6 GJ of energy.

In order to guide magnetic field lines outside the solenoid, a 10,000-tonne iron return yoke
is used. The length of the return yoke in the barrel is 13 m and the outer diameter is 14 m.
It is composed of five barrel wheels, each having three layers, and three endcap disks on
either side of the interaction point. This modular structure, and easy relative movement,
allows an easy access to assemble the inner subdetectors.




2.2 The CMS experiment

2.2.5 Muon system

The above mentioned subdetectors measure and absorb all long-lived SM particles very
efficiently, with the exception of muons and neutrinos. Muons are leptons having a mass
almost 200 times that of the electron. For this reason, they are not retarded much via
bremstrahlung in the ECAL, like electrons. Since they are leptons, they do not take part
in strong interaction at all. This has the consequence that muons easily escape the inner
detectors, and travel outside the solenoid magnet. In order to detect muons, an extensive
muon detector system has been set up.

The muon system consists of various types of subdetectors, placed in an alternating fashion,
within the spaces in between the iron return yoke. A longitudinal cross section showing
layout of different subdetectors of the muon system, along with a couple of planned im-
provements for the future is shown in Figure 2.13.
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Figure 2.13: A longitudinal cross section showing layout of the current
CMS muon system in one quadrant, as well as ongoing upgrades. The
barrel consists of drift tubes (DTs or MB in CMS nomenclature, M for
muon) and resistive plate chambers (RPCs/RB). The endcap consists of
cathode strip chambers (CSCs/ME) and resistive plate chambers (RE).
The dark gray area represents the return yoke. As of 2019, the subde-
tectors MEQ, RE3/1, and RE4/1, as well as gaseous electron multipliers
(GEMs/GE) are not yet installed, but planned for the so called Phase-2
upgrade for the high-luminosity LHC. This figure is taken from Refer-
ence [84].

The first type of detectors used in the muon system is drift tubes (DTs). Each DT consists
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of a 2.4-m-long wire, in the middle of a tube filled with a gas mixture of 85% argon and
15% carbon dioxide. The wire and alumunium strips along the walls of the tube act as
electrodes, and a high voltage, 4800 V, is maintained across them. When a muon passes
through the gas, it causes ionisation, and the resulting electrons and ions, while drifting
towards the anode wire, trigger more ionisation, causing a Townsend avalanche, which is
measured as a current in the wire. DTs are used in the barrel region, where the muon flux is
relatively small, and the magnetic field is uniform and mostly contained in the return yoke.

The DTs cover a pseudurapidity region || < 1.2, and are structured in cylindrical layers,
called stations (MB1-MB4; M for muon), in each of the five wheels of the muon system
barrel. Each wheel is divided into 12 ¢-sectors. The basic independent functioning unit
of DTs is called a superlayer (SL), formed from four layers of rectangular drift cells. Two
or three SLs are combined to form a DT chamber, which is installed in a specific wheel,
station, and sector. In three-SL chambers, the inner and outer SL have wires parallel to
the beam direction, and hence they can measure the ¢-coordinate, while the middle SL
has wires perpendicular to the beam direction, and it measures the z-coordinate. The
DT chambers in the outer station do not have this z-measuring middle SL. Reconstructed
hit resolutions of 200-300 pm in ¢-SLs, and 400-1000 um in 6-SLs was reported in 2016 [85].

In the endcap regions, a high flux of muons and a strong and irregular magnetic field war-
rant the use of cathode strip chambers (CSCs). CSCs are multiwire proportional chambers,
and their principle of operation is similar to DTs, but they use an array of anode wires.
The CMS CSCs consist of seven trapezoidal panels, which form six gas gaps. A thin layer
of copper on the panels acts as the cathode and layers of anode wire arrays are placed in
between the panels. The gas mixture used in CSCs comprises 50% carbon dioxide, 40%
argon, and 10% carbon tetraflouride, and a chamber covers 10° or 20° in ¢.

The CSCs cover pseudorapidity 0.9 < |y| < 2.4, with the range 0.9 < |y| < 1.2 overlapping
with the barrel DTs. There are a total of 540 CSCs, arranged in the form of four endcap
rings (ME1-ME4) on either side of the interaction point. The total area covered by active
planes is about 5000 m?, the total gas usage is more than 50 m?, and the total number of
wires is about 2 million. Mean spatial resolutions in the range 45-134 um were reported in
2016, for the CSCs at different station and ring numbers [85].

In order to get a better time resolution, the DTs in the barrel and the CSCs in the endcaps
are complemented with resistive plate chambers (RPCs). RPCs are gaseous parallel-plate
detectors, with a double gap, operated in avalanche mode, having a central common strip
picking up the sum of the signal from both gaps. This double gap mode allows RPCs to
run at lower gas gains, and enhanced effective efficiency. The gas mixture used in RPCs
consists of 95.2% freon (CoHyFy), 4.5% isobutane (i-C4Hjp), and 0.3% sulphur hexafluoride
(SFe) [86], although efforts are being carried out to use environment friendly gas mix-
tures [87].

The RPCs cover a pseudurapidity range |77| < 1.9. In the barrel, they are arranged in four
stations (RB1-RB4), with the first two stations each sandwitching one DT station, whilst
the last two are only on the inner sides of DTs. In the endcaps, RPCs are arranged in four
rings (RE1-RE4) on either side. RPCs give a time resolution of about 3 ns, which nicely
complements the spatial resolutions from DTs and CSCs, and allows the input to be used
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for a muon trigger.

In addition to the above, several upgrades to the muon system are in progress, or planned
for the high-luminosity LHC. These upgrades include addition of a couple of gaseous
electron multiplier (GEM) detectors, a new station of CSCs next to the HCAL, and a new
station of improved RPCs (iRPC) in rings 3 and 4 each.

2.2.6 Trigger system and data acquisition

The LHC is designed to collide protons at a centre-of-mass energy of 14 TeV and instanta-
neous luminosity of 10 cm~2s~!. At this luminosity, an average number of 27 interactions
were recorded per bunch crossing in 2016 [74], with a bunch crossing every 25 ns. This
amounts to data being delivered by the CMS detector at a gigantic rate, and it is not practi-
cally possible to save and process all of this data. Keeping this in mind, an elaborate trigger
system has been set up at CMS [88], to select potentially interesting events, and discard the
rest. The CMS trigger is a two-tiered system, consisting of a Level 1 (L1) trigger and a
high-level trigger (HLT). A simplified schematic of the CMS trigger and data acquisition
system architecture is shown in Figure 2.14.
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Figure 2.14: A simplified schematic of the CMS trigger and data acquis-
tion system architecture. The L1 trigger reduces the data rate from the
original 40 MHz to 100 kHz. The HLT reduces it further to 100 Hz in the
original version, and 1 kHz in the currently operating system in Run 2.
This figure is taken from Reference [89].

The L1 trigger is implemented using dedicated hardware — field programmable gate arrays
(FPGA) and application specific integrated circuits (ASIC) — and gives a fix latency of 4 us.
The structure of the L1 trigger consists of a calorimetric trigger and a muon trigger, which
process trigger primitives (TP) from the calorimeters and muon detectors, respectively.,
in several steps. The calorimeter trigger consists of a regional calorimetric trigger (RCT),
which receives energy and quality flags from ECAL and HCAL, and a global calorimetric
trigger (GCT) which processes this information further. The muon trigger also consists of
a global muon trigger (GMT) which is fed information from RPC pattern comparator, as
well as DT and CSC track finders. Information from GCT and GMT is fed into a global L1
trigger (GT) which implements a trigger menu, a set of requirements for HLT algorithms.
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The L1 trigger reduces the original data rate of 40 MHz to 100 kHz.

The HLT is implemented in software and runs on a farm of computers. Its implementation
is based of the concept of HLT paths, which apply predefined algorithms in a specific or-
der, and perform a rough prompt reconstruction of physics objects, followed by application
of selection requirements on these objects The HLT reduces the data rate from 100 kHz to
1 kHz.

In order to make full use of the available resources, the concepts of data parking and data
scouting [90] have gained popularity in recent years. Data parking refers to the idea of
collecting and storing additional raw data, generally with looser trigger requirements, for
reconstruction when data-taking runs have finished, or the resources are free otherwise.
Data scouting applies a special strategy, recording limited information of the data that can
normally not be recorded on tape due to trigger rate constraints. This limited information
can then be used in simple analyses, and if something interesting is found, trigger menus
can be changed to look into similar data in more detail in the future.

2.2.7 Computing infrastructure

The data collected by the data acquisition system has to be stored, and processed after-
wards. The amount of data, even after reducing it by orders of magnitude using triggers,
is still enormous, and impossible for CERN to handle alone. Keeping this in mind, a dis-
tributed computing infrastructure has been set up with nodes all around the globe. This
computing infrastructure, called Worldwide LHC Computing Grid (WLCG) [91,92], is com-
mon to all LHC experiments, to maximise efficiency in resource usage. The WLCG has a
tiered structure with four levels. A schematic representation of the WLCG is shown in
Figure 2.15.

The CERN computing framework acts as a central Tier-0 (T0). The workflow of data at the
TO site includes acquiring raw data from data acquisition systems of experiments, archiv-
ing the raw data to magnetic tapes, distributing a copy to Tier-1 (T1) sites, performing a
prompt calibration followed by a first pass prompt reconstruction, and distributing the re-
constructed datasets to T1 sites. This distribution of raw and reconstructed data to T1 sites
is performed on a 10 Gb/s dedicated optical fibre network, called LHC Optical Private
Network (LHCOPN) [93].

T1 consists of 13 sites, located at large national centres. The functions of T1 sites include
receiving and archiving a copy of raw data from T0, providing substantial computing re-
sources for reconstruction, calibration, and extraction of data, storing the reconstructed
data, and distributing it securely to Tier-2 (T2) sites.

There are around 160 T2 sites in WLCG, and they are generally located in universities and
research centres. T2 sites have ample computing resources, but do not have a lot of storage
capability. Their purpose is, therefore, to provide computational resources for grid-based
analysis as well as generation of simulated event datasets. In addition to the above tiers,
additional local and cloud resources can be added as Tier-3 (T3) to enchance the capabilities
of the WLCG.
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Figure 2.15: A representation of the distributed computing infrastructure
used by the CMS experiment. The infrastructure is part of the Worldwide
LHC Computing Grid (WLCG), which has a tiered structure. The CERN
computing site acts as a central Tier-0, while Tier-1 is comprised 13 ded-
icated sites in different countries. Tier-2 is made up of nearly 160 sites
all around the globe, and further local cloud resources can be added as
Tier-3 sites. This figure is taken from Reference [92].
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CMS tracker alignment

A hundred thousand corrections —

This chapter discusses offline alignment of the
CMS tracker, and explains the techniques used
to execute such an alignment. Performance
of the alignment conditions derived for data
recorded in 2016, 2017, and 2018 is presented,
comparing the accuracy of alighments carried
out for reconstruction during data taking, at
the end of each year, and legacy reprocessing.
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s discussed in Chapter 2, at the heart of the CMS detector, is the idea of bending

moving charged particles using a magnetic field, and recording their tracks in or-

der to deduce their charge and momentum. According to design specifications, a
resolution of 1.5% should be achieved on the transverse momentum pt for 100 GeV muons.
Such pr resolutions require that the resolution of recorded hit positions when a charged
particle passes through the layers of the tracker be accordingly small. This hit-position
resolution depends on the intrinsic resolution of the sensors, as well as precise knowledge
about geometrical properties of the modules composing the tracker. These geometrical
properties may in general be different from the design values, owing to limited mounting
precision, effects of strong magnetic field, and so on. A complete set of parameters spec-
ifying the geometry of all the tracker modules is referred to as tracker geometry. Tracker
geometry is one of the most important inputs to track reconstructrion, and misalignment
in tracker geometry can potentially spoil an otherwise good hit-position resolution.

Reconstructed tracks are used in the CMS experiment to calculate momenta of charged
particles, identify unwanted particles not coming from the desired primary interaction —
called pileup — and form composite objects — called jets — made up of closely related
tracks originating from the decay of the same particle. These concepts are discussed in
detail in Chapter 4. Most, if not all, physics analyses performed at the CMS experiment
are therefore dependent on good track reconstruction, and it is imperative that tracker
geometry is aligned precisely. The analysis presented in this thesis also depends heavily
on tracks, and tracker alignment is a crucial ingredient to this analysis. The author was
involved deeply with the CMS tracker alignment group contributing to several campaigns,
including alignments for reconstruction during data taking, at the end of data-taking years,
and legacy reprocessing, all of which will be discussed in the following sections.

Owing to the high amount of precision required and limited accessibility inside the CMS
detector, physical alignment of the tracker modules is not practically possible. Tracker
geometry is therefore determined using a track based alignment procedure [94], and this
knowledge is used during reconstruction.

3.1 Track based alignment

In order to understand possible misalignments of the modules in the CMS tracker, let’s
start by considering a toy tracker, consisting of four one-dimensional layers, as shown in
Figure 3.1. In the ideal case, the layers are perfectly aligned, and the track hit positions are
accurately known. However, the tracker can be misaligned, and the position, orientation,
and shape of one or more layers might be different from the ideal case. Since we do not
know these differences a priori, it is impossible to correct for them in advance.

In the CMS tracker, the modules can have three translational shifts, denoted by u, v, and w,
and three rotations, denoted by «, 5, and . In addition, the shape of modules might de-
viate from the ideal planar surface because of stress after mounting, or single-sided silicon
processing. In order to encode deformations in shape, (modified) Legendre polynomials
are used to model the shape of sensors, and three additional alignment parameters are
added. There are hence nine alignment parameters per sensor, and multiplying this by the
number of sensors gives 200,000 alignment parameters in total. The determination of such
a large number of parameters requires a large amount of information.
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Figure 3.1: A schematic showing possible misalignment scenarios for a
simple toy tracker, consisting of four layers. An ideal tracker, with no
misalignments, is shown on the left, while trackers with translational,
rotational, and shape misalignments are shown on the left-middle, right-
middle, and right, respectively.

The idea of track based alignment is to calculate track-hit residuals, as shown in Figure 3.2,
and form a x? over many tracks:

tracks hits o f N 2
Xpa=3Y Y <m]{7](pq])> : (3.1)
F if
where p is the set of alignment parameters that we want to determine, q; is the set of pa-
rameters describing the j-th track, m;; and f;; are the measured and predicted hit-positions,
respectively, and 0j; is the corresponding uncertainty. Forming x*(p, q) over a significantly
large number of tracks, and minimising it can determine the sought-after alignment pa-
rameters.

Figure 3.2: A schematic showing calculation of track-hit residuals in the
misaligned toy tracker of Figure 3.1 (left-middle). The yellow circles indi-
cate physical hit positions, whilst the solid and dashed curves represent
the actual and reconstructed tracks, respectively. Track-hit residuals are
calculated as the distance between the physical hit positions and the hit
positions predicted by the reconstructed track.

In order to perform a full determination of alignment parameters, information from tens
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of millions of tracks is required. Therefore, datasets with a large number of tracks are
typically used for alignment. Computationally, the problem is linearised, assuming the
alignment corrections to be small, and transformed into a system of linear equations. This
system is solved using the MILLEPEDE II algorithm [95], which utilises block matrix al-
gebra to benefit from the special structure of the matrices involved. In order to further
optimise computational performance, the MILLEPEDE II algorithm proceeds in two steps.
Firstly, residuals are calculated for all tracks and the relevant module hits, inside the CMS
software framework [96]; this step can be performed in parallel for different tracks. In
the second step, these residuals are combined and the minimisation is performed in an
experiment-independent program.

Different hierarchical levels of granularity can be selected while performing alignment of
the CMS tracker with the MILLEPEDE II algorithm. A high-level alignment only tries to
align positions and orientations of the high-level structures, such as half-barrels of the strip
tracker and BPIX layers, and FPIX half disks. A module-level alignment, on the other hand,
aligns all modules and sensors in addition to the high-level structures. A module-level
alignment is much more accurate than a high-level alignment, but executes quite slowly
compared to the latter. There is also an intermediate level, called ladder-blade-level, in
which the modules are assumed to be fixed, whilst the ladders and blades on which the
modules are mounted are aligned, in addition to the high-level structures.

3.1.1 Weak modes

There are certain coherent distortions of the tracker geometry which leave the x? invari-
ant, or almost invariant, in an alignment. This can happen if the change in alignment
parameters, Ap, is compensated by a change in track parameters, Aq;. These distortions
are called weak modes for the alignment. Since geometries transformed by weak modes
have the same x?, it is hard to identify and remove them via a standard minimisation of x?.
Weak modes introduce biases in the track model, which may contribute significantly to the
systematic uncertainty of kinematic properties derived from the reconstruction of the track.

The most trivial example of a weak mode is a translation of the whole tracker. If tracks were
reconstructed under the (rather silly) assumption that the tracker was moved to Paris, with-
out any relative movement between the modules, the residuals would remain unchanged,
leaving the x? invariant. Other systematic deformations, which may act as weak modes for
an alignment, are shown in Figure 3.3. Owing to the cylindrical symmetry of the tracker,
these systematic deformations can be expressed by module displacements Ar, Az, and A¢
as functions of the coordinates 7, z, and ¢.

Weak modes can be mitigated by including additional constraints and special datasets in
the MILLEPEDE II algorithm. One of these is the use of cosmic ray tracks, that break the
cylindrical symmetry and help remedy the telescope, layer rotation, elliptical, skew, and
sagitta weak modes, shown in Figure 3.3. Straight tracks, recorded with the magnetic field
turned off, can be utilised. Other constraints include information about the vertex from
which the tracks originated, and knowledge about the invariant mass of the particle whose
decay products are recorded as tracks. As a typical example, datasets with events where Z
bosons decay into ut ™ pairs are employed, and the invariant mass of the Z boson is used
as a constraint, to diminish the effect of the twist weak mode, shown in Figure 3.3.
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Figure 3.3: Systematic first-order deformations which may act as weak
modes for an alignment. Weak modes leave the x? invariant, and are
therefore hard to detect. They can be remedied by using special datasets
and additional constraints during alignment.

3.2 Alignment performance during Run 2

During Run 2 of the LHC operation, the CMS tracker was aligned regularly, with vary-
ing levels of granularity and complexity, depending on the amount of available time and
resources. The most frequently executed alignment is a high-level alignment of the pixel
tracker — in an automated framework called prompt calibration loop (PCL) [97] — which
is performed while collision events are being recorded. Better alignments are required after
mechanical movement of modules, or changes in tracker pixel calibration. At the end of
each data-taking year, a more detailed alignment was carried out for re-reconstruction of
recorded events. At the end of Run 2 in 2018, the CMS experiment started a campaign
for legacy reprocessing of datasets compiled during Run 2. For this purpose, an improved
alignment was performed for data recorded during 2016, 2017, and 2018, building on the
complexity of the end-of-year alignments.
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In order to assess the performance of an alignment, various validation techniques are used.
Some of these validation techniques, along with performance of Run 2 alignments carried
out for reconstruction during data taking, at the end of each data-taking year, and legacy
reprocessing, are discussed in the following sections. The author was part of the effort to
investigate the performance of Run 2 alignments, and most of the results presented in the
following sections are publicly available in Reference [98].

3.2.1 Geometry comparison

A comparison between tracker geometries before and after alignment can give useful infor-
mation about how the geometry changed, following an alignment. As an example, differ-
ences between module positions after legacy reprocessing alignment and alignment during
data taking, as functions of the coordinates 7, z, and ¢, are shown in Figure 3.4. Erratic
spread of points indicates random misalignments between the two geometries, whilst pat-
terns in the distributions of differences, like the modulations visible in the ¢-distributions,
might indicate weak modes that have been remedied in the legacy reprocessing alignment.
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Figure 3.4: Comparison of tracker geometries, derived for reconstruction
during data taking and legacy reprocessing, for 28 May 2018. Each point
represents a module, and the colours correspond to different subdetec-
tors. General spread of the points indicates random misalignments be-
tween the two geometries, whilst correlated patterns, like the modula-
tions visible in the ¢-distributions, may hint towards weak modes that
have been fixed in the legacy reprocessing alignment.
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3.2.2 Distribution of the median of the residuals (DMR)

Since the MILLEPEDE II algorithm minimises a x? formed from the residuals, the precision
and accuracy of an alignment can be assessed by utilising information from residuals cal-
culated for tracks not used in alignment. Residuals are calculated over millions of tracks,
and for each module, the median of the residuals is chosen. Measures of goodness of the
alignment can be derived from the distribution of these medians over all the modules. As
an example, the distribution of the median of the residuals for alignments during data
taking, end-of-year re-reconstruction, and legacy reprocessing, on a day in summer 2017, is
shown in Figure 3.5. A narrow distribution peaking at zero indicates a good alignment, and
the distributions clearly indicate better performance of the legacy reprocessing alignment,
especially in pixel subdetectors, which are more sensitive to changes in external conditions.

Evolution of the mean value of the DMRs y, and the difference in mean values for the
modules with electric field pointing radially inwards or outwards Ay, during Run 2 of
the LHC, is shown in Figure 3.6. u is an index of accuracy of the alignment, whilst Au
is an index of goodness in recovering Lorentz angle effects. The trends clearly indicate
the improved accuracy and stability of the legacy reprocessing alignment compared to
alignments during data taking and end-of-year re-reconstruction.
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Figure 3.5: Distribution of the median of the residuals, as a function of
the local x-coordinate, for the tracker subdetectors, during 15 July 2017.
The blue, red, and green distributions correspond to alignments for data
taking, end-of-year re-reconstruction, and legacy reprocessing, respec-
tively. A Gaussian is fitted to the distributions, and the means y and stan-
dard deviations ¢ are quoted in the legend. The distributions demon-
strate the improvement of legacy reprocessing alignment compared to
alignments during data taking and end-of-year re-reconstruction.
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Figure 3.6: Evolution of the mean value of the DMRs (top), and the dif-
ference in mean values for the modules with electric field pointing radi-
ally inwards or outwards (bottom), with processed luminosity. The blue,
red, and green trends correspond to alignments for data taking, end-of-
year re-reconstruction, and legacy reprocessing, respectively. The solid
vertical lines indicate the start of a new data-taking year, whilst the dot-
ted vertical lines represent changes in pixel calibration conditions. The
trends demonstrate the improved accuracy for legacy reprocessing align-
ment compared to the other alignments. This figure is publicly available
in Reference [98].

3.2.3 Primary vertices validation

In the primary vertices validation method, a track is selected, and the primary vertex is
reconstructed after removing this track. The impact parameter of the selected track is then
calculated with respect to the newly reconstructed primary vertex. This is done for all
tracks, and the means of the impact parameters in the transverse plane d.,, and in the
longitudinal direction d, are recorded in bins of the track azimuth ¢ and pseudorapidity 7.

Mean track-vertex impact parameter for alignments during data taking, end-of-year re-
reconstruction, and legacy reprocessing, averaged over all data-taking cycles in Run 2,
after scaling by the corresponding luminosity is presented in Figure 3.7, whilst Figures 3.8,
3.9, and 3.10 show comparison between impact parameters during different years for each
alignment. Evolution of the RMS of the average impact parameter, during Run 2 of the
LHC operation, is demonstrated in Figure 3.11.
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Figure 3.7: Mean track-vertex impact parameter, averaged over all data-
taking cycles in Run 2, after scaling by the corresponding luminosity.
Modulations visible in the alignments for data taking and end-of-year
re-reconstruction are improved by legacy reprocessing alignment. This
figure is publicly available in Reference [98].
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Figure 3.8: Mean impact parameter for alignment during data taking,
split into the three years. Tracking performance during 2017 is partic-
ularly deficient owing to the commissioning period of the new pixel
tracker [77]. This figure is publicly available in Reference [98].
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Figure 3.9: Mean impact parameter for end-of-year re-reconstruction
alignment, split into 2016, 2017, and 2018. Tracking performance during
2017 is particularly deficient owing to the commissioning period of the
new pixel tracker [77]. This figure is publicly available in Reference [98].
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Figure 3.10: Mean impact parameter for legacy reprocessing alignment,
split into 2016, 2017, and 2018. Radiation effects in the high pseudora-
pidity region cannot be fully fixed by alignment. Therefore, there are
deviations from the ideal case value of zero. This figure is publicly avail-
able in Reference [98].
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Figure 3.11: Evolution of the RMS of the average impact parameter. The
RMS values are significantly lower for legacy reprocessing alignment

than the other alignments.

Sub-optimal tracking performance, during

the commisioning of the new pixel tracker [77], is visible at the start of

2017. This figure is publicly

available in Reference [98].
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3.2.4 Z — u"u~ validation

Reconstructing a Z boson using a pair of muon tracks, and studying the reconstructed
mass as a function of kinematic variables can give useful infomation about weak modes.
Visible modulations in the mean Z boson mass as a function of the angular variables of the
muon tracks typically indicate the presence of a twist weak mode. The mean reconstructed
Z boson mass for alignments during data taking, end-of-year re-reconstruction, and legacy
reprocessing, as a function of various angular variables is shown in Figure 3.12. Unifor-
mity in the reconstructed Z boson mass is improved in the legacy reprocessing alignment
compared to the other alignments, indicating mitigation of the twist weak mode.
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Figure 3.12: Mean reconstructed Z boson mass, in utu~ events, as a
function of: the azimuthal angle ¢ of the positively charged muon (top-
left) and the negatively charged muon (top-right), the difference in pseu-
dorapidity of the positively and negatively charged muons (bottom-left),
and the angle cos(6cs) in the Collins-Soper frame of the reconstructed
Z boson (bottom-right). Uniformity in the reconstructed Z boson mass
is improved in the legacy reprocessing alighment as compared to align-
ments for data taking and end-of-year re-reconstruction. This figure is

publicly available in Reference [98].
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Event simulation,
reconstruction, and
boosted topology
techniques

A simulation of reality —

This chapter elucidates Monte Carlo simula-
tion of events, and overviews the available event
generators. Reconstruction of physics objects
from recorded data, using the particle-flow al-
gorithm, is explained. Boosted topology tech-
niques, such as jet grooming and jet substruc-
ture, are discussed, keeping in mind their rele-
vance to the analysis presented in this thesis.
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he interaction of particles in a high-energy physics collider experiment is inher-
ently non-deterministic in nature. Therefore, in order to understand the processes
involved, and compare the predictions of theory with experiment, Monte Carlo
(MC) computational algorithms [99] are used to simulate the processes occurring in our
detector. The resulting simulated events are processed via the same reconstruction routines
as used for physical data from the detector. In this manner, like-for-like comparisons can
be made between Monte Carlo simulated events and events recorded by the CMS detector.

4.1 Event simulation

Simulating proton-proton collision events is a complicated task involving many steps. It
is therefore not performed within one program, but several programs, each specialising in
a component of the simulation process. The components of generating simulated proton-
proton collision events are shown in Figure 4.1. At the heart of these components is a hard
scattering process between quarks and gluons, called partons, coming from the colliding
protons. Parton distribution functions are used to describe the distribution of the proton
longitudinal momentum amongst the partons. The final-state partons from the hard pro-
cess undergo decays and partonic showering, followed by formation of hadrons, which
decay into lighter stable hadrons that interact with the detector. In addition to the primary
interaction, further partons from the incoming protons may interact to form an underlying
event, and particles from other proton-proton interactions in the same, or different, bunch
crossing may contaminate the final decay products.

4.1.1 Hard scattering

The essence of the physical theory that we are interested in is encapsulated in the hard
scattering process. At high momentum transfer, the hard scattering process can be calcu-
lated in perturbation theory using Feynman diagrams. In order to do so, a matrix element
M, which is the probability amplitude to transition from a given initial state to a specific
final state, is calculated using Feynman rules for the underlying theory.

The matrix element can then be integrated over the Lorentz invariant phase space (LIPS) to
obtain the required cross section. For a two to n particle scattering, with four-momenta p,
and py,, and masses m, and my, of the incoming particles, and four-momenta k; and energies
U; of the outgoing particles, the cross section is given by:

1 GO S W) g
a cee n 7
4\/(pa “pp)? —m3 - mg =1 (272U
(4.1)
where |M?| is the matrix element squared, averaged over unmeasured particle spins; and
6% is the four-dimensional delta function.

Uab—X =

In addition to the Feynman diagram with the least number of strong interaction vertices,
called the leading order (LO) diagram, more complicated diagrams where gluons are ra-
diated, or radiated and reabsorbed forming loops, need to be considered. These diagrams
successively increase the number of strong vertices, each of which contributes a power of
the strong coupling constant as to the calculated cross section. Since ag is small at high
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e Incoming protons

e Underlying event

e Hard scattering
e Partonic decays

e Shower evolution

e Hadronisation

Figure 4.1: Components involved in simulating proton-proton collision
events. A hard scattering process (black) occurs between partons from
the colliding protons (orange), whilst further interactions between other
partons from the protons contribute to the underlying event (blue), and
beam remnants (pale blue) are left out. The partons generated from the
hard scattering undergo decay (red), and radiate gluons which form a
partonic shower (magenta). The shower continues to grow until hadroni-
sation (green) occurs, and the formed hadrons decay into lighter hadrons
(yellow) which are detected in the CMS detector. QED radiations (grey)
may also be emitted by the initial and final-state partons.

momenta, a perturbation series in terms of ag can be formed. Including terms with addi-
tional powers of ag gives rise to next-to-leading order (NLO), next-to-next-to-leading order
(NNLO), and so on, cross sections. Adding more terms to the calculation not only makes it
computationally more expensive, but also introduces divergences that have to be handled
carefully.

Analogous orders of calculations can be defined with respect to QED. However, higher
order QED corrections are a much smaller effect as compared to QCD, owing to the fact
that the fine structure constant « is much smaller than «g at the relevant energies.

4.1.2 Parton distribution functions

We cannot collide isolated partons in the hard scattering, and collide protons instead, at
the LHC. Therefore, the four-momentum of a parton is an unknown fraction of the total
proton momentum. Furthermore, as a consequence of the non-deterministic nature, it is
impossible to exactly predict the parton momentum fraction. The best we can do is describe
the probability density of finding a quark or a gluon with a given longitudinal momentum
fraction x. The functions describing the aforementioned probability density for the valence
and sea quarks, and gluons, are called parton distribution functions (PDFs).

PDFs cannot be calculated from first principles, and are derived by fitting to data ob-
tained from deep inelastic scattering experiments, as well as other SM processes, at a spe-
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cific energy scale, and propagating them to the required scale using a set of differential
equations called Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations. There are
many available formulations of PDFs, the most common of which is the neural network
based NNPDF set [100,101]. Figure 4.2 shows the PDFs derived for various quarks and
gluons at energy scales 10 GeV? and 10* GeV? in the NNPDF3.1 set. A slightly older ver-
sion, NNPDEF3.0, is used in the generation of simulated events in this analysis.
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Figure 4.2: Parton distribution functions, evaluated by the NNPDF col-
laboration, depicting the probability density for finding quarks and glu-
ons with a longitudinal momentum fraction x, at resolution scale 10 GeV?
(left) and 10* GeV? (right). This figure is taken from Reference [101].

Using the parton scattering cross section of Equation 4.1 and the derived PDFs, the cross
section of producing a final state X from proton-proton collisions is given by:

Opp—X = Z/Uabﬁx(sz V%{) 'fa(xu/ ,u123) ‘fb(xb/ ,u%) - dx,dxy, (4.2)
a,b

where s is the centre-of-mass energy, a and b represent parton flavours, and x, and x;, are
the respective longitudinal momentum fractions. ag entering the matrix element in o;,_,x
is taken at an energy scale called renormalisation scale ug, as discussed in Section 1.2,
and PDFs are evaluated at an energy scale called factorisation scale yp. The choice of the
selection of yr and pr is arbitrary, and in general, they are taken to be equal to each other,
equal to the combined invariant mass of the final-state particles in an s-channel process,
and equal to the transverse momentum in case of massless particles.

4.1.3 Parton showering

The initial and final-state partons can radiate gluons — which possess lower energy than
the hard scattering partons — called initial-state radiation (ISR) and final-state radiation
(FSR), respectively. These gluons can subsequently radiate more quarks and gluons, and
so on, multiplying the number of partons, each having lower energy. This continues until
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the energy drops down to ~1 GeV, when the partons start combining to form a shower
of colourless hadrons. Such a shower, which is generally contained in a cone around the
original parton, is called a jet.

In order to compute the shower evolution, a matrix element approach can be used at
higher energies. However, at lower energies, perturbation theory is not applicable since
ag becomes large, and Sudakov form factors are used for simulating the shower develop-
ment [102,103]. The calculation of parton shower can be factorised from the matrix element
evaluation, and can therefore be performed separately, irrespective of the hard scattering.
Care must, however, be taken when combining a parton shower calculation with a hard
scattering evaluated at higher orders. In order to avoid double counting of radiative emis-
sions, merging and matching algorithms, such as MLM [104] and FxFx [105], are utilised.

4.1.4 Hadronisation

As the energy of the partons drops during the shower development, the partons start to
cluster into colour-neutral hadrons. At this point, perturbation theory has already fallen
apart in describing the strong interactions of the partons. Therefore, in order to describe
hadronisation, phenomenological models are used. The most commonly used hadronisa-
tion models are the Lund string model [106,107] and the cluster model [108].

The Lund string model assumes that the potential between two colour-charged objects
grows linearly with the distance between them. Hence, a string can be imagined between
two partons. When the energy of the string crosses a threshold, the string breaks, and
a new quark-antiquark pair is formed. The generated partons combine with the already
present partons to form colour-neutral hadrons. This processs continues until there are no
colour-charged partons remaining in the shower.

The cluster model assumes that all gluons in the shower necessarily decay into quark-
antiquark pairs. The neighbouring colour-connected quarks and antiquarks can then be
combined to form colourless clusters with a computable mass distribution. The hadrons
generated in both schemes include unstable hadrons, and they can decay into secondary
stable hadrons that interact with the detector. A number of parameters can be tuned in
both hadronisation schemes, to better mimic the production of hadrons that we observe in
the data recorded by the CMS detector.

4.1.5 Underlying event

The nuisance of performing experiments with a hadron collider is that hadrons are com-
posite objects. As a consequence, there are secondary interactions amongst further partons
from the colliding hadrons, in addition to the ones involved in the hard scattering. These
secondary interactions form an underlying event (UE) that needs to be incorporated as
well. The UE increases the number of particles in the hadronisation step, and is simulated
using phenomenological models that can be tuned to match the data.

4.1.6 Pileup

As discussed in Chapter 2, the LHC collides two bunches of 10!! protons every 25 ns in
Run 2 of its operation. The event that we are interested in usually comes from one proton-
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proton collision. It is, however, quite likely that the recorded event is contaminated by
products of additional proton-proton collisions. This effect is called pileup, and it may
be because of additional interactions in the same bunch crossing, called in-time pileup, or
previous or subsequent bunch crossings owing to a finite temporal resolution, called out-of-
time pileup. The effect of pileup is modelled in simulation by adding events passing very
loose selection criteria, called minimum bias events, and subsequently adding corrections
to simulation to reweight the number of pileup events to the one in the data recorded by
the CMS detector.

4.1.7 Monte Carlo event generators

In order to accomplish the complicated simulation tasks discussed above, several Monte
Carlo event generators are used. Some of them are generic, and can perform multiple tasks
independently. However, most Monte Carlo event simulation routines employ multiple
generators working in tandem. Generally, the hard scattering, including the calculation of
the matrix element, is computed at NLO precision by specialised frameworks, and the out-
put is interfaced with another framework, simulating parton shower, hadronisation, and
underlying event. To make the interfacing seemless, a set of principles, called Les Houches
accord [109], has been agreed upon, and a common Les Houches event (LHE) data format
is used.

MADGRAPH5_aMc@NLO [110] is one of the most commonly used event generators to com-
pute matrix elements, at LO as well as NLO precision. In order to avoid a possible double
counting between real emissions at NLO and hard emissions in the parton shower, a ded-
icated matching is performed, which may assign negative weights to some events to predict
the correct distributions for the full simulation sample. While using MADGRAPH5_aMC@NLO,
spin correlations in heavy particle decays can be taken into account by interfacing with a
module called MADSPIN. In the analysis presented in this thesis, MADGRAPH5_aMC@NLO
v2.4.2 is used to simulate the signal process, whilst v2.2.2 is used to simulate the W+jets
process, which serves as a major background. Details of the simulated datasets, along with
the event generators used to produce them, are discussed in Chapter 5.

Another common framework used to generate events at NLO precision in QCD is POWHEG
(positive weight hardest emission generator) [111-113]. POWHEG circumvents assigning
negative weights to events, and needs to be interfaced with a parton shower generator pro-
viding pr-ordered showers. In the analysis presented in this thesis, PowHEG v2.0 is used to
generate tt and single top quark background processes.

PyrHiA [114,115] is a versatile event generator, which can not only perform matrix element
calculation but also parton showering, hadronisation, and underlying event simulation.
However, since PyrHiA only allows a LO calculation of matrix elements, the matrix ele-
ment is calculated in one of the above mentioned generators, and PyTHIA is subsequently
used for parton showering, hadronisation, and underlying event simulation. The parton
showering in PyTHIA is pr-ordered, the hadronisation is performed in the Lund string
model, and different sets of tuning parameters are used. The analysis presented in this the-
sis utilises PyTH1A v8.212 for parton showering and hadronisation, with CUETPSM1 [116]
and CUETP8M2T4 [117] underlying event tunes.
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4.1.8 Detector simulation

Once the event generators produce the final state elementary particles and hadrons, their
interaction with the detector needs to be simulated. The interactions of the generated
particles with the CMS detector — analogous to the interactions of the real particles, as
discussed in Chapter 2 — are replicated in the GEANT4 framework [118,119]. The GEaNT4
framework models the CMS detector, and the response of the subdetectors and the readout
electronics chain is simulated on the generated events. This process ends up giving data
in the same format as is recorded by the CMS data acquisition system, and the same
reconstruction routines can be run for like-to-like comparisons.

4.2 Event reconstruction

The signals from the read-out electronics of the subdetectors are in the form of hits. These
hits need to be converted into constructs that represent physical objects. In order to do this
efficiently, utilising information from all the subdetectors simultaneously, the CMS exper-
iment uses the particle-flow (PF) algorithm [120-122]. The premise of the PF algorithm is
that the presence or absence of a signal in the various subdetectors can be linked together
to better identify and distinguish physics objects.

The algorithm starts by reconstructing trajectories in the tracker, recreating vertices, and
clustering energy deposits in the calorimeters, forming PF elements. PF blocks are then
formed by extrapolating and linking the PF elements to one another. The list of blocks thus
formed is the input for the iterative reconstruction and identification of particles. Since
muons are easily identified, they are reconstructed first, and the corresponding blocks are
removed from the subsequent reconstruction steps. Electrons and photons are identified
next, and the corresponding blocks are removed from the list, followed by the recontruction
of charged and neutral hadrons, and jet clustering can be performed in the final step. Pileup
mitigation can be naturally incorporated into the PF algorithm, and excellent reconstruction
efficiency can be obtained [120]. The details of the reconstruction of different physics
objects is described in the following sections.

4.2.1 Track reconstruction

As discussed in Chapter 3, the essence of the CMS detector is the bending of moving
charged particles using a magnetic field, and recording their trajectories, which can then
be used to determine their charge and momentum. In order to reconstruct the tracks of
charged particles from the hits in the pixel and strip trackers, the combinatorial track finder
(CTF) algorithm is used. The CTF algorithm utilises an extended application of Kalman
filters [123-125], reconstructing tracks iteratively.

The iteration begins with hits in the innermost pixel tracker layers, and tries to reconstruct
tracks with the largest pt. The hits corresponding to the successfully reconstructed tracks
in each iteration are removed from the subsequent iterations. Every iteration comprises
four steps: The first step produces a track seed, which is a combination of two or three
pixel or strip hits. The tracks seed is used to initialise track parameters for the proposed
track. The second step utilises Kalman filters to extrapolate tracks to more tracker layers,
with the possibility of adding compatible hits and updating the predictions of the Kalman
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filter. The third step employs a refined Kalman filter to perform a better fit to the selected
hits, removing outliers in the process. The final step is quality assessment, in which the
tracks that do not satisfy quality requirements, such as a minimum number of hits and a
certain XZ per degree-of-freedom for the track fit, are removed.

During the reconstruction of the tracks, misalignments in tracker geometry are taken into
account by performing an offline tracker alignment, as discussed in Chapter 3.

4.2.2 Beam spot reconstruction

Collisions between protons when the beams cross do not occur at one point, but at differ-
ent points within a small region near the centre of the detector. Beam spot refers to the
luminous region produced by these collisions. The beam spot is characterised by a cen-
tral position and a spread. Determination of the beam spot is important since it is used,
amongst other things, as an input to vertex reconstruction and identification of bottom
quarks. The beam spot is calculated using the dy-¢ algorithm [126], which is a robust X2 fit,
utilising the correlation between the track impact parameter dy and its azimuthal angle ¢.

4.2.3 Vertex reconstruction

In order to know the position from where a set of tracks originates, as well as to iden-
tify unwanted tracks with a different origin, vertex reconstruction is performed. Vertices
are reconstructed in three steps: Firstly, tracks close to the centre of the beam spot and
passing quality requirements are selected. The selected tracks are then clustered, using a
deterministic annealing (DA) algorithm [127], according to their distance in the z-direction
from the centre of the beam spot, at the time of closest approach. Subsequently, the vertex
candidates with two or more associated tracks, are fitted using an adaptive vertex fitter
(AVF) [128]. As a result of these steps, we obtain the position of the reconstructed vertex
as well as probabilities of the corresponding tracks to be associated with the vertex.

The primary vertex (PV) in an event is defined as the vertex with the largest ) ; p%’i, where
pr, is the transverse momentum of the i-th track associated with the reconstructed vertex,
scaled by the corresponding goodness-of-fit. Vertices other than the PV are useful for
mitigation of pileup, since tracks originating from these vertices can be removed, keeping
only the tracks from the PV.

4.2.4 Muon reconstruction

Since muons have signatures that can be easily identified, they are reconstructed first.
Muons are identified using trajectories reconstructed in the tracker, called tracker tracks,
and in the muon system, called standalone-muon tracks. Depending on the order in which
these tracks are considered, there can be two approaches to reconstruct muons. In the
“inside-out” approach, each tracker track is propagated to the muon sytem, and a com-
patible matching is found with hits in DT or CSC segments. Muons reconstructed in such
a way are called tracker muons. On the contrary, global muons are reconstructed in the
“outside-in” approach, where standalone-muon tracks are matched with tracker tracks, us-
ing a Kalman filter fit.
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The analysis presented in this thesis utilises high-pr muons, and there are several quality
requirements imposed on the selected muon candidates [85]. The candidate must have
been reconstructed as a global muon, with at least one muon-chamber hit included in
the global-muon track fit, to suppress hadronic punch-through and muons from decays in
flight. It is required to have muon segments in at least two muon stations and a relative
pr uncertainty of less than 30%. In order to suppress cosmic muons and further suppress
muons from decays in flight, its tracker track is required to have a transverse impact pa-
rameter dy, < 2 mm and a longitudinal distance d, < 5 mm with respect to the PV. To
ensure a good pr measurement, the candidate is required to have nonzero number of pixel
hits and greater than five tracker layers with hits.

In addition, a requirement on the relative isolation of the muon candidate is applied. The
muon is considered isolated if the scalar sum of the pr of tracks from the primary vertex
within AR = /(An)? + (A¢)? = 0.3 of the muon is less than one tenth of the pr of the
muon. In order to determine the momentum of the muons, CMS utilises the Tune-P algo-
rithm [86], which has been validated using cosmic ray muons, muons from proton-proton
collisions, and MC simulations.

The efficiency associated with the final reconstructed muon object contains several com-
ponents, including efficiencies of track reconstruction, muon reconstruction and identi-
fication, relative isolation, and triggers. The reconstruction, identification, and isolation
efficiencies were studied with the tag-and-probe method [85]. The efficiency was found to
be above 95% for every case, in the entire range of values of 17 and ¢ [85].

4.2.5 Electron reconstruction

Since electrons are light compared to muons, and lose a lot of energy in the tracker due
to bremsstrahlung, their reconstruction is relatively complicated. However, analogous to
the muons, the signatures of electrons include tracker tracks as well as energy deposits in
the ECAL crystals, and there are two approaches to reconstruct them. In the ECAL-driven
approach, highly energetic ECAL superclusters (SC), as discussed in the paragraphs below,
are matched to tracker tracks. The ECAL-driven approach works efficiently for high-pr
electrons. On the other hand, the tracker-driven approach uses tracker tracks and matches
them to ECAL superclusters using a calorimeter-unbiased seed algorithm. The tracker-
driven approach works effeciently for low-pr electrons.

The clustering of the energy deposits in the ECAL starts by considering the crystal with the
highest energy deposit, which acts as a seed. Seeds are used to form topological clusters
that are subsequently grouped together to construct the so-called moustache superclusters.
Moustache superclusters are used in both the ECAL-driven and the tracker-driven electron
reconstruction. The excessive bremsstrahlung of electrons changes the curvature of the
tracks, and only a few hits may be recorded in the tracker. Hence, the track fit has a large
)(2, and it is hard to match the ECAL hits with the tracker tracks using the standard Kalman
filter procedure. Therefore, a Gaussian sum filter (GSF) [129] is used, which correctly takes
the energy loss into account.

In order to estimate the momentum of electrons, a combination of tracker and ECAL mea-
surements is used [130]. A weight w is defined using a regression technique that combines
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the track momentum p with the estimated supercluster energy Esc as:

Pcomb = Wp + (1 — ZU)Esc. (43)

The analysis presented in this thesis utilises high energy electron pairs (HEEPv70) identi-
fication [130], wherein several quality requirements are imposed on the selected electron
candidates. The pt of the candidates is always required to be greater than 35 GeV, and
the candidate must be ECAL-driven, whilst slightly different requirements are imposed
on other variables based on whether they are reconstructed in the barrel or the endcap
regions. Electron candidates in the transition region between the barrel and the endcaps
(144 < |n| < 1.57) are rejected, to avoid low quality reconstruction due to a gap where
services and cables are housed.

The barrel region extends up to || < 1.44. Electrons reconstructed in the barrel region
are required to have the absolute difference between 5 of the seed cluster and the track 7
extrapolated from the innermost track position to the position of the closest approach to
the supercluster (A73¢9) less than 0.004. The absolute difference in the corresponding ¢

m

(Agseed) is required to be less than 0.06. The energy deposited in the HCAL should be less

m

than 1 GeV + 5% of the energy deposited in the ECAL.

The energy deposited in a 2 x 5 crystal array around the seed crystal should be greater than
0.94 times the energy deposited in the 5 x 5 array, or the energy deposited in a 1 x 5 array
should be greater than 0.83 times the energy deposited in the 5 x 5 array. The isolation
based on the ECAL and HCAL clusters in the first layer with AR = 0.3 should be less than
2+ 0.03pt + 0.28p, where p is the average pileup density in the event. The scalar sum of
the pr of the tracks within AR = 0.3 of the electron is required to be less than five times
the pr of the electron. There should not be more than one lost hits in the inner layer, and
the transverse impact parameter is required to be smaller than 0.02 cm.

The endcaps cover a range of 1.57 < |y| < 2.5. Electrons reconstructed in the endcaps are
required to have a A7 less than 0.006, and A¢:ed less than 0.06. The energy deposited
in the HCAL should be less than 5 GeV + 5% of the energy deposited in the ECAL.

The width of the shower surrounding the electron (0jyi;) should be less than 0.03. The
isolation based on the ECAL and HCAL clusters in the first layer with AR = 0.3 should be
less than 2.5 + 0.28p for pr < 50 GeV, and less than 2.5 + 0.03(pr — 50) + 0.28p otherwise.
The track based relative isolation is required to be less than 5, as in the case of barrel
electrons. There should not be more than one lost hit in the inner layer, and the transverse
impact parameter is required to be smaller than 0.05 cm.

4.2.6 Photon and hadron reconstruction

Since photons are electrically neutral, they do not leave a track inside the tracker. ECAL
clusters which cannot be matched to a tracker trajectory, and cannot be associated to
bremsstrahlung from a track, are reconstructed as isolated photons. The reconstruction of
isolated photons is analogous to electron reconstruction, without any track in the tracker.
Subsequently, the remaining ECAL and HCAL energy deposits without any associated
tracker trajectories are assumed to be from either neutral hadrons, like neutrons or KO,
or nonprompt photons from decay of ’. These clusters are made candidates for neutral
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hadrons, and if any ECAL and HCAL clusters can be linked, they are considered deposits
from the same neutral hadron in both detectors.

Energy deposits in the HCAL which can be associated to tracker trajectories are assumed
to be from charged hadrons, like protons, ™, or K+, and the corresponding clusters are re-
constructed as charged hadrons if the deposited energy is compatible with the momentum
of the associated tracks. In case the energy is significantly lower than the momentum of
the associated tracks, the possibility of energy deposits from high-pt muons is considered,
and a second pass at reconstructing previously ill-reconstructed muons is performed.

4.2.7 Jet reconstruction

As discussed in Section 4.1, the quarks and gluons stemming from the hard interaction
undergo parton showering and hadronisation, and form a collimated shower of particles
which are detected by the CMS detector. In order to deduce the properties of the parent
parton, these PF objects are clustered into a jet. Various algorithms can be used to sys-
tematically cluster the objects into jets. However, all jet clustering algorithms should obey
certain requirements. In particular, the algorithms are required to be infrared and collinear
(IRC) safe. Infrared safety refers to the fact that the clustering should be robust against soft
emissions, and collinear safety demands that the final clustering output remains invariant
following a collinear splitting of the constituents. The necessity for IRC safety is demon-
strated in Figure 4.3.

Figure 4.3: An example configuration of jets (left), demonstrating the ne-
cessity for infrared and collinear safe jet clustering algorithms. A jet
clustering algorithm should be robust against soft emissions which try
to merge jets from multiple partons into one (middle), as well as collinear
splitting where the energy of a parton is distributed and a jet may even
be left out from the reconstruction (right).

There are two major categories of jet clustering algorithms: cone algorithms, like iterative
cone (IC) [131] and seedless infrared safe cone (SIScone) [132], which cluster jet constituents
assuming a conical spatial distribution; and sequential clustering algorithms, like kt [133],
anti-kt [134], and Cambridge/Aachen (CA) [135], which iteratively combine objects based
on the generalised distance between them. Cone algorithms are easy to implement, but are
not favoured since they contain unphysical variables, and are generally IRC unsafe as well.
Sequential algorithms, on the other hand, are IRC safe by definition. A comparison of jet
clustering algorithms, using a simulated parton-level event, is shown in Figure 4.4.
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Cam/Aachen, R=1

Figure 4.4: Comparison of different jet clustering algorithms, using an
example parton-level event, including multiple random soft “ghost” el-
ements. Clustering using the kt, Cambridge/Aachen, SISCone, and
anti-kt algorithms is shown on the top-left, top-right, bottom-left, and
bottom-right, respectively. The anti-kt algorithm provides the best clus-
tering, whilst the shapes of the kt and Cambridge/Aachen jets is heavily
influenced by the set of ghosts used. This figure is taken from Refer-
ence [134].

Sequential jet clustering algorithms define generalised distances d;; between particles i and
j, and d;p between particle i and the beam pipe as:

A2
- 12 12 ij
dij = min kTZ, kTZ ﬁ, (44)
diB - k%’;l
wherein
N = (yi—y)* + (6 — ¢)%, (4.5)

and kt;, y;, and ¢; are the transverse momentum, rapidity, and azimuthal angle of the
particle 7, respectively. R is the radius parameter, and # is a characterising feature of the
algorithm. The value of 7 is equal to 1, -1, and 0 for the kt, anti-kt, and CA algorithm,
respectively. The algorithm proceeds by iteratively merging the closest particles by adding
their four-momenta, if d;; is smaller than d;p; otherwise the iteration is terminated, and i
is labelled as a jet. The CMS experiment generally uses the anti-kt jet clustering algorithm
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with R = 0.4 — the corresponding jets are called AK4 jets — and R = 0.8 — the corre-
sponding jets are called AKS jets.

As with the leptons, the jets considered for the analysis presented in this thesis satisfy
certain quality requirements. All jets are required to have less than 99% neutral hadron
and EM fractions, and strictly more than one constituent. In addition, the central jets
(|n] < 2.4) must have a nonzero charged hadron fraction and charged multiplicity, and less
than 99% charged EM fraction.

Jet energy calibration

Jets formed by using jet clustering algorithms are not perfectly representative of the par-
ent partons. There are discrepancies in the energy scale and resolution, due to the effects
of pileup and nonlinear response of the detectors. Therefore, the jet energy needs to be
calibrated to the actual energy of the partons. This is achieved in the CMS experiment by
performing several corrections in a well defined order [136,137]. The jet energy corrections
(JEC) applied to jets reconstructed from data and simulation are demonstrated in Figure 4.5.

Pileup Residuals(n)  Residuals(pr)  Flavor
MC + RC dijets v/Z+jet, MIB ¢ Calibrated

M
- -

Applied to simulation ——

Figure 4.5: A schematic showing the jet energy calibration routine in the
CMS experiment. Reconstructed jets are subjected to pileup corrections
based on MC simulations, with residual random-cone corrections in case
of data. The jets are further corrected for detector response, based on
pr- and y-dependent MC simulations. Consequently, dijet (multijet,
v/ Z+jets) events are used to apply residual 1 (pr) corrections to jets
in data. In the end, flavour-dependent corrections may be added, if re-
quired. This figure is taken from Reference [137].

The different levels of jet energy corrections, each intended to mitigate a certain discrep-
ancy, are:

¢ L1 pileup: The contribution from pileup interactions to the measured jet energy is
removed. The correction is determined from dijet events, simulated with and without
pileup. In addition, a residual correction using a random-cone (RC) method is applied
to data [137].

e L2L3 MC truth: The reconstructed pr is corrected to the parton-level pr, using a
simulated QCD sample. The corrections are derived as a function of pr and 7, to
ensure uniformity of the detector response.

¢ L2L3 residuals: Residual differences in data are compensated, by using dijet (multijet,
v/ Z+jets) events to apply residual corrections as functions of # (pr).
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¢ L5 flavour: Flavour-dependent corrections can be applied, if needed.

Jet energy resolution (JER) is also worse in data than simulation. Therefore, a smearing is
applied to the simulated pt distribution to match it to the observed distribution in data.
The details of the specific JER corrections applied for the analysis presented in this thesis
are given in Chapter 5.

4.2.8 Mitigation of pileup

Mitigation of pileup is a crucial component of accurate event reconstruction, especially in
an environment with a large number of proton-proton interactions. The most widely used
technique for mitigation of pileup is charged hadron substraction (CHS) [138]. In the CHS
approach, tracking information is used to unambiguously identify charged hadrons from
pileup vertices. These charged hadrons are removed from the event, and the remaining PF
candidates are clustered to form jets.

The analysis presented in this thesis utilises a more sophisticated technique called pileup
per particle identification (PUPPI) [139]. PUPPI makes use of local shape information,
event pileup properties, and tracking information to mitigate pileup at the reconstructed
particle level. As with the CHS approach, charged particles associated with pileup vertices
are discarded. For neutral particles, a local shape variable is defined as:

Pt
jE€event ]

where pr; is the transverse momentum of the j-th particle, and AR;; is the distance between
the particles i and j in the (7, ¢)-plane. © is the Heaviside step function, implying that the
particles closer to i than Rpin are not considered in the sum; hence Rnin acts as a regulator
for collinear splitting. Similarly, particles farther from i than cone radius parameter Ry are
not considered in the sum. Using:

— N2
o — _
XP= (%U) x ©(a; — wpy), (4.7)

Upu

where @py is the median shape variable for charged pileup particles, and 03 is the corre-
sponding mean-squared value, particles are assigned a weight:

w; = F2 npr—1(X7), (4.8)

assuming x? is chi-squared distributed, and F,» is the cumulative distribution function.
The assigned weight — which corresponds to how likely the particle is not from a pileup
vertex — is used to rescale the four-momentum of the particle, mitigating the contribution
from pileup vertices.

4.2.9 Identification of bottom-quark initiated jets

The identification of jets coming from bottom quarks can be particularly useful, since top
quark processes usually contain bottom quarks in the decay products. The procedure used
to identify and label bottom quarks is called b tagging. In the analysis presented in this
thesis, b tagging is used to estimate and suppress backgrounds that contain bottom quarks.
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The combined secondary vertex (CSVv2) algorithm [140,141] is used to perform the b tag-
ging.

The working principle of the CSV algorithm is demonstrated in Figure 4.6. The hadrons
formed by the hadronisation of the bottom quark, like the B meson, have relatively longer
lifetimes. This implies that the b hadrons do not decay immediately at the interaction
point, but travel a certain distance, typically a couple of millimetres, before decay. When
they decay, they form a secondary vertex, and the tracks originating from the secondary
vertex have a large impact parameter. The existence of a reconstructed secondary vertex
away from the primary vertex, along with a wider shape and a higher multiplicity of the jet,
indicates presence of a bottom quark. The CSVv2 algorithm uses multivariate techniques
to combine this information into a single discriminant.

displaced

tracks charged

jet lepton
heavy-flavour
jet

jet

Figure 4.6: Working principle of the combined secondary vertex algo-
rithm. Owing to a longer decay time, B mesons decay at some distance
from the primary vertex, and the tracks of the decay products have a
large impact parameter. If a set of tracks can be traced back to a certain
displaced secondary vertex, it is suggestive of the presence and decay
of a b hadron at the secondary vertex. This figure is taken from Refer-
ence [141].

The analysis presented in this thesis utilises a “tight” working point of the discriminant
(> 0.9535), corresponding to an overall efficiency of 41% for correctly identifying a bottom
quark jet, with a 0.1% probability of misidentifying a jet from a light-favour quark or gluon
as b tagged.

4.2.10 Missing transverse momentum

The CMS experiment detects most of the stable particles in the final state. However, there
are some particles, like neutrinos in the SM and certain dark matter particles in BSM sce-
narios, which escape the detector without interacting. The presence of such particles can be
inferred as missing transverse momentum psS, owing to the fact that the sum of transverse
momenta of all final-state particles should add up to zero. In practice, however, several cor-
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rections need to be incorporated in this calculation to accurately reconstruct piiss [142].

The raw piss is defined as the negative vector sum of all reconstructed PF particles:

ﬁ;liss,raw - _ Z ﬁT,i- ( 4‘9)

i€PF objects

The final corrected f)’rTniss is written as:

—mi —mi ~type-0 ~type-1
pf[mss,corr — p?lss,raw + CTYP + Cf[yp , ( 4.10)
=type-0 . . o I ~ . =type-l .
where C{7*" is a correction to mitigate the contribution to F*® from pileup, and C;7* is

the propagation of jet energy corrections to the calculation of f)”T“iSS. A type-II correction is
also defined for calorimeter based jets, which is not relevant for PF jets.

The calculation of pis* is important for the analysis presented in this thesis, since leptonic
decay of a W boson is considered, which produces a neutrino that is not detected directly
by the CMS detector, and is reconstructed using pmiss.

4.3 Boosted topology techniques

When a hadronically decaying particle is highly boosted, as is the case with the analysis
presented in this thesis, the structure of the formed jets starts to differ from conventional
jets. In this scenario, it is advantageous to reconstruct the jets utilising techniques devel-
oped specifically for boosted jets. These techniques include jet grooming and exploiting jet
substructure to help identify the signal and suppress background contributions.

4.3.1 Jet grooming

The formation of jets using jet clustering algorithms is designed to create objects that are
representative of the parent particle. However, the output of jet clustering can be contam-
inated by additional soft contributions from initial-state radiation, underlying event, and
pileup. These contributions increase significantly with the radius of the jet, and become
a menace when boosted, large-radius jets are reconstructed. Jet grooming refers to the
mitigation of these additional contributions by removing soft, wide-angle radiations. The
basic idea and routine for jet grooming is shown in Figure 4.7. There are a multitude of
jet grooming algorithms, including trimming [143], pruning [144,145] and soft drop [146],
differing in implementation. Soft drop jet grooming is used in the analysis presented in
this thesis.

Soft drop is a modified mass-drop declustering algorithm [147,148]. In the first step, anti-
kT jets are reclustered using the CA algorithm, to form a pairwise clustering tree with
an angular-ordered structure. The steps of the CA algorithm are then iterated in reverse,
declustering the jet into two subjets at each step, and checking for the soft drop condition:

min(pr1, pr2) (ARlz B

, 4.11
pr1+ P2 Ro (411)

where Ry is the radius of the jet, and z.,+ and B are tunable parameters, set to 0.1 and 0,
respectively, in this analysis. When the soft drop condition is met, the iteration is stopped,
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Figure 4.7: A schematic demonstrating the basic repice for jet grooming.
Jets are reclustered, removing soft, wide-angle radiation in the process.
Jet grooming reduces the mass of jets initiated by single quarks or gluons,
and improves the mass resolution for jets initiated by heavy particles.

and the jet is labelled as a soft drop jet. Otherwise the softer subjet is dropped, and the
iteration continues on the subjet with the larger pr.

The effect of soft drop jet grooming on W jets and QCD jets is demonstrated in Figure 4.8.
The application of jet grooming to the W initiated jets substantially improves jet mass
resolution. For the QCD jets, prior to grooming, soft radiations introduce IR divergences,
which shift the jet mass peak to a higher value. Removal of the soft divergences by jet
grooming reshapes the mass distribution, and helps differentiate it from the more massive
W initiated jets.

W jets QCD jets
0.06 T T T T 1 — T T T T
Pythia8(4C) Ungroomed —— 0.014 [~ P
0.05 | Vs=14 TeV, R=1 p=2 ------ i \
N . pT>SOOGeV E:é ______ R 0.012
< 0.04 - B=—1/2 —— < 0.01
S -l —— S
£ 0.03 p=—32 —— | g 0.008
° R
IS £ 0.006
o 0.02 |- - o
- = 0.004
0.01 } 0.002
O 1 1 — 0
20 40 60 80 100120 140 160 180 200 20 40 60 80 100120 140 160 180 200
m (GeV) m (GeV)

Figure 4.8: Impact of soft drop declustering on the mass distribution of
W initiated jets (left) and QCD jets (right). The resolution of the W jets
is substantially improved, and the mass of the QCD jets is drastically
corrected to their real value. The analysis presented in this thesis utilises
B = 0, which corresponds to the green curves. This figure is adapted
from Reference [146].

4.3.2 Jet substructure

The decay of highly boosted hadronically decaying particles generates large-radius jets
with a substructure. This substructure can be utilised to identify the parent particle. The

75



76

4 Event simulation, reconstruction, and boosted topology techniques

basic idea is demonstrated in Figure 4.9. Boosted objects generate jets that can no longer
be resolved. However, considering the fact that the jet mass, as well as the number of de-
cay axes inside the large-radius jet, are fixed by the parent particle, new variables can be
defined which utilise this information to differentiate between the initial particles. One of
the variables which utilises this information is N-subjettiness [149].

Resolved decay

1
1
w

1
1
N

[ q gluon
quark (not top)

'i? 8|O 9|1 1%5 1?5
1

Expectéd jlet ma:ss (GeV)I

Expected number of decay axes

Figure 4.9: Schematics demonstrating the basics of jet substructure. A
comparison of resolved and boosted decay topologies is shown on the
left, and a map of hadronically decaying SM particles in the (jet mass,
number of decay axes)-plane, which can be used to differentiate between
the different classes, is shown on the right. This figure is taken from
Reference [150].

N-subjettiness Ty is defined by identifying N candidate subjets, using anti-kt algorithm,
within a large-radius jet, and declaring:

1 .
N = dio Z [pT,k . mm(Ale, ARzk, ey ARNk)] , (412)
k

where the sum is over all constituents of the large-radius jet, prx and AR, are the transverse
momentum and distance to the j-th candidate subjet axis, respectively, of the k-th particle,
and dy is a normalisation factor, given by:

d() = Z [pT,k . Ro] P (413)
k

with Ry as the original jet radius. Ty quantifies the likelihood that the jet contains N subjet
axes. Smaller values of Ty imply an agreement with the hypothesis that the radiation is
aligned with N subjets, whilst larger values suggest that energy is distributed away from
N subjet directions, pointing to more than N subjets.

Instead of using Ty with various values of N separately, it is often more beneficial to use
ratios of Ty with different values of N [149]. For the analysis presented in this thesis, the
ratio of » and Ty,

T1 = T/T, (4.14)
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is used to discriminate between W jets, which have a two-pronged structure, and QCD jets,
which have a one-pronged structure. Figure 4.10 (left) shows distribution of 1; in events
with W jets and QCD jets, after suitable selection requirements. Application of a selection
cut on T can separate events of the two types. Figure 4.10 (right) shows a density plot
in the (71, T2)-plane, for the same set of events. In certain cases, a multivariate cut in the

(T1, T2)-plane can enhance the separation power.

65 GeV < mj <95 GeV
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Figure 4.10: Distribution of 71 = /7 for boosted W and QCD jets
(left), demonstrating the ability to discriminate between the two; and
the corresponding density plot in the (71, 72)-plane (right), wherein the
marker sizes are proportional to the number of jets in a given bin, demon-
strating the possibility of a multivariate cut in the (71, T2)-plane to enhace
the discriminating power. The events selected for these plots have a set
of selections: 65 < mjer < 95 GeV on jets of R = 0.6, pr > 300 GeV, and
|| < 1.3 imposed. This figure is taken from Reference [149].

Soft drop groomed jet mass and 1, along with PUPPI for mitigation of pileup, form a
strong discriminant between the signal and background processes for the analysis pre-

sented in this thesis.
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Event selection

Needle in a haystack —

This chapter introduces the event topology of
the signal and background processes, and cat-
alogues data and simulation samples used for
analysis. Selection requirements on reconstructed
physics objects are presented, leading to the in-
clusion or omission of the corresponding event.
Corrections made to simulation, to enhance im-
itation of data, are detailed. The chapter con-
cludes by discussing the sources of systematic
uncertainty, and the approach used to incorpo-
rate them.
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he analysis presented in this thesis aims at studying anomalous production of

vector boson pairs. However, as already discussed, the production of new particles

in collision events is nondeterministic in nature, and additional processes with
similar decay products contaminate the desired outcome. These background processes
need to be identified and suppressed, to leave a cleaner signature of the signal process. In
order to do so, events are subjected to various selection requirements — which are derived
based on event topology of the signal and background processes — and discarded if they
fail the requirements.

5.1 Event topology

A careful consideration of the event topology of the signal and background processes is
critical for any particle physics analysis, since it helps identify characteristic features of
the signal process and kinematic distributions, when compared with various background
contributions.

5.1.1 The signal process

As discussed in Chapter 1, the analysis presented in this thesis searches for physics beyond
the SM in the context of the effective field theory, wherein anomalous gauge couplings
manifest themselves in self-interactions of gauge bosons. In this analysis, alGCs are probed
in the process where a pair of vector bosons is produced via a third vector boson. The LO
Feynman diagram for the signal process is shown in Figure 5.1.

gﬂ:

Vy

Figure 5.1: The LO Feynman diagram for the signal process involving
triple gauge couplings. One of the produced vector bosons (W) decays
into leptons, and the other (W/Z) decays into quarks.

In order to achieve optimal balance between efficiency and purity, semileptonic decays of
the WW/WZ boson pair are considered, as discussed in Section 1.1. This implies that a W
boson in the final state decays into a charged lepton and the corresponding neutrino, and
a W/Z boson decays into two quarks. However, since the W/Z boson is highly boosted,
the jets formed from the two decay quarks are not reconstructed as resolved jets, but as a
single, large-radius jet, utilising the techniques discussed in Section 4.3. The signature of
the signal process in an event thus includes a single lepton, missing transverse momentum,
and a boosted jet with a two-pronged structure. In addition, systematic deviations in
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kinematic distributions occur, since the presence of nonzero alTGC parameters modifies the
cubic self-interaction, and the kinematic distributions reflect this change.

5.1.2 Background processes

There are several processes, which act as background contributions for this analysis. The
relevant background processes, in order of significance, are:

* W+jets: The most significant background for this analysis is the production of W
bosons in association with jets. LO Feynman diagrams for the W+jets background
process are shown in Figure 5.2. A W+jets event can mimic a signal event if the W
boson decays into leptons, and one of the jets passes through the selection require-
ments and appears as a hadronically decaying W or Z boson. Since it is particularly
hard to model this process accurately, data-driven methods have been employed in
this analysis to estimate the contribution from the W+jets background.

e Top quark pair production (tt): Another major background is the production of top
quark pairs. LO Feynman diagrams for the tt background process are shown in
Figure 5.3. A characteristic feature of tt events is that bottom quarks are produced
from the decay of top quarks. The bottom quarks can be identified using b tagging,
and the event can be discarded. However, since b tagging is not 100% efficient, there
is a lot of residual contribution from the tt process.

* SM diboson production (WW/WZ): Since the analysis looks for vector boson pairs
with modified couplings, production of vector boson pairs in the SM scenario is an-
other background. However, as compared to the W+jets and tt backgrounds, SM
WW/WZ is a minor background. LO Feynman diagrams for the SM diboson pro-
duction in the s and ¢ channel are shown in Figure 5.4. Since SM WW /WZ production
is a minor background, it is mostly estimated from simulation.

¢ Single top quark production (t): Another minor background is the electroweak pro-
duction of single top quarks. LO Feynman diagrams for single top quark background
processes in the t channel, associated tW production, and s channel are shown in Fig-
ure 5.5. Single top quark background is also estimated from simulation.
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Figure 5.2: LO Feynman diagrams for the W+jets background process.
At the LHC, the gluon-initiated process (left) occurs more frequently
than the quark-initiated process (right).
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Figure 5.3: LO Feynman diagrams for the top quark pair production (tt)
background process. At the LHC, tt pairs are mostly produced via gluon
fusion (left), and rarely via quark-antiquark annihilation (right). Addi-
tional bottom quarks are produced which can be used to identify and
suppress the tt background process.
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Figure 5.4: LO Feynman diagrams for the SM diboson production. s- and
t-channel are shown on the left and right, respectively.
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Figure 5.5: LO Feynman diagrams for single top quark (t) processes. Pro-
duction of top quarks in the t-channel, associated tW production, and
s-channel are shown on the top-left, top-right, and bottom, respectively.
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In addition to the above, the contribution from several other processes was checked, and
found to be negligible because of events abundantly failing selection requirements or
smaller cross sections. These processes include QCD multijet, Z+jets, same-sign WW (vec-
tor boson scattering), ZZ, VH, and W+ * production.

5.2 Data and simulated samples

The data and simulated samples used in this analysis correspond to proton-proton colli-
sions with a centre-of-mass energy of 13 TeV and bunch spacing of 25 ns.

5.2.1 Data samples

The data samples comprise data collected by the CMS experiment in proton-proton colli-
sions during 2016 data taking. Single electron and single muon data sets from run periods
B to H are used, which have been compiled in the MINIAOD format following the “Febru-
ary 2017” re-reconstruction. Table 5.1 lists the used data sets, along with the integrated
luminosity and number of events in each set. The runs passing quality assessment from
the data quality monitoring (DQM) are selected only. The used data corresponds to an
integrated luminosity of 35.9 fb™'.

Table 5.1: Data sets used in this analysis, along with the corresponding
luminosity and number of events. The data accumulated in these data
sets was collected by the CMS experiment in proton-proton collisions
during 2016, and corresponds to an integrated luminosity of 35.9 fb™ .

Data set Luminosity (fb™~ 1y Number of events
/SingleElectron/Run2016B-03Feb2017_ver2-v2 5.75 246,440,440
/SingleElectron/Run2016C-03Feb2017-v1 2.57 97,259, 854
/SingleElectron/Run2016D-03Feb2017-v1 4.24 148,167,727
/SingleElectron/Run2016E-03Feb2017-v1 4.02 117,321,545
/SingleElectron/Run2016F-03Feb2017-v1 3.10 70,593,532
/SingleElectron/Run2016G-03Feb2017-v1 7.58 153,330,123
/SingleElectron/Run2016H-03Feb2017_ver2-v1 8.65 125, 826,667
/SingleElectron/Run2016H-03Feb2017_ver3-v1 3,191,585
/SingleMuon/Run2016B-03Feb2017_ver2-v2 5.75 158,145,722
/SingleMuon/Run2016C-03Feb2017-v1 2.57 67,441,308
/SingleMuon/Run2016D-03Feb2017-v1 4.24 98,017,996
/SingleMuon/Run2016E-03Feb2017-v1 4.02 90, 963,495
/SingleMuon/Run2016F-03Feb2017-v1 3.10 65,489,554
/SingleMuon/Run2016G-03Feb2017-v1 7.58 149,916, 849
/SingleMuon/Run2016H-03Feb2017_ver2-v1 8.65 169,642,135

/SingleMuon/Run2016H-03Feb2017_ver3-v1 4,393,029
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5.2.2 Simulated samples

Simulated samples, used for validating major backgrounds and estimating minor ones, are
taken from the RunIISummerl6MiniAODvV2-PUMoriondl7 campaign. A list of the sam-
ples used, along with the cross sections for the corresponding processes, is presented in
Table 5.3.

The signal is simulated utilising MADGRAPH5_aMC@NLO v2.4.2, using the “EWDim6” model,
which implements the EFT described in Chapter 1. Events are first generated with the three
aTGC parameters set to certain nonzero positive values, and then weights are assigned to
different combinations of zero and nonzero values of aTGC parameters using the matrix
element event weights computed by MADGRAPH5_aMC@NLO.

Five possible values are used for each parameter, forming a 5 x 5 x 5 grid in the aTGC
space. The set of values used for each parameter is shown in Table 5.2. The values were
selected for simulation based on previous knowledge and an expectation of the final limits
in such a way that the simulation comfortably covers scenarios well beyond the final limits.
The triplet (cwww, cw, cg) = (0,0,0) corresponds to the SM production, and the sample is
normalised such that the cross section in this scenario matches the SM NNLO cross sec-
tion [151, 152].

Table 5.2: Values of aTGC parameters used for simulation. All combina-
tions of the values are used, resulting in 125 scenarios.

Parameter Used values (Terz)

cwww / A2 -3.6,—1.8,0,1.8,3.6
cw/ A? —45,-2.25,0,2.25,4.5
cp/ A2 -20,-10,0,10,20

The W+jets process is generated at NLO using MADGRAPH5_aMC@NLO v2.2.2, and nor-
malised with a k-factor to the inclusive cross section calculated at NNLO using MCFM
v6.6 [153]. The tt process is simulated at NLO using PowHEG v2.0, and normalised to
the NNLO+NNLL cross section calculated using the Tor++2.0 program [154]. The SM
WW sample is produced using PowHEG v1.0, whilst the WZ process is simulated using
MADGRAPH5_aMC@NLO in combination with MADSPIN. The samples are normalised to
NNLO cross sections [151,152]. Single top quark processes are simulated using POWHEG
v2.0, PowHEG v1.0, and MADGRAPHS5_aMC@NLO v2.2.2 for the t channel, associated tW pro-
duction, and s channel, respectively, and the cross sections are calculated at NLO using the
HATHOR v2.1 program [155].

The parton showering and hadronisation steps for all samples are peformed with Pyrria
v8.212, with the exception of the single top quark s-channel sample, which uses v8.205.
The FxFx merging scheme is used for all samples, with CUETP8M1 underlying event tune,
with the exception of the tt sample, which uses the CUETP8M2T4 tune. All events utilise
NNPDF 3.0 parton distribution functions, and GEANT4 is used for the simulation of the
detector response.
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Table 5.3: Signal and background simulated samples used in this anal-
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5.3 Selection requirements on physics objects

In addition to the identification criteria and general quality requirements on physics ob-
jects discussed in Section 4.2, further requirements are imposed on the pr, 77, and other
kinematic properties of electrons, muons, jets, and missing transverse momentum. These
selection requirements serve to shortlist and consider only those objects which are interest-
ing for this analysis.

5.3.1 Triggers

Since leptonic decay of a W boson is considered in final states containing an electron or a
muon, for each channel, events passing a trigger, or a combination of triggers, that target
this lepton are selected. Such triggers typically have significantly lower thresholds than a
single-jet trigger.

Electrons are required to pass either of the high-level triggers HLT_Ele45_WPLoose_Gsf or
HLT_Ele115_CaloldVT_GsfTrkIdT. The former is seeded by an OR of several Level 1 trig-
gers: L1_SingleEGx, L1_SinglelsoEGy, and L1_SinglelsoEGzer, with x € {30, 32, 34, 36, 38,
40}, y € {24, 26, 28, 30, 32, 34, 36}, z € {22, 24, 26, 28, 30, 32, 34}, and requires pr > 45 GeV.
The latter is seeded by an OR of L1_SingleEG, SingleJet, and SingleTau triggers, and re-
quires pt > 115 GeV.

Muons are required to pass either HLT_Mu50 or HLT_TkMub50. These are seeded by the
Level 1 triggers L1_SingleMu22 OR L1_SingleMu25. The trigger turn-on curve has been
measured by the CMS muon physics object group (POG) [85,156], with a minimum muon
pt > 53 GeV to be on the plateau.

5.3.2 Electrons

Two electron selections are defined, loose and tight. Both are required to pass the HEEPv70
identification, as discussed in Section 4.2, and have || < 2.5. Loose electrons are required
to have pr > 35 GeV, whilst tight electrons have pt > 50 GeV.

5.3.3 Muons

Analogously, two muon selections are defined, loose and tight. Both are required to pass
the high-pr muon identification, have || < 2.4 and relative isolation < 0.1, as discussed
in Section 4.2. Loose muons are required to have pr > 20 GeV, whilst tight muons have
pt > 53 GeV.

5.3.4 Jets

AKS jets, which are used as candidates for the hadronically decaying vector boson, are
required to pass the jet identification requirements in Section 4.2, and have pt > 200 GeV
and || < 2.4. AKS jets are cleaned against tight muon and electron by removing jets that
are within AR < 1 of any tight muons or electrons. The hardest AK8 jet, which is used for
reconstructing the hadronically decaying vector boson, is required to have 7; < 0.55 and
40 < mgp < 150 GeV, where mgp is the jet mass following soft drop jet grooming.
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AK4 jets, which are used to veto tt events utilising b tagging, are required to have pr >
30 GeV and |7| < 2.4. AK4 jets are cleaned against tight muon and electron by removing
jets that are within AR < 0.3 of any tight muons or electrons. AK4 jets are also cleaned
against the highest pr AKS jet, with a requirement of AR < 0.8.

5.3.5 Missing transverse momentum

The missing transverse momentum is reconstructed, as discussed in Section 4.2, and a
certain threshold of pM* is required for an event to be considered; this will be elaborated
in the following section. In order to eliminate sources of p™is® due to detector effects,
several filters including noise, beam halo, and good vertices filters are applied according to
internal CMS recommendations [157].

5.4 Event selection

The analysis presented in this thesis aims to reconstruct WW and WZ final states, where
both vector bosons are heavily boosted. A W boson is reconstructed using its leptonic decay
into either an electron or a muon, in combination with p%‘iss. Events are therefore divided
into two channels based on the flavour of this lepton. Events in the electron (muon) channel
are required to have exactly one tight electron (muon), with zero loose muons (electrons).
They are also required to have pTss > 110(40) GeV. The motivation for this selection cut is
discussed in Section 6.2.

To reconstruct the leptonically-decaying W boson, it is assumed that the event pMiss is
entirely due to the transverse component of the neutrino momentum. One can then re-
construct the longitudinal neutrino momentum by using the known W boson mass for the
invariant mass of the combined lepton and neutrino four-momentum:

miy = (pe+ pu)°, (5.1)

leading to solutions for the longitudinal momentum of the neutrino:

iss2
By | MPL EppPS o
- 2

1 3
Pt Pt Pt

Pzy , (5.2)

with y = @ + Pre - PSS, In the case of two real solutions, the solution with the smaller
absolute value is assigned, whereas in the case of two complex solutions, the real part com-
mon to both is instead assigned. The accuracy of this method picking the correct solution
is checked in simulated SM diboson samples, and found to be approximately 90%. The
reconstructed leptonically decaying W boson is required to have pr > 200 GeV.

For the hadronically decaying vector boson, events are required to have at least one AK8
jet with pt > 200 GeV, and the highest-pr AKS jet satisfies the selection requirements put
forth in the preceding section.

In addition, to target the back-to-back topology of the diboson event, requirements are
placed on angles between the reconstructed objects. AR between the lepton and the
hadronically-decaying vector boson candidate is required to be greater than 7t/2; the ab-
solute value of A¢ between the hadronically-decaying vector boson candidate and missing
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transverse momentum must be greater than 2; and the absolute value of A¢ between the
hadronically- and leptonically-decaying vector boson candidates is required to be greater
than 2.

For the signal, events are also required to have zero b-tagged AK4 jets to suppress the tt
background. Additionally, the invariant mass of the diboson system myyy is required to
be greater than 900 GeV to restrict the phase space to a region where the background can
be described by a monotonically falling parametric function. A summary of the imposed
selection requirements is presented in Table 5.4.

Table 5.4: Summary of selection requirements used for this analysis.

Selection cut Electron channel Muon channel

Lepton pr > 50 GeV 53 GeV
Lepton 1] < 25 24
pimiss > 110 GeV 40 GeV
Wiep p1 > 200 GeV 200 GeV
Jet pr > 200 GeV 200 GeV
Jet n| < 24 24
Jet &1 < 0.55 0.55
Jet mgp € 40, 150] GeV [40,150] GeV
AR (jet,lep) > /2 /2
|Ag(jet, Fiss)| > 2.0 2.0
|Ag(jet, Wiep) | > 2.0 2.0
mwy > 900 GeV 900 GeV

From the range of the AKS jet msp presented above, the region 65 < msp < 105 GeV is
defined to correspond to signal events. The rest of the interval is used to enrich major
background contributions in order to identify and suppress them. Furthermore, in order to
better distinguish between WW and WZ events, the signal region is subdivided into WW-
sensitive region (65 < msp < 85 GeV) and WZ sensitive region (85 < mgsp < 105 GeV).
In addition to the signal regions, two control regions (CR) are defined, each designed to
enrich a specific background contribution in a specific section of phase space:

* W+jets control region: The W+jets control region is defined similar to the signal
region, but the requirement on mgp is changed to 40 < mgp < 65 GeV or 105 <
mgsp < 150 GeV. The W+jets control region is also dubbed sideband, and the two
intervals characterise upper and lower sidebands, respectively.

e tt control region: The tt control region is defined in the interval 40 < mgp < 150 GeV,
but requires at least one b-tagged AK4 jet.

A schematic representation of how these control regions, along with the signal region,
occupy the (msp, number of b tags)-plane is shown in Figure 5.6.
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Figure 5.6: Schematic representation of signal and control regions used
in this analysis. Control regions are used to identify and suppress the
main background contributions.

5.5 Simulation corrections

Despite similar reconstruction and selection requirements, the outputs from data and sim-
ulation are not identical owing to differences in luminosity and efficiencies. In order to
mitigate the effects of these discrepancies, data-to-simulation scale factors are derived and
applied to simulation. The various sources of discrepancies and simulation corrections are
discussed below.

5.5.1 Luminosity

The data collected by the CMS experiment in a data-taking period corresponds to an inte-
grated luminosity that depends on the characteristics of the LHC. The number of simulated
events is usually determined by the tradeoff between maximising statistics and the amount
of available computing resources. The normalisation in the simulated samples is therefore
different from the data collected by the CMS detector. In order to do like-for-like compar-
isons, events in every simulated sample are reweighted using a weight:

_apr,,i”dt

(5.3)

corresponding to the process p, where N is the number of simulated events in the sample,
and [ .Zdt is the integrated luminosity in the data set.
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5.5.2 Number of pileup interactions

The distribution of the number of pileup interactions in data is usually quite different from
the one used in simulation. Simulated events are thus reweighted to ensure that their
pileup distribution matches that in data. The distribution of the number of pileup inter-
actions in data and simulation for this analysis is depicted in Figure 5.7, wherein there
were an average of 23 proton-proton collisions per bunch crossing. The reweighting is per-
formed by comparing the distributions in minimum bias events, where the cross section of
minimum bias events is taken to be 69.2 mb [158].
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Figure 5.7: Comparison between the number of pileup interactions in
data and simulation for the electron (left) and muon (right) channels.
The hashed region in the main plots and the grey band in the lower ra-
tio plots represent the combined statistical and systematic uncertainties,
with the details of the latter discussed in the following section.

5.5.3 Trigger efficiencies

The efficiencies of triggers are not same in data and simulation. Figure 5.8 shows the
efficiencies of the trigger combinations used in this analysis, as a function of pr and 7. The
efficiencies were extracted using the tag-and-probe method, starting with HEEP and high-
pr muon identifications. Scale factors are derived as a bin-by-bin ratio of the efficiencies
in data to the ones in simulation, and applied to simulated events. This analysis uses the
same set of electron and muon triggers as the corresponding resonance search [159], and
similar scale factors can be used for both analyses.

5.5.4 Lepton efficiencies

In addition to the triggers, scale factors are also required for the efficiencies of reconstruc-
tion and identification of leptons. The total lepton efficiency can be written as:
v _ ! 0 l
€ =¢€p- €iso|ID ) €trigger|iso’ (5.4)

where each factor of efficiency is measured taking as denominator the leptons passing the
previous step. The scale factors are generally extracted using the tag-and-probe method.
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Figure 5.8: Trigger efficiencies as a function of pr and 7, for the combina-
tion of the electron (left) and muon (right) triggers used in this analysis.
Efficiencies in data and simulation are shown on the top and bottom,
respectively. Appropriate scale factors are used to account for the differ-
ences in the efficiencies.

For the electrons, scale factors accounting for both reconstruction and HEEP identifica-
tion efficiency differences are produced [160], and applied to simulation. For the muons,
series of run-dependent scale factors are produced [156,161]. To apply these to simula-
tion, luminosity-weighted averaged scale factors are used, since the running conditions in
data-taking eras B-F were different from eras G and H.

5.5.5 Jet energy scale and resolution

In addition to the standard jet energy corrections, discussed in Section 4.2, a “hybrid”
method for jet energy resolution correction is used with the recommended scale factors [162].
In the hybrid method, jets are smeared differently depending on if they are matched to a
generator-level jet. If there is a matching generator-level jet, the reconstructed jet is scaled
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by a factor c, where:
gen

c=1+ (S]ER — 1) m, (5.5)

pr

where pr and p§" are the transverse momenta of the reconstructed and generator-level
jets, respectively, and sjgr is the data-to-simulation resolution scale factor. The smearing
factor, in case there is no matching generator-level jet, is given by:

c=1+N(0, (TJER)\/max (sJZER — 1,0), (5.6)

where ojgR is the relative pr resolution in simulation, and N (0,0) represents a number
drawn from a Gaussian distribution with mean 0 and standard deviation ¢. In both cases, ¢
is constrained to be non-negative, so that the resolution in simulation can only be degraded.

5.5.6 Vector boson identification efficiencies

The identification of hadronically decaying vector bosons using boosted topology variables
is also prone to differences in efficiencies for data and simulation. A scale factor of 1+
0.0094 is derived for mgp [163], with a double crystal ball fit using PyrH1A. In addition,
mgp in simulation is also smeared using the same procedure as for the jet energy resolution
smearing, with ojgr = 10.1 £0.05, and sjpr = 1+ 0.2. A scale factor for the difference in 14
efficiency in data and simulation is calculated as 1.03 £ 0.14 [163], and applied to simulated
samples with a real W/Z boson — tt, WW, WZ, and associated tW production.

5.5.7 b tagging efficiencies

The efficiencies for identifying b jets differ slightly in data and simulation. In order to
account for this effect, the recommended recipe is used [164], wherein simulated events
are reweighted using a weight w constructed from the ratio of tagging probabilities in data
and simulation :

_ P(data)
VoK 6.7)

with each probability P being a product over all AK4 jets in the event,

P(data) = [] s J[ (1—sje),

ictagged jE€not tagged

PMC)= J[ & T[] @a-¢),

ictagged jEnot tagged

(5.8)

where ¢; is the MC b tagging efficiency, and s; is the data-to-simulation tagging efficiency
scale factor. The scale factors are provided in Reference [165], and require the measurement
of b tagging efficiency in simulated samples in the analysis phase space. Therefore, b-
tagging efficiencies for b jets and mistagging efficiencies for ¢ and light jets, in simulated
events in the phase space considered in this analysis, are measured, shown in Figure 5.9
for the tt sample. Additional figures for b- and mistagging efficiencies in other simulated
samples are shown in Appendix A.1.
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Figure 5.9: b tagging efficiencies as a function of pr and 7 for the simu-
lated tt sample in the electron (left) and muon (right) channels. b tagging
efficiencies for b jets and mistagging efficiencies for ¢ and light jets are
shown on the top, middle, and bottom, respectively.

5.5.8 Missing transverse momentum corrections

In addition to the type-0 and type-I corrections to pss, mentioned in Section 4.2, type-XY
corrections [166] have to be applied to correct for ¢-modulation of the pTiss direction. This
is important since the direction of pT** becomes dependent on ¢ owing to several detector
and beam effects. Different type-XY corrections are applied to data and simulation since
the required parameters are not identical. The parameters used for the corrections in data-
taking eras B-F, G and H, and simulation are detailed in Reference [167].
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5.6 Sources of systematic uncertainty

Like any physical measurement, the analysis presented in this thesis is prone to systematic
uncertainties from a multitude of sources. The sources include uncertainties from the
theory in modelling the signal and background processes, as well as experimental sources
in measurement of different constituents. Systematic uncertainties are incorporated into
the analysis by propagating the contribution from each source to the normalisation and
shape of signal and background models, and using them as constraints in the final fit to
data. The most significant sources of uncertainty are discussed below, and the impact of
the sources on normalisation and shape parameters is discussed in Chapter 6.

5.6.1 Theoretical sources

The systematic uncertainties from theory arise from the modelling of PDFs and the choice
of yug and pg.

e PDF and ag(m3): PDF and as(m%) uncertainties are incorporated by following the
PDF4LHC [168] recommendations, wherein 100 variations of the nominal NNPDF3.0
are considered. The corresponding cross sections are reordered in ascending order:

o < s < ... < o) < 0(100), (5.9)

and the PDF uncertainty, computed at 68% CL, is given by:

(84) _ (16)
P A (5.10)
2
The value of ag and its associated uncertainty is [40]:
ag(m3) = 0.1181 £ 0.0015. (5.11)

In order to incorporate the uncertainty from ag, the predictions are recomputed using
upper and lower values of ag for the PDF sets, and the results are added in quadra-
ture.

* Factorisation and renormalisation scales: Uncertainties corresponding to the choice
of factorisation and renormalisation scales are computed by multiplying/dividing
the scales by a factor of two, and quoting the envelope of the output variations as
the scale uncertainty. The permutations where one of the scales is increased and
the other is decreased simultaneously are not considered per recommendation, since
these permutations are excessively pessimistic.

5.6.2 Experimental sources

Uncertainties from various experimental sources are considered, as discussed below.

* Luminosity: A 2.5% uncertainty [169] is included to reflect the uncertainty in the
integrated luminosity measurement of the 2016 data set.

¢ Pileup: Uncertainty associated with pileup reweighting is calculated based on the
input uncertainty (4.6%) in the measurement of the minimum bias cross section [158].
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* Lepton identification: Uncertainties in the measurement of lepton efficiency and
identification scale factors are considered. For the high energy leptons considered in
this analysis, additional uncertainties are added to account for the larger uncertainty
in the scale factors at higher lepton energies. For the electons in the barrel region,
this uncertainty is 1% below 90 GeV, 2% between 90 GeV and 1 TeV, and 3% above
1 TeV; in the endcaps it is 1% below 90 GeV, 2% between 90 and 300 GeV, and 4%
above 300 GeV [160]. For the muons, an additional 1% uncertainty is added related to
the muon identification criteria, 0.5% related to the isolation requirements, and 0.5%
related to the single-muon triggers [161].

* Lepton energy scale: An uncertainty is estimated by propagating the effect of varying
the lepton energy scale within its uncertainty. The uncertainty in lepton energy scale
is estimated to be 1.4% in the electron channel, and a scaling value in the muon chan-
nel, where the uncertainty is 0.2% below, and an extra 0.05 - pt/TeV above 200 GeV.

¢ Lepton resolution: A similar uncertainty in lepton resolution is considered by match-
ing leptons to generator-level leptons, and varying the resolution uncertainty. Un-
certainties of 1.16%, 1.61%, and 0.6% are considered for electrons in the barrel and
endcap regions, and muons, respectively.

¢ Jet energy scale: W-jet momentum and p™'*S are recomputed after varying the jet
energy scale, within its uncertainty [137], for both AK4 and AKS jets, simultaneously.

¢ Jet energy resolution: Similarly, the smearing procedure is repeated after varying the
resolution scale factor within its uncertainty.

* Vector boson identification: A 14% uncertainty on normalisation, arising from un-
certainty in jet substructure variables, is considered. This uncertainty corresponds to
the mismodelling of the 1»; selection efficiency [170].

* b tagging and mistagging: The uncertainties in efficiencies of b tagging and mistag-
ging are taken into account. The biggest impact of b tagging uncertainties is on the
normalisation of tt and single top quark backgrounds, whilst mistagging uncertain-
ties only have a small impact on all contributions.

* Missing transverse momentum: In addition to the propagation of uncertainties from
the above mentioned sources to pi*, the influence of unclustered energy deposits on
pIiss are also evaluated and propagated to the final uncertainties.

The impact of the systematic uncertainties on the normalisation and shape parameters of
signal and background contributions is discussed in Chapter 6, following the description
of the modelling of the respective contributions.
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Signal modelling and
background estimation

Crux of the matter —

This chapter elucidates the modelling of signal
and background contributions. The modelling
of signal distributions, using parametric func-
tions, is first put forth, followed by a descrip-
tion of the impact of systematic uncertainties.
Data-to-simulation comparison in control re-
gions is presented, followed by the procedure
used for estimating the background contribu-
tions. In particular, the estimation of W+jets
background from sidebands using a transfer
function is explained. The chapter concludes
by introducing the setup of a modified two-
dimensional fit to data, and highlighting the
impact of uncertainties on background contri-
butions.
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inematic distributions of the diboson system, including softdrop groomed jet

mass of the hadronically decaying vector boson mgp and invariant mass of the

diboson system myyy, contain indispensable information about signal and back-
ground processes. In the analysis presented in this thesis, the aforementioned kinematic
distributions are modelled with parametric functions. The signal and background models
are first derived from simulation, and then fitted to data to extract the signal and data-
driven background contributions.

6.1 Signal modelling

The signal model is constructed realising that additional contributions from anomalous
couplings to diboson processes impact the normalisation as well as shape of kinematic
distributions, having an especially pronounced effect on the shape of the myy distribu-
tion at high diboson mass. The modelling of the normalisation and shape of the signal
distributions is discussed below.

6.1.1 Normalisation

Considering the EFT Lagrangian of Equation 1.51, one can deduce that there are several
contributions in case of nonzero alTGCs to the diboson cross section. For each anomalous
coupling, these contributions include a term depending on the square of the coupling pa-
rameter, an interference term with the SM depending linearly on the coupling parameter,
and interference terms with other anomalous couplings. Out of these, the quadratic term
dominates at high energies; therefore, additional contributions from anomalous couplings
generally enhance the relevant diboson cross section. The impact of nonzero anomalous
coupling parameters on the normalisation of simulated WW and WZ mgp distributions is
shown in Figure 6.1 and Appendix A.2 for the positive and negative working points, re-
spectively, where the working points for each parameter are taken to be the highest and
lowest values considered in simulation, as listed in Table 5.2.

The operators associated with cwww and cy induce similar contributions to both the WW
and WZ processes. However, the operator associated with cg only enhances the WW cross
section, with negligible contributions to the WZ cross section. This is visible in the bottom
plots in Figure 6.1. It is also the primary reason for splitting the signal region into the WW
and WZ sensitive regions, since in the case of nonzero aTGCs, split signal regions would
help distinguish between cg and the other two couplings.

Keeping in view the contributions of anomalous couplings to the diboson cross section, as
discussed above, the normalisation of the signal can be modelled as:

Neignat = Nem + Y (Ne,1¢7 + Neyoci) + Y (Nc,»,chiCj>, (6.1)
i

i<j

where Ngy; is the number of events corresponding to the SM cross section including a
LO-to-NNLO k-factor, which has already been incorporated when the signal samples were
scaled to the NNLO cross section, as discussed in Section 5.2, and c¢; and cj are the anoma-
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Figure 6.1: Impact of nonzero aTGCs on signal mgp distributions in the
electron (left) and muon (right) channels. The impact of cywww/A? =
3.6 TeV=2, cw/A% = 4.5 TeV~2, and cg/ A% = 20 TeV 2 is shown on the
top, middle, and bottom, respectively.
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The normalisations N, 1, N, 2, and NCZ.,C], are extracted from simulation by considering sim-
ulated event yields for certain combinations of aTGC parameter values. N, i and N,
are obtained by using simulated event yields N, - and N_- with the parameter c; equal to
positive and negative value of the working pomt respectwely

N + + N -
Ngi1 = f Nswm,
. N. N, (6.3)
@r T Ty

N¢,; are then obtained by utilising the simulated event yield N+ .+ with both parameters
i%j

equal to their respective positive working points:

No = Neser = Nowt — (Noa + Ne,2) — (ch,l + chg) ,
(6.4)
- (chcjf +Now) — (N + ch) .

6.1.2 Shape

It is evident from Figure 6.1 that anomalous couplings do not significantly change the shape
of the mgp distribution. However, there is a remarkable change in the shape of the myy
distribution, which deviates from the SM contribution quite significantly at high diboson
mass. The myy distribution broadly exhibits an exponentially decaying spectrum, which is
the result of the convolution of the intrinsic power spectrum and the steeply falling PDFs.
This exponential behaviour is modified by anomalous coupling contributions, including
the quadratic, SM-aTGC interference, and aTGC-aTGC interference terms, analogous to
the ones in Equation 6.1. These considerations motivate the selection of a signal function,
including shape, of the form:

Fsignal(mWV> :NSM (euSMmWV + e”corrmwv)

+ Z < cil (chetinmwy (1 +erf[(mwy — ag;) /@y > + Nc,»,zcie”f’szV>

2
+Z( ciciCiC E”Zf’”wv>

i<j

(6.5)

where asyy, a;1, a;2, and a;; are the exponential decay constants of the various contributions,
and erf is the error function:

erf(x (6.6)

ket
included to accurately model the turn-on behaviour of the anomalous coupling contribu-
tions. The parameters a¢; and a,,; characterise the turn-on threshold and steepness of the
error function, and aqqr is the decay constant of a small correction term added to account
for the deviation of the SM contribution from a simple exponential at higher values of myyy.

The shape parameters are determined from fits to simulated myyy distributions, analogous
to the determination of the normalisation constants. First, the SM parameters agy; and acorr
are determined from a fit to simulation without anomalous couplings. The SM-aTGC inter-
ference parameters 4;, are then extraced by comparing shapes when an aTGC parameter is
set to positive and negative working points. Consequently, the pure aTGC parameters a; 1,
ap, and a,,; are derived from a simultaneous fit of the pure aTGC and the already obtained
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SM and SM-aTGC contributions to simulation where a single aTGC parameter has been
set to its working point. Finally, the aTGC-aTGC interference parametes are determined
by comparing the simulation with pairs of aTGC parameters set to nonzero values. Some
contributions, including SM-cwwyw interference, cwww-cp interference, and the turn on er-
ror function for cp in the WZ region are found to be insignificant, and ignored in order to
simplify the signal model a bit.

The extracted signal model, with the coupling parameters set to zero and their respective
working points, and the corresponding simulated distributions are shown in Figures 6.2
and 6.3 for the WW and WZ categories, respectively. For validation, the extracted signal
model with the coupling parameters set to intermediate values is compared to the corre-
sponding simulation, which is different from the ones used to extract the model. Addi-
tional figures with the signal model and simulated distributions corresponding to negative
working points are given in Appendix A.3.

6.1.3 Impact of systematic uncertainties

Since the parameters of the signal function defined in Equation 6.5 are extracted from sim-
ulation, they are affected by systematic uncertainties. In order to calculate the impact of
each source of systematic uncertainty discussed in Section 5.6, a simplified signal model,
without considering the interference terms, is utilised. The simplified model is first fitted
to the simulation with an anomalous coupling parameter set to its working point. The
model is then refitted to corresponding simulations where a single source of systematic
uncertainty has been varied up and down within its input uncertainty, and the larger dif-
ference in the resulting extracted shape parameter is noted. This is done for all the sources,
and the final estimate is obtained by considering the sources of uncertainty uncorrelated,
and adding their impacts in quadrature.

The estimated total uncertainty on signal shape parameters for both channels and cat-
egories is shown in Table 6.1, whilst the impact of individual sources is given in Ap-
pendix A.4. The largest impact comes from uncertainty in PDFs and the choice of factori-
sation and renormalisation scales, with smaller contributions from experimental sources.
Uncertainties in luminosity and identification of vector bosons are not considered, since
they only affect the normalisation of the process. Figures containing details of shape sys-
tematic uncertainties, depicting the nominal model along with the extracted uncertainty
band, for the WW and WZ categories are given in Appendix A.4.

Table 6.1: Estimated total uncertainty (%) on signal shape parameters.
The effect of a source of uncertainty on the signal shape is calculated
by refitting the model to the corresponding variations in simulated sam-
ples, and the total uncertainty is obtained by combining the effect of all
individual sources.

WW category WZ category
Shape parameter Electron channel Muon channel Electron channel Muon channel
Aepww 5.11 5.05 6.55 4.37
Acy 4.19 5.08 5.43 3.68
ey 3.35 2.35 5.05 4.56
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Figure 6.2: Simulated events (points) and the extracted signal model
(solid curves) in the electron (left) and muon (right) channels for the
WW category. The model is extracted by fitting a parametric func-
tion to events without anomalous couplings, shown in green, and with
anomalous coupling parameters set to cwww/A? = 3.6 TeV 2 (top),
cw/A% = 4.5 TeV~2 (middle), and cg/A2 = 20 TeV~2 (bottom), shown
in blue. For further validation, the interpolated model with an inter-
mediate value of the respective aTGC, shown in red, is compared to a
corresponding simulated sample, thereby showing good agreement be-
tween the model and MC events.
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Figure 6.3: Simulated events (points) and the extracted signal model
(solid curves) in the electron (left) and muon (right) channels for the
WZ category. The model is extracted by fitting a parametric function to
events without anomalous couplings, shown in green, and with anoma-
lous couplings, shown in blue. For further validation, the interpolated
model with an intermediate value of the respective aTGC, shown in red,
is compared to a corresponding simulated sample, thereby showing good
agreement between the model and MC events. The bottom plots reiterate
the fact that the parameter cg only enhances the cross section of the WW
process and leaves the WZ cross section unchanged.
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6.2 Background estimation

As discussed in Chapter 5, the signal output is contaminated by various background pro-
cesses. A multitude of techniques are used to estimate the background contributions. The
most significant background, W+jets, is derived entirely from data. For the tt process, the
normalisation is fixed in the final fit to data, whilst the shape parameters are first deter-
mined by fitting parametric functions to simulation, and the fit uncertainties are used as
priors during the final fit. Minor background contributions, SM diboson and single top
quark production, are estimated by fitting to simulation, and keeping the derived func-
tions fixed in the final fit. Prior to the fits to simulation and data, MC modelling of the
background processes is validated in control regions.

6.2.1 Comparison between data and simulation in control regions

In order to validate the MC modelling of background contributions in the simulated sam-
ples, two control regions are defined as discussed in Section 5.4. Each control region is
designed explicitly to enrich a certain background contribution, while suppressing con-
tamination from the signal processes. The agreement between data and simulation for
various variables, in both the W+jets and tt control regions, is verified by a x? test, with the
p-value being greater than 0.99 in all cases.

The W+jets control region is closely related to the signal region, differing only in the se-
lection requirement on mgp. Events in the W+jets control region are required to have mgp
smaller than 65 GeV, or larger than 105 GeV. Data-to-simulation comparison for the mgp
and mwy distributions in the W+jets control region is shown in Figure 6.4 for both the
electron and muon channels. The simulated distributions are normalised to the total inte-
grated luminosity of the data using their respective SM cross sections. The combined effect
of a limited number of simulated events and contributions from sources of systematic un-
certainty is indicated with the hashed region in the main plots and the grey bands in the
ratio plots. The blank space in the mgp distribution in the interval 65 < mgsp < 105 GeV
corresponds to the phase space of the signal region.

Owing to the fact that the efficiency of identifying bottom quark jets, used to veto the tt
background process, is 41%, it is evident that there is a significant amount of contribution
from the tt process in the distributions in the W+jets control region. Data-to-simulation
comparison for the distribution of the pr of the jet, pr of the lepton, 11, and p'* is shown
in Figure 6.6, demonstrating a good agreement between data and simulation. Additional
figures depicting data-to-simulation comparison for several other variables can be found in
Appendix A.5.

The tt control region differs from the signal region in the number of b-tagged jets, and
is designed to enrich events with top quarks. Events are classified as belonging to the tt
control region if they contain at least one b-tagged jet. Data-to-simulation comparison for
the msp and myy distributions in the tt control region is shown in Figure 6.5 for both the
electron and muon channels. The simulated distributions are normalised to the total inte-
grated luminosity of the data using their respective SM cross sections.

The small contribution from the W+jets process in the distributions in the tt control region
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Figure 6.4: Comparison between data and simulation for the mgsp (upper)
and myyy (lower) distributions in the W+jets control region. The electron
and muon channels are shown on the left and right, respectively. The
different contributions have been normalised to the luminosity of the
data using their respective SM cross sections. The hashed region in the
main plots and the grey band in the ratio plots show the combined effect
of statistical and systematic uncertainties.

reaffirms the low mistag rate of the b tagging technique used. Data-to-simulation com-
parison for the distribution of the pr of the jet, pr of the lepton, 11, and pi* is shown
in Figure 6.7, demonstrating a good agreement between data and simulation. Additional

figures depicting data-to-simulation comparison for several other variables can be found in
Appendix A.5.

Inspite of the good agreement between data and simulation in both the W+jets and tt con-
trol regions, some systematic deviations, although within uncertainties, can be observed.
These deviations can be attributed to several causes. For instance, it is particulary hard
to accurately model the W+jets process and jet substructure. Certain deviations in the
muon channel distributions can be attributed to poorly derived scale factors for the high-
pt muons used. These concerns motivate the use of data driven techniques, and hence the
major backgrounds are not entirely obtained from MC simulation but extracted from data
where necessary.




6 Signal modelling and background estimation

CMS 35.9 fb? (13 TeV) CMS 35.9fh? (13 TeV)
> T Data > T T Y Data
@ 180 Electron channel f a- Q Muon channel i .
g 160[ ttcontrol region E:/fw—]ets g 2501~ control region E:/fVﬂetS
~ ‘ ~
n 10 Il ww 9 200 | ww
g 120 mwz S mwz
3 100 Il Single t 3 150 Il Single t
80 Stat.[syst. Stat.Osyst.
o oy E —
S/ Q os
E‘%—O.gji 4 - 5 ¥ T8 4 E‘g—og:,!'ii....'.'.... R i
% _210 60 80 100 120 140 % _210 60 80 100 120 140
o) [a)
mgp (GeV) mgp (GeV)
CMS 35.9 fb? (13 TeV) CMS 35.9fh? (13 TeV)
% | El t‘ h ‘ I + Data % | M | h ‘I + Data
ectron channel - uon channel .
g 10° tt control region 5 :/fVﬂets g 1081 tt control region Eyfv-ﬂets
N N >
= mww - mWww
@ ¥ Wz @ 10 A
5 Il Single t 5 Il Single t
o 10 f:lStat.EIsyst.: o 10 E}Stat.l]syst.:
10" ﬁ i
9l ozl il l 1 g o3 L 11} ]
2 s e Lo : RS |
E.g_ogk EEEREET TSN i ] E.g_o,g:----.-r ‘tI%lll%l ]
% _iOOO 1500 2000 2500 3000 3500 4000 4500 % 71000 1500 2000 2500 3000 3500 4000 4500
a m,, (GeV) © m,,y (GeV)

Figure 6.5: Comparison between data and simulation for the mgsp (upper)
and mwy (lower) distributions in the tt control region. The electron and
muon channels are shown on the left and right, respectively. The dif-
ferent contributions have been normalised to the luminosity of the data
using their respective SM cross sections. The hashed region in the main
plots and the grey band in the ratio plots show the combined effect of
statistical and systematic uncertainties. This figure has been published
in Reference [1].

A selection requirement is imposed on pTi*, as discussed in Section 5.4, to suppress cer-
tain background processes, including QCD multijet events. The choice of the threshold for
the selection requirement is optimised in both the electron and muon channels. Figure 6.8
shows the comparison between data and simulation for the pi*¢ distribution without the
final selection cut on pis. A scan is performed using different values of the threshold,
and the discrepancy between data and simulation is noted. The final value of the threshold
is chosen to be the one where the discrepancy falls below 1%. This value is 110 (40) GeV in
the electron (muon) channel.

In addition to the W+jets and tt control regions, more phase space regions are constructed
to further validate background contributions. These include another tt control region,
wherein mgp > 150 GeV, and QCD enriched regions, as discussed in the next section.
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Figure 6.6: Comparison between data and simulation for the prjet, PTlep
To1, and pIiss (top to bottom, respectively) distributions in the W+jets
control region. The electron and muon channels are shown on the left

and right, respectively.
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Figure 6.7: Comparison between data and simulation for the prjet, PTiep,s
T1, and p7'** (top to bottom, respectively) distributions in the tt control
region. The electron and muon channels are shown on the left and right,
respectively.
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motivation for the selection cut. The requirement on piiss is set to be:
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6.2.2 Validation of negligible backgrounds

The contributions from several potential background processes are checked, and validated
to be negligible. These processes either have a tiny cross section compared to the other
background contributions or fail selection requirements frequently, resulting in negligi-
ble contributions. Simulated samples are used to verify the contribution from the Z+jets
process. A comparison between the obtained mgp distributions for the Z+jets and W+jets
processes is given in Appendix A.6.

For the QCD multijet process, as a first check, simulated samples are used. Application
of all the selection requirements results in less than 1% QCD events as compared to the
W+jets contribution. In order to demonstrate that even if a noticable QCD contribution
is present, it can be absorbed into the W+jets distribution because of similar shapes, very
loosely selected — with selection requirements like a single isolated lepton and one clean
AKS jet only — QCD events are examined. The mgsp and myyy distributions of these QCD
events compared with the W+jets distributions are shown in Figure A.16. The W+jets fitting
functions discussed in the next section are also easily able to absorb these loosely selected
QCD events, when fit to the sum of the two contributions.

However, since simulated QCD events do not represent data very accurately, a full data-
driven estimation of the QCD contribution is performed. In order to do so, QCD enriched
phase space regions are defined. A schematic representation of the regions used for ex-
tracting the contribution of the QCD multijet process is shown in Figure 6.9. Side-sideband
regions are defined in the mgsp interval orthogonal to the signal and sideband regions.
Furthermore, QCD enriched control regions are defined by inverting the lepton isolation
criteria in the signal and sideband regions.

A QCD fake rate is obtained by taking the ratio of the number of events in the isolated
side-sideband region to those in the anti-isolated side-sideband region. The distributions,
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Figure 6.9: Schematic representation of regions used to estimate the con-
tribution of QCD from data. The lepton isolation requirement is inverted
to obtain the QCD-enriched regions.

using which the QCD fake rate is calculated, are shown in Figure 6.10. The fake rate is
consequently used to transfer the QCD distribution in the anti-isolated signal + sideband
region to the interesting signal + sideband region. The application of the fake rate to get
the required QCD estimate is shown in Figure 6.11. The extracted QCD distribution is also
compared with the W+jets distribution, to demonstrate the insignificance of the QCD mul-
tijet process for this analysis, after application of the well designed selection requirements.
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Figure 6.10: Estimation of QCD fake rate in the electron (left) and muon
(right) channels. The fake rate is calculated as the ratio of the number of
QCD events in the isolated and anti-isolated side-sideband regions.

The relevant numbers for the estimation of the QCD contribution from data are listed in
Table 6.2. The final QCD estimate is ~1% when compared with the other backgrounds in
both the electron and muon channels. As with the validation using simulated samples,
the W+jets fitting functions discussed in the next section are easily able to absorb the
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Figure 6.11: Final QCD estimate from data in the electron (left) and muon
(right) channels in the interested signal + sideband region, obtained by
transferring the QCD distribution from the corresponding anti-isolated
region using the fake rate. A comparison with the W+jets distribution is
also shown to demonstrate neglecting the QCD contribution.

contribution from QCD multijet events.

Table 6.2: Summary of estimated contribution from QCD events using
data from QCD-enriched regions. The final estimate justifies ignoring its
contribution in this analysis.

Electron channel Muon channel

Nleg ,]sDide-sideband 507 352
N sosdersideband 1,700,563 2,121,627
Fake rate (%) 0.0298 0.0166
Noep oS gnattsideband 565,450 1,000,762
Ngg,]sjignal—i-sideband 169 166

6.2.3 Background modelling

Analogous to signal modelling, the msp and mwy distributions for the background contri-
butions are modelled using parametric functions, which are first fitted to simulation.

Background mgp distribution

The mgp distribution for the background contributions is modelled using a variety of com-
ponents. These components are selected considering characteristic features of the shape
for each contribution. The details of the functions used, along with the motivation of
constructing the specific form of the functions, is as follows:

* Wi+jets: The W+jets distribution contains a broad Sudakov peak of jet masses ex-
pected in highly energetic QCD jets. This broad, continuous distribution is modelled
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using a chi-square function of degree four:

Fwjets(msp) = (msp — ke )ekesz(mso—kesi), (6.7)

where kcg; and kcg, are the shape parameters of the Xﬁ distribution. Since the W+jets
process is the most significant background, an alternative fit function is also used to
avoid bias from the selection of the specific form of the function. The used alternative
fit function is a standardised Bernstein polynomial of degree 3:

Fijets (msp) = kpso(1 — x°) + kps1x(1 — x%) + kpspx* (1 — x) + ksax’, (68)

where x is the standardised mgp:

__ Msp — 40

110 (69)

The difference in normalisation resulting from the use of the alternative fit function
is propagated to the uncertainty of the W+jets normalisation. The uncertainty from
the alternative function is estimated to be ~10%.

e Top quark pair production: For the tt background, the mgp distribution contains a
well-defined peak, indicative of real boosted W bosons, emerging from the decay of
the top quarks, and decaying hadronically. In addition to the sharp peak, there is a
continuous distribution resulting from the case where the W boson and the bottom
quark emerging from a top quark are not easily distinguished. Therefore a combina-
tion of an exponential times error function and a Gaussian function is used:

1+ erf((msp — kggc2) / kegcs)
2

Fg(msp) = efereso < > + keecaG(msp, kegcs, keecs ),

(6.10)
with the Gaussian function, having a mean cgggs and standard deviation cgggs, mod-
elling the peak, and the exponential times error function modelling the continuous
distribution.

* SM diboson production: The SM diboson mgp distribution only contains a resonant
contribution, with minor tails extending into the sidebands. Hence, a combination of
two Gaussian functions is used:

Fwv(msp) = G(msp, kpc1, kpcz) + kpgsG(msp, kpci + kpas, kpgskpgs), — (6.11)
with the subscript DG denoting “double Gauss”.

¢ Single top quark production: The mgp distribution for the single top quark produc-
tion is quite similar to the tt production, with a resonant contribution from associated
tW production, and a continuous distribution from the t-channel production. How-
ever, since single top quark processes form a minor background, a somewhat simpli-
fied function is used, consisting of a combination of an exponential function and a

Gaussian:
Fi(msp) = kgc1€"2™P + G(msp, krcs, kca)- (6.12)

A table summarising the values of the parameters extracted from the fits to simulation is
given in Appendix A.7. Simulated mgp distributions, along with the extracted fit functions,
in both the electron and muon channels are shown in Figure 6.12. In order to construct the
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Figure 6.12: Simulated events and fitted parametric functions for the
W-ets, tt, SM diboson, and single top quark (top to bottom, respectively)
mgp distributions. The electron channel is shown on the left, whilst the

muon channel is shown on the right.
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shown 1o uncertainty bands, the fitted functions are evaluated along the mgsp-axis, whereof
the extracted parameters are randomised according to their covariance matrix, and the cen-
tral 68% of the resulting values are selected at every point along mgp.

Figure 6.13 shows the complete background msp model, formed by combining the func-
tions described above, compared to data before the final fit. In order to avoid personal
bias resulting from observing data in the signal region, the signal region in figures like
this is kept blinded, and revealed only after details of the analysis have been finalised and
approved following various iterations of careful review within the CMS collaboration.
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Figure 6.13: The complete msp background model derived from simula-
tion, in the electron (left) and muon (right) channels, compared to data
before the final fit. W+jets and tt contributions are derived from data in
the final fit.

Background myyvy distribution

The myyy distribution for the background contributions in the signal region is modelled
using the following functions:

o Wijets: Fyyjets(mwv) = gkETmwy ke / mwy

) tf: th(mWV) — ekETZImWV"rkETzz/mWV

e SM diboson: FWV(mWV) — ekemsimwy +kes2 /mwv

e Single t: F(myy) = =W,

(6.13)

where the parameter subscripts E and ET denote exponential and exponential with a tail,
respectively. A table summarising the values of the parameters extracted from the fits to
simulation is given in Appendix A.7. Simulated my distributions, along with the extracted

fit functions, for the signal region in both the electron and muon channels are shown in
Figure 6.14.

For the sideband regions, similar functions are used, with the exception of the diboson
contribution, which has a much smaller contribution in the sidebands as compared to the
signal region, and is modelled using a simple decaying exponential function. Simulated
myy distributions, along with the extracted fit functions, for the sideband region are given
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Figure 6.14: Simulated events and fitted parametric functions for the
W-jets, tt, SM diboson, and single top quark (top to bottom, respec-
tively) mwy distributions in the signal region. The electron channel is
shown on the left, whilst the muon channel is shown on the right.
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in Appendix A.7.

The extracted W+jets functions in the signal and sideband regions are used to construct a
transfer function that is used, in combination with fits to data in the sideband regions, to
get the final estimate of the W+jets contribution in the signal region. The transfer function
method is discussed in detail in the following section. Similar to the W+jets mgp distribu-
tion, an alternative fit function is also used for mwy to avoid bias from the selection of the
specific form of the function. For the myy distribution, the used alternative fit function is:

1
F\?Vijets(mwv) — omwv/ (kera +kersmwy) (6.14)

The uncertainty arising from the use of the alternative fit function is propagated to the final
transfer function, discussed in the following section. The pre-fit background myy model
in the signal region is shown in Figure 6.15 for both the electron and muon channels.
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Figure 6.15: The complete mwy background model for the signal region,
derived from simulation, in the electron (left) and muon (right) chan-
nels, compared to data before the final fit. The W+jets contribution is
estimated from sideband data using a transfer function in the final fit.

6.2.4 Two-dimensional fit and estimation of W+jets contribution

The contribution of the W+jets process is estimated from a two-dimensional fit to data,
which is designed to extract the signal as well as background contributions fixed from
data. The topology of the two-dimensional fit is demonstrated in Figure 6.16. The fit is
performed in the (msp, mwy)-plane, and owing to the lack of prior knowledge about mod-
elling myy shape parameters as a function of msp continuously, the fit is modified from
a usual two-dimensional fit. The phase space is divided into sideband and signal regions
along mgsp, and while performing the fit, the myy shape parameters within one region
are kept constant with respect to msp. The background shape parameters in the sideband
region are obtained by fitting to data, since the contamination from signal is negligible; in
the signal region, the data is used to extract the signal.

In order to derive the W-jets contribution in the signal region, the « ratio (transfer function)
method [170,171] is used. A demonstration of the « ratio method is shown in Figure 6.17.
The method works on the assumption that although the simulation may not accurately
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/

Events / GeV?

Figure 6.16: Topology of the final two-dimensional fit to data to fix back-
ground contributions and extract the signal. The fit is performed in the
(msp, mwv)-plane, with the phase space being split into signal and side-
band regions along mgp.

describe the shape of the W+jets distribution in the signal region, it does accurately predict
the ratio of distributions in the signal and sideband regions. A ratio of the simulated mwy
distributions in the signal and sideband regions is thus used to transfer the W+jets mwyy
distribution in the sideband, extracted from data, to the signal region, thereby encoding the
dependence of mwyy on mgp. The total background mwy contribution in the signal region
can therefore be expressed as:

SR __ 1SB, data , MC SR SR SR
Fbkg(mW V) - FW+jets a (mWV) + F& + Fsingle ¢ T Fdiboson’
SR, MC
MC o FW+jets (6.15)
o (mwy) = 5B, MC”
Wijets

with F representing the parametric functions corresponding to the various contributions
in the signal (SR) and sideband (SB) regions. The a function in the electron and muon
channels, derived using both the sideband regions and the full signal region, is shown in
Figure 6.18.

While performing the fit, different constraints are placed on the normalisation and mgp
and mwy shape parameters of the various contributions, depending on the significance of
the contribution and the uncertainty in its modelling. The W+jets contribution is derived
from data, with the normalisation and mgp shape parameters being allowed to vary with-
out constraint, in order to account for possible mismodelling. The myy shape parameters
are determined from sideband data and the transfer function aMC, with constraints being
placed according to the uncertainties in simulation propagated to aMC. For the tt con-
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6.2 Background estimation

tribution, the normalisation and myy shape parameters are allowed to vary within their
respective uncertainties, whilst the mgsp shape is kept fixed. The shape parameters of the
SM diboson contribution are also kept fixed; however, the normalisation is allowed to vary
within 100% in order to cover its systematic uncertainty, as well as to allow a significant
contribution from aTGC processes, within the sensitivity of this analysis. The normalisa-
tion of the single top quark contribution is allowed to vary within its uncertainty, whilst
the mgp and myy shape parameters are kept fixed. Details of the uncertainties used as
constraints are discussed in the following section.

The normalisations of background contributions before and after the fit are listed in Ta-
ble 6.3. Before fitting to data, consistency checks are carried out by utilising Asimov data.
One of the checks is a closure test, wherein the two-dimensional fit is performed on Asimov
data corresponding to zero alTGC parameters, verifying that the fitted model complies with
the SM Asimov data. Results of the closure test are shown in Figure A.18 in Appendix A.8.
Other checks include signal injection tests, wherein the fit is performed on Asimov data
corresponding to the signal scenario where an aTGC parameter is set to a nonzero value.
Results of signal injection tests with Asimov data corresponding to cwww / A2 =36TeV?2
and cp/A? = 20 TeV 2 are shown in Figures A.19 and A.20, respectively. The former case
refers to the scenario with enhanced WW and WZ contributions, while the latter refers
to the scenario where only the WW contribution is enhanced, and the WZ contribution
remains unchanged. In both the cases, the signal is identified accurately without any bias.
Final results of the two-dimensional fit to data are presented in Chapter 7, following a
discussion of the statistical model and the procedure used to extract limts.

Table 6.3: Pre-fit and post-fit normalisations of the background contri-
butions compared to data. The uncertainties in the pre-fit yields are
used as constraints in the fit, whilst uncertainties in the post-fit yields
are the corresponding total post-fit uncertainties. Since the normalisa-
tion of the W+jets process is allowed to vary freely in the fit, there are
no corresponding pre-fit uncertainties. This table has been published in
Reference [1].

Electron channel Muon channel
Pre-fit Post-fit Scale factor Pre-fit Post-fit Scale factor

Wjets 2421 3036 4123 1.25 4319 4667 4182 1.08
tt 1491 +324 1127 £119 0.76 2632 570 1978 £+ 202 0.75
Single t 271 + 39 242 426 0.89 509 + 69 449 + 43 0.88
Diboson 314 +314 267 £102 0.85 552 4552 465 1162 0.84
Total 4497 4672 £+ 201 1.04 8012 7559 + 319 0.94
Data 4691 7568

6.2.5 Impact of uncertainties

The effect of systematic uncertainties from the sources discussed in Section 5.6 is propa-
gated to the estimates of the background contributions. Estimated normalisation uncer-
tainties for the various background contributions derived from simulation are summarised
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in Table 6.4. The dominant contributions come from theory and uncertainty in identifica-
tion of vector bosons. The effect of lepton and jet uncertainties on p™** is included in the
corresponding lepton and jet uncertainty rows, while the p™is* row only quotes the uncer-
tainty arising from unclustered energy deposits. All uncertainties are included as nuisance

parameters in the final fit to data.

Table 6.4: Estimated normalization uncertainties (%) for background pro-
cesses derived from simulation. The dominant sources of uncertainty
include vector boson identification and theoretical uncertainties.

Electron channel Muon channel

Uncertainty source tt WW  WZ t tt WW Wz t
PDF 279 193 244 022 271 178 254 025
UE, YR 1799 577 482 094 1774 599 426 1.06
Luminosity 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Pileup 059 090 140 0.29 040 082 067 041
Lepton identification 212 230 226 222 1.81 255 242 204
Lepton energy scale 080 153 094 145 068 172 119 1.14
Lepton energy resolution 0.26 011 021 1.22 002 014 033 027
Jet energy scale 441 426 244 494 354 375 250 297
Jet energy resolution 1.79 185 269 344 085 062 292 0091
V tag 14 14 14 14 14 14 14 14
b tag 1.05 0.04 0.08 0.85 1.04 003 0.08 0.84
b mistag 004 002 0.04 005 0.05 0.03 0.04 0.05
pniss 091 101 0.64 150 059 024 017 099
Total 2374 16.44 1591 15.84 23.30 1631 15.80 14.85

The uncertainties in shape parameters of the major background contributions are also taken
into account. For the W+jets shape, the uncertainty in simulation is propagated via the
transfer function. The effect of the alternative fit function is also included by inflating
the parameter uncertainties to cover the estimate from the alternative function. For the tt
contribution, the uncertainty is estimated using the uncertainties in the shape parameters
of the parametric function from the fit to simulation. The shape uncertainties are also in-
cluded as nuisance parameters in the final fit to data.

It is interesting to note that differential corrections from higher order, NNLO QCD [172,173]
and NLO electroweak [174], contributions can be considerable at higher values of myyy.
However, the two corrections have opposite signs, and partially cancel out. Furthermore,
the influence of these corrections has not been fully investigated for processes with anoma-
lous couplings. Therefore, they are not included as additional sources of uncertainty.
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A befitting result —

This chapter reveals the outcome of the analy-
sis presented in this thesis. Mathematical frame-
work of the statistical model and details of the
limit setting procedure are discussed, before
giving out results from the two-dimensional fit
to data. The chapter concludes by presenting
one- and two-dimensional limits on anomalous
triple gauge coupling parameters, comparing
them with the limits obtained from other mea-
surements.




7 Limits on anomalous gauge coupling parameters

hile searching for physics beyond the SM, it is customary to derive limits on

cross sections and quantities characterising the new physics, in case no devi-

ations from the SM predictions are observed. For the analysis presented in
this thesis, confidence intervals are constructed for anomalous triple gauge coupling pa-
rameters using the diboson mass distribution. In order to do so, the profile likelihood ratio
is used as a test statistic. Using the profile likelihood ratio, confidence intervals are con-
structed for single parameters as well as combinations of two parameters simultaneously.

7.1 Statistical model

Given a probability density function f(x|u) for the random variable associated with x, and
characterised by a parameter y, the likelihood is defined by flipping the quantity of interest
from the random variable to the parameter:

L(ulx) = f(x|p)- (7.1)
For n independent measurements of the random variable, the combined likelihood is given
by:

L(p|X) Hf xi|p), (7.2)

with the maximum likelihood estimate of the parameter y corresponding to maximising
the joint probability density function.

For the analysis presented in this thesis, an unbinned likelihood is constructed using the
signal and background modelling functions presented in Chapter 6. In this case, the total
myyy probability density, characterised by an aTGC parameter c;, is given by:

Fsignal(mWV|Ci) + Zp Fbkg,p(mWV)
Nsignal(ci) + Zp kag,p

f(mwy|c;) = , (7.3)

where Fgignal and Niigna are the signal model and normalisation, respectively, defined in
Section 6.1; Fyyg p is the background function for the p-th process, defined in Section 6.2,
now including the corresponding normalisation; and Ny , is the normalisation of the p-th
background contribution. For n independent measurements of myyy, the likelihood can be

written as:
—A An n

Hf mWV]‘Cl (74)

j=1

(Cl ‘mWV

where myyy ; is the measurement of myy for the j-th event, and the Poisson factor accounts
for the rate of observation in the experiment, given an expectation, with A being the ex-
pected yield as appearing in the denominator of Equation 7.3:

A = Neignai (¢i) + Y Nokg p- (7.5)
P

Furthermore, since events are categorised into four categories corresponding to the WW
and WZ sensitive regions in the electron and muon channels, the likelihood is modified to:

4 e_)‘)\”k 103
L(Ci’Tﬁwv) = H ( . Hf(mwv,j\ci)) . (76)




7.2 Fit results

Finally, including the nuisance parameters corresponding to systematic uncertainties, the
eventual form of the likelihood becomes:

. 4 —A/\I’lk Ny
L(c;, 6|itiwy) = 7(6) H Hf mwv,jlci, 0 6) |, (7.7)

k=1

where 6 denotes a nuisance parameter, and 77(6 ) is the corresponding prior probability.

Normalisation uncertainties are incorporated via a log-normal distribution, where an ex-
pected yield N is modified to Ne!"¢, with the nuisance parameter § having a Gaussian
distribution with mean zero and standard deviation one:

N — Ne?lne
1 2
(0) = ——e /2,
0) =7

The parameter € marks the size of the uncertainty; for instance, a 15% normalisaton uncer-
tainty corresponds to the transformation N — Nefn1-15,

(7.8)

Uncertainties in shape are incorporated by modifying the shape parameter using a nuisance
parameter, which has a Gaussian distribution with mean zero and standard deviation pro-
portional to the uncertainty. For instance, to incorporate the shape uncerainty into the
parameter a in the signal shape function:

a—a+0,
2(0) = L @9)
270 ’

with ¢ being fixed by the size of the uncertainty.

The best-fit value of the anomalous coupling parameter of interest can be obtained by
globally maximising the likelihood given in Equation 7.7. In order to derive confidence
intervals, the profile likelihood ratio, also called the LHC test statistic, is constructed:

L(Ci,§(ci)|ﬁwv)

L(¢;, 6|ritwy)

2ANLL(¢;) = —2In (7.10)

where ¢; and 6 represent parameters that globally maximise L, whilst 6(c;) corresponds to
the nuisance parameters that maximise L for a given value of c;.

The Wilks” theorem [175], derived by Samuel Wilks, states that the profile likelihood ra-
tio distribution approaches a chi-squared distribution with the corresponding degrees of
freedom as the sample size becomes very large. Therefore, confidence intervals with a
specific confidence level can be constructed as loci of all the points in the parameter space
where the profile likelihood ratio of Equation 7.10 is smaller than the critical value of the
chi-squared distribution with the corresponding degrees of freedom and confidence level.

7.2 Fit results

In order to perform the two-dimensional fit to data, discussed in Chapter 6, and derive
limits on aTGC parameters using the model discussed in the preceeding section, a frame-
work developed in the context of Higgs boson analysis [176] is used. While performing
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the fit, myy is constrained to the interval 900 < mwy < 4500 GeV, where the lower limit is
the minimum selection requirement on myy, and the upper limit is chosen based on data
observed in the control regions. The upper limit on mwy is placed to stay comfortably be-
low the threshold where the EFT is no longer valid. Further discussion on the EFT validity
and unitarity consideration in this analysis is given in the following section. Results of the
two-dimensional fit are shown in Table 7.1 and Figures 7.1 and 7.2.

Table 7.1: Summary of background, signal, and data yields for the WW
and WZ categories in each lepton channel. The anomalous diboson
yields are predictions of the signal model, with anomalous coupling
parameters set to the indicated values, including the standard model
and anomalous contributions, along with the relevant interference terms.
Nuisance parameters have been set to their post-fit values for this pre-
diction. This table has been published in Reference [1].

Electron channel Muon channel
WW WZ WW WZ
Wjets 1618 £ 66 1418 £57 2529 £99 2138 + 83
tt 600 + 63 526 £56 1040 4+ 106 938 + 96
Single top quark 145+ 16 97 +£10 264 +25 185 £18
Diboson (SM) 144 + 52 122 +£52 265 + 88 200 =79
Total expected (SM) 2507 £106 2163+96 4098 £172 3461 £ 151
Diboson (CWWW /A2 =36 TeV’z) 193 + 15 185+ 15 334 + 26 287 £ 22
Diboson (CW/A2 =45 TeV’Z) 163 + 14 154 + 15 283 +£23 237 £21
Diboson (cB /A2 =20 TeV_z) 188 +£ 21 144 + 14 322 + 33 2214+ 20
Data 2456 2235 3996 3572
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Figure 7.1: Result of the final two-dimensional fit to data, showing the
mgp distribution. The electron channel is shown on the left, while the
muon channel is shown on the right. The red vertical lines indicate the
boundaries between signal and sideband regions. This figure has been
published in Reference [1].
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Figure 7.2: Result of the final two-dimensional fit to data, showing the
myyy distributions in the lower sideband (top), signal (middle), and up-
per sideband (bottom) regions. The electron channel is shown on the left,
while the muon channel is shown on the right. An example of the ex-
cluded signal (cywww /A% = 1.59 TeV—2) is indicated by the dashed line.
This figure has been published in Reference [1].

Table 7.1 quotes the final event yields of the various background processes for the WW
and WZ categories in both the electron and muon channels. The total background yield is
compared with data. In addition, predicted diboson yields with anomalous coupling pa-
rameters set to their respective working points are also quoted. The signal diboson yields
comprise all contributions, including the contributions from the standard model scenario




7 Limits on anomalous gauge coupling parameters

and anomalous couplings, along with the relevant interference terms, with the nuisance
parameters being set to their post-fit values. No significant deviation from the standard
model predictions is observed in the yields.

Figure 7.1 shows the final mgp distribution as a result of the two-dimensional fit, whilst
Figure 7.2 depicts the myyy distribution in the lower sideband, signal, and upper sideband
regions. In both figures, the hashed area represents the combined post-fit uncertainty on
the background contributions. The dashed magenta line in Figure 7.2 corresponds to the
predicted diboson mwy distribution, with the anomalous coupling parameter cwww set
to its extracted limit value of 1.59 TeV 2. Analogous to the event yields, no significant
deviation from the standard model predictions is observed in the shapes of the mgp and
mwy distributions.

7.3 Extracted limits on aTGC parameters

Since there is no observed deviation from the SM predictions, confidence intervals are
constructed on single aTGC parameters as well as combintions of two parameters simulta-
neously.

7.3.1 One-dimensional limits

Confidence intervals for single aTGC parameters are constructed by forming the profile
likelihood ratio distribution as a function of one aTGC parameter, while explicitly fixing
the others to their SM value of zero. Profile likelihood ratio distributions for all aTGC pa-
rameters are given in Appendix A.9. Each profile likelihood ratio distribution is then used
to set one-dimensional limits on the respective aTGC parameter, using the method outlined
in Section 7.1. Limits are derived in both the EFT and LEP parametrisations presented in
Chapter 1. To obtain the limits in the LEP parametrisation, the signal is reparametrised
using the relationships in Equation 1.52, and the limit setting procedure is repeated.

The derived expected and observed one-dimensional limits on aTGC parameters at 95% CL
— which corresponds to x? = 3.84 with one degree of freedom — in both the parametrisa-
tions, are quoted in Table 7.2. The expected limits are derived by performing pseudoexper-
iments in simulation. Observed limits from Run 1 at a centre-of-mass energy of 8 TeV [30]
are also quoted to demonstrate the improvement, where the limit on Ak, has been con-
verted to a limit on Axz using Equation 1.52.

The limits obtained from this analysis on all the aTGC parameters are the most stringent
constraints on the parameters to date. There is an especially significant improvement in
the measured limits on cg and Axz over any previous measurement. A chart comparing
the limits obtained from this analysis to other contemporary and historical measurements
is given in Figure 9.1 in the concluding chapter.

In order to ensure that the limits are extracted from an myy region well below the threshold
where the EFT is no longer valid and unitarity is violated, a constraint is placed on the
maximum value of mwyy used in the fit. This constraint is myy < 4.5 TeV, based on the
observation the maximum mwy for events in the control regions. It is also customary to
quote limits with different cutoff values of the closest reference to the scale of the process
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Table 7.2: Expected and observed limits at 95% CL on single anomalous
triple gauge coupling parameters, along with observed best fit values.
Limits are derived in both the EFT and LEP parametrisations, and for
each coupling, all other coupling parameters are explicitly set to zero.
In order to demonstrate the improvement, observed limits from Run 1 at
8 TeV [30] are also quoted. This table has been published in Reference [1].

Param. aTGC Expected limit ~ Observed limit ~ Best-fit 8 TeV limit
cwww /A2 (TeV—2) [—1.44,1.47] [~1.58,1.59] —0.26 [—2.7,2.7]
EFT cw /A2 (TeV2) [—2.45,2.08] [—2.00,2.65] 121 [—2.0,5.7]
cp/A? (TeV~2) [—8.38,8.06] [—8.78,8.54] 1.07 [—14,17]
Az [—0.0060,0.0061] [—0.0065,0.0066] —0.0010 [—0.011,0.011]
LEP Ag% [—0.0070,0.0061] [—0.0061,0.0074]  0.0027  [—0.009,0.024]
Axz [—0.0074,0.0078] [—0.0079,0.0082] —0.0010 [—0.018,0.013]

in an analysis. For this analysis, mwy is a direct representation of the scale of the process;
therefore, limits are rederived multiple times, lowering the value of the cutoff threshold on
myyy at each step. Figures depicting the limits as a function of the cutoff threshold on mwyy
for all the aTGC parameters are given in Appendix A.10.

7.3.2 Two-dimensional limits

In order to extract limits on two alTGC parameters simultaneously, two-dimensional profile
likelihood ratio distributions are formed as a function of two parameters, while explicitly
fixing the third to its SM value of zero. Expected and observed two-dimensional limits on
pairwise combinations of aTGC parametes are constructed at 95% CL — which corresponds
to x* = 5.99 with two degrees of freedom — in both the EFT and LEP parametrisations.

The limits are represented in the form of contours in the parameter space of the respective
parameters, shown in Figure 7.3 for the EFT parametrisation, and 7.4 for the LEP parametri-
sation. In addition to the 95% CL contours, the best-fit and SM points and the 68 and 99%
CL contours are also shown. It is evident from the figures that the observed results are
compatible with the standard model scenario. A comparison between the two-dimensional
confidence regions for the aTGC parameters obtained from this analysis at a centre-of-mass
energy of 13 TeV and the ones obtained from Run 1 at a centre-of-mass energy of 8 TeV [30]
is presented in Chapter 8, after discussing preliminary further improvement by inclusion
of more data collected during 2017 and 2018.

It is interesting to note that in principle, it is possible to derive simultaneous limits on all
three considered aTGC parameters. However, since the three-dimensional profile likelihood
ratio distribution is a 3-manifold, and the constructed limit at a certain confidence level is a
locus of points in three dimensions, a useful and intuitive visualisation is hard to construct.
Furthermore, no new information is obtained from such a construction since there is no
term in the expression for the cross section that contains all the three coupling parameters.
Therefore, it is customary to only present one- and two-dimensional confidence regions for
the parameters as results of experimental high-energy physics analyses aimed at probing
the anomalous coupling parameters.
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blue and dot-dashed red represent the 68 and 99% CL contours, respec-
tively. Contours for the observed 95% CL are shown in solid black. The
SM expectation is marked with the black squares, while the observed
best-fit points are shown by the black crosses. This figure has been pub-
lished in Reference [1].
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Extension to full Run 2
data

The more the merrier —

This chapter extends the published results of
the analysis to full Run 2 data, making some
simplifications in the process. Analysis with
2017 and 2018 data is described, along with the
used data sets. The chapter concludes by pre-
senting one- and two-dimensional limits ob-
tained by utilising all the data collected during
Run 2 of the LHC operation, corresponding to
[SZMRS
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8 Extension to full Run 2 data

he results of this analysis presented so far have been derived using data collected
in proton-proton collisions during 2016, corresponding to an integrated luminosity
of 35.9 fb~!. The extent of the extracted confidence intervals is primarily governed
by the amount of available data events, whilst systematic uncertainties only play a minor
role. As an illustration, eliminating the consideration of systematic uncertainties from the
analysis entirely results in a change of only ~5% in the extracted limits. On the other
hand, the factor by which the limits improve by increasing luminosity is approximately
proportional to the fourth-root of the factor by which the luminosity is increased. For in-
stance, a four-fold increase in luminosity results in limits being improved by a factor of v/2.

These considerations motivate the extension of the published analysis to utilise all the data
collected during Run 2 of the LHC operation. It should, however, be kept in mind that in
order to extend the analysis to data collected during 2017 and 2018, certain assumptions
and simplifications are made, and the results are preliminary, serving to demonstrate fur-
ther improvement in the already established world-leading limits from this analysis.

For the preliminary results of the extended analysis, as a simplification, no new simulated
samples are produced. This is justified by the fact that the major backgrounds, W+jets en-
tirely and tt in part, are already derived from data, while some of the nuisance parameters
calculated from simulation also have enough wiggle room to accommodate small changes
in shape. Furthermore, the estimates of the systematic uncertainties are also taken from
the published analysis. While performing the analysis with data collected during 2017
and 2018, the distributions derived from simulation are rescaled to normalise them to the
luminosity corresponding to the respective years.

8.1 Analysis with 2017 data

During 2017 data taking, a similar amount of data to 2016 was collected. Data correspond-
ing to an integrated luminosity of 41.5 fb~! of the collected data is utilised for this analysis.
The used data sets, along with the corresponding luminosity and number of events in each
data set, are listed in Table 8.1. Single electron and single muon data sets from run pe-

Table 8.1: Data sets used from 2017 data taking, along with the corre-
sponding luminosity and number of events. The data accumulated in
these data sets corresponds to an integrated luminosity of 41.5 fb™'.

Data set Luminosity (fb~!) Number of events
/SingleElectron/Run2017B-17Nov2017-v1 4.79 60,537,490
/SingleElectron/Run2017C-17Nov2017-v1 9.63 136,637,888
/SingleElectron/Run2017D-17Nov2017-v1 4.25 51,526,710
/SingleElectron/Run2017E-17Nov2017-v1 9.31 102,121, 689
/SingleElectron/Run2017F-17Nov2017-v1 13.54 128,467,223
/SingleMuon/Run2017B-17Nov2017-v1 4.79 136, 300, 266
/SingleMuon/Run2017C-17Nov2017-v1 9.63 165, 652,756
/SingleMuon/Run2017D-17Nov2017-v1 4.25 70,361,660
/SingleMuon/Run2017E-17Nov2017-v1 9.31 154,630,534
/SingleMuon/Run2017F-17Nov2017-v1 13.54 242,140,980




8.1 Analysis with 2017 data

riods B to F are used, which have been compiled in the MINIAOD format following the
“November 2017” re-reconstruction. The runs containing events selected for analysis are
required to pass quality assessment from the data quality monitoring (DQM).

Figure 8.1 shows the obtained post-fit mwyy distribution in the signal region, which is used
to extract confidence intervals for the aTGC parameters. The derived one-dimensional con-
fidence intervals, along with their respective best-fit values, obtained utilising 2017 data are
listed in Table 8.2. For comparison, the published observed limits from the 2016 analysis
are also quoted. Since the amounts of data collected during 2016 and 2017 were not dras-
tically different, the final limits are also similar in general, with the limits from the 2017
data on the parameters cyyww and cw being slightly better, and cp being slightly worse
compared with the limits from the 2016 data.

Two-dimensional confidence regions for pairwise combinations of the aTGC parameters in
the EFT and LEP parametrisations are shown in Figures 8.2 and 8.3, respectively. Ad-
ditional figures depicting profile likelihood ratio distributions used to derive the one-
dimensional confidence regions are given in Appendix A.11.
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Figure 8.1: Result of the two-dimensional fit in the electron (left) and
muon (right) channels for the analysis using data collected during 2017.
The myy distribution in the signal region is shown; an example of the
excluded signal (cwww / A2 =148 TeV_z) is indicated by the dashed line.
Table 8.2: Expected and observed single aTGC limits at 95% CL, along
with observed best fit values, from the analysis using data collected dur-
ing 2017. Limits are derived in both the EFT and LEP parametrisations.
Observed limits from the 2016 analysis are also quoted for comparison.
Param. alGC Expected limit Observed limit ~ Best-fit 2016 limit
cwww /A2 (TeV™2)  [—1.41,1.44] [—1.42,1.48] 0.28 [—1.58,1.59)
EFT cw /A2 (TeV2) [—2.42,2.06] [—2.7,0.92] ~1.38 [—2.00,2.65]
g/ A2 (TeV—2) [—8.26,7.94] [—10.06,9.22] —458 [—8.78,8.54]
Az [—0.0059,0.0060]  [—0.0059,0.0061]  0.0012  [—0.0065,0.0066]
LEP Aglz [—0.0068,0.0060]  [—0.0083,0.0036] —0.0044 [—0.0061,0.0074]
Axz [—0.0050,0.0054] [—0.0085,0.0094] 0.0043  [—0.0079,0.0082]
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8 Extension to full Run 2 data
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Figure 8.2: Simultaneous limits on two aTGC parameters, in the EFT
parametrisation, from the analysis using data collected during 2017.
Limits for the combinations cywww/A2—cw/A? (left), cwww/A>—cg/A?
(centre), and cw/A%—cp/A? (right) are shown. Observed 95% CL con-
tours are shown in solid black, whilst contours for expected 68, 95, and
99% CL are shown in dotted blue, dashed green, and dot-dashed red, re-
spectively. The SM expectation is marked with the black squares, while
the observed best-fit points are indicated by the black crosses.
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Figure 8.3: Simultaneous limits on two aTGC parameters, in the LEP
parametrisation, from the analysis using data collected during 2017.
Limits for the combinations AZ—Aglz (left), Az—Axz (centre), and Ag%—
Axz (right) are shown. Observed 95% CL contours are shown in solid
black, whilst contours for expected 68, 95, and 99% CL are shown in
dotted blue, dashed green, and dot-dashed red, respectively. The SM
expectation is marked with the black squares, while the observed best-fit
points are indicated by the black crosses.

8.2 Analysis with 2018 data

Until 2018, the running conditions at the centre-of-mass energy of 13 TeV had been under-
stood and established very well. Therefore, significantly more data was collected during
2018 than 2016 and 2017. 59.9 fb™' of the collected data is utilised for this analysis. The
used data sets, along with the corresponding luminosity and number of events, are listed
in Table 8.3. EGamma and single muon data sets from run periods A to D, which have
been compiled in the MINIAOD format, are used. For run periods A to C, the data sets
correspond to the “September 2018” re-reconstruction, whilst for run period D, data sets



8.2 Analysis with 2018 data

Table 8.3: Data sets used from 2018 data taking, along with the corre-
sponding luminosity and number of events. The data accumulated in
these data sets corresponds to an integrated luminosity of 59.9 fb™'.

Luminosity (fb~!) Number of events

Data set

/EGamma/Run2018A-17Sep2018-v2 14.03
/EGamma/Run2018B-17Sep2018-v1 7.07
/EGamma/Run2018C-17Sep2018-v1 6.90
/EGamma/Run2018D-PromptReco-v2 31.75
/SingleMuon/Run2018A-17Sep2018-v2 14.03
/SingleMuon/Run2018B-17Sep2018-v1 7.07
/SingleMuon/Run2018C-175ep2018-v1 6.90
/SingleMuon/Run2018D-PromptReco-v2 31.75

327,843,843
153,822,427
147,827,904
738,976,078

241,608,232
119,918,017
110,032,072
506,717,754

compiled with prompt reconstruction during data taking are employed, since there was no
end-of-year reconstruction for them owing to the upcoming legacy reprocessing. Similar to
2016 and 2017, only runs passing quality assessment from DQM are selected.

Figure 8.4 shows the obtained post-fit myy distribution in the signal region, using which
confidence intervals for the aTGC parameters are extracted. The derived one-dimensional
confidence intervals, along with their respective best-fit values, obtained utilising 2018 data
are listed in Table 8.4. For comparison, the published observed limits from the 2016 analy-
sis are also quoted. Since the amount of data collected during 2018 was significantly larger
than 2016 and 2017, the limits derived on all the parameters are improved noticably.

Two-dimensional confidence regions for pairwise combinations of the aTGC parameters in
the EFT and LEP parametrisations are shown in Figures 8.5 and 8.6, respectively. Ad-
ditional figures depicting profile likelihood ratio distributions used to derive the one-
dimensional confidence regions are given in Appendix A.12.
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Figure 8.4: Result of the two-dimensional fit in the electron (left) and
muon (right) channels for the analysis using data collected during 2018.
The myy distribution in the signal region is shown; an example of the
excluded signal (cwww / A? =1.23 TeV?) is indicated by the dashed line.
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8 Extension to full Run 2 data

Table 8.4: Expected and observed single aTGC limits at 95% CL, along
with observed best fit values, from the analysis using data collected dur-
ing 2018. Limits are derived in both the EFT and LEP parametrisations.
Observed limits from the 2016 analysis are also quoted for comparison.

Param. aTGC Expected limit Observed limit ~ Best-fit 2016 limit
cwww /A2 (Terz) [-1.27,1.29] [-1.22,1.23] —0.01 [—1.58,1.59]
EFT cw /A2 (TeV_Z) [—2.17,1.81] [—2.15,1.63] —0.33 [—2.00,2.65]
cp/ A? (TeV_z) [—7.34,7.06] [—7.46,7.94] 0.74 [—8.78, 8.54]
Az [—0.0052,0.0053] [—0.0050,0.0051] 0.0000 [—0.0065, 0.0066]
LEP Aglz [—0.0061,0.0054] [—0.0061,0.0053] —0.0004 [—0.0061,0.0074]
AKy [—0.0065,0.0069] [—0.0073,0.0069] —0.0007 [—0.0079,0.0082]
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Figure 8.5: Simultaneous limits on two aTGC parameters, in the EFT
parametrisation, from the analysis using data collected during 2018. Ex-
pected 68, 95, and 99% CL and observed 95% CL limits for the combi-
nations cwww / A2—cw /A2 (left), cwww /A?—cg/A? (centre), and cw /A%—
cp/ A? (right) are shown, along with the respective best-fit and SM points.
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Figure 8.6: Simultaneous limits on two aTGC parameters, in the LEP
parametrisation, from the analysis using data collected during 2018. Ex-
pected 68, 95, and 99% CL and observed 95% CL limits for the combi-
nations Az-Ag% (left), Az—Axy (centre), and AgZ—Axy (right) are shown,
along with the respective best-fit and SM points.



8.3 Limits using full Run 2 data

8.3 Limits using full Run 2 data

Extremely stringent constraints on the aTGC parameters can be established by combining
data from all the years. To this end, the final fit is performed on the combined data, cor-
responding to 137 fb! at a centre-of-mass energy of 13 TeV. Figure 8.7 shows the final
post-fit myy distribution in the signal region for the 137 fb~! of data. The corresponding
one-dimensional confidence intervals, along with their respective best-fit values, are listed
in Table 8.5. Observed limits on the same parameters from proton-proton collision data
from Run 1 at a centre-of-mass energy of 8 TeV [30] are also quoted to demonstrate the
improvement in this analysis at a centre-of-mass energy of 13 TeV.

Similar comparisons between the two-dimensional confidence regions from Run 1 and
Run 2 for pairwise combinations of the aTGC parameters in the EFT and LEP parametri-
sations are shown in Figures 8.8 and 8.9, respectively. Comparing the observed 95% CL
contours from this analysis with the ones from the analysis utilising 8 TeV data highlights
the extensive improvement in this analysis.
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Figure 8.7: Result of the two-dimensional fit in the electron (left) and
muon (right) channels for the analysis using full Run 2 data. The myy
distribution in the signal region is shown; an example of the excluded
signal (cwww / A2 =1.08 TeV_Z) is indicated by the dashed line.
Table 8.5: Expected and observed single aTGC limits at 95% CL, along
with observed best fit values, from the analysis using full Run 2 data.
Limits are derived in both the EFT and LEP parametrisations. In order
to demonstrate the improvement in limits from Run 1 to Run 2, observed
limits from Run 1 [30] are also quoted.
Param. aTGC Expected limit Observed limit Best-fit 8 TeV limit
cwww/A? (TeV-2)  [=1.09,1.11] [~1.04,1.08] 0.07 [—2.7,2.7]
EFT cw/ A2 (TeV2) [~1.87,1.51] [~1.99,0.688] ~1.01 [~2.0,5.7]
cg/ A2 (TeV~2) [—6.26,5.98] [—6.98,6.42] —2.34 [—14,17]
Az [—0.0045,0.0046] [—0.0043,0.0044] 0.0003 [—0.011,0.011]
LEP Ag? [—0.0052,0.0049]  [—0.0057,0.0027] —0.0029 [—0.009,0.024]
Axz [—0.0055,0.0058]  [—0.0059,0.0065]  0.0021  [—0.018,0.013]
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Figure 8.8: Comparison of simultaneous limits on two aTGC parameters,
in the EFT parametrisation, from Run 2 with the ones from Run 1. Limits
for the combinations cyyww /A2—cw /A? (left), cwww / A?—cg/ A? (centre),
and cw/A%-cp/A? (right) are shown. Run 1 limits are shown in solid
red, whilst the improved Run 2 limits are shown in solid black. Ex-
pected 68 and 95% CL contours for Run 2 are shown in dotted blue and
dashed green, respectively. The SM expectation is marked with the black
squares, while the observed best-fit points are indicated by the black
Crosses.
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Figure 8.9: Comparison of simultaneous limits on two aTGC parameters,
in the LEP parametrisation, from Run 2 with the ones from Run 1. Limits
for the combinations AZ—Aglz (left), Az—Axz (centre), and Aglz—AKZ (right)
are shown. Run 1 limits are shown in solid red, whilst the improved
Run 2 limits are shown in solid black. Expected 68 and 95% CL contours
for Run 2 are shown in dotted blue and dashed green, respectively. The
SM expectation is marked with the black squares, while the observed
best-fit points are indicated by the black crosses.
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Conclusion and future
prospects

To an end, and beyond —

This concluding chapter summarises the anal-
ysis presented in this thesis, and makes recom-
mendations for future work on the topic.




9 Conclusion and future prospects

he standard model (SM) of particle physics has been serving as an epitome of hu-

man understanding about the constituents of matter for many decades. However,

keeping in view the theoretical and experimental shortcomings of the SM, myriads
of beyond SM (BSM) models and extensions have been proposed. Many of these models
add new physics at scales beyond the reach of our current particle colliders. Therefore, de-
spite the earnest efforts of the particle physics community, no direct evidence of any of the
BSM models has emerged. Considering the abundance of the BSM models and a limited
reach compared with the scale of the new physics introduced, our best bet is to search for
consequent deviations in the SM interactions in a model-independent approach. To this
end, an effective quantum field theory has been proposed, wherein the impact of the BSM
physics is parametrised by adding higher-order operators to the SM Lagrangian.

In this thesis, a search for anomalous WW+v and WWZ triple gauge couplings (aTGCs) in
the effective field theory (EFT) framework was presented. The search utilised data recorded
by the Compact Muon Solenoid (CMS) experiment at the CERN LHC in proton-proton col-
lisions during 2016, corresponding to an integrated luminosity of 35.9 fb'. WW and WZ
events were considered for the analysis, with a W boson decaying into a charged lepton
and the corresponding neutrino, and a W or Z boson decaying into hadrons. This semilep-
tonic final state has a perfect balance between purity and efficiency compared with the fully
leptonic and hadronic final states. Since the search was targeted towards highly boosted
vector bosons, the hadronically decaying vector boson was reconstructed as a single, large-
radius jet, and jet substructure techniques were used to improve sensitivity to gauge boson
decays and suppress background processes.

A multitude of Monte Carlo (MC) event generators, comprising various components in
proton-proton collisions, were used to simulate the signal and background processes. In
order to reconstruct events in data and simulation, both standard and analysis-specific
reconstruction techniques were used, incorporating simulation corrections and sources of
systematic uncertainties. W+jets, top quark pair, SM diboson, and single top quark pro-
duction processes were considered as background processes for the analysis. Carefully
optimised selection requirements were imposed to enrich the selection of signal events
while suppressing the background processes.

The signal and background processes were modelled using parametric functions, with the
signal function accounting for contributions from different aTGCs and their interference,
as well as the interference between the SM contribution and each aTGC. The background
processes were estimated using a mix of simulation and data-driven techniques. In par-
ticular, the dominant background process, W+jets, was estimated in the signal region by
transferring normalisation and shape of the contribution from a W+jets-enriched sideband
region, using a transfer function derived from simulation. The final background estima-
tion and signal extraction was carried out in a two-dimensional fit in the (msp, mwy)-plane.
The myyy distribution in the signal region was utilised to derive one- and two-dimensional
confidence regions on the aTGC parameters in the EFT and LEP parametrisations.

The results of this analysis have been published in Reference [1]. The obtained 95% con-
fidence intervals, —1.58 < cwww/A? < 1.59 TeV™2, —2.00 < cw/A? < 2.65 TeV~?, and
—8.78 < cg/A?* < 8.54 TeV 2, are the strictest bounds on these parameters to date. In order
to demonstrate the improvement obtained in this analysis, a comparison with other con-
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temporary and historical measurements is shown in Figure 9.1 in the LEP parametrisation,
which has been used historically to present these results. The measurements include those
performed at the LEP [65], D@ [66], CMS [11,14,26,29,30,67], and ATLAS [19,20,22,23,27,
28,31,32,177,178] experiments. The limits from this analysis are significantly better than
any other previous measurement, with an improvement by up to a factor of ~3 from the
next best measurement in case of one of the parameters, Axz.

Moving forward, there are a number of further improvements that can be made to this
analysis. Since the results from the analysis depend primarily on the amount of available
data events, a significant improvement in the limits on the anomalous coupling parameters
was already demonstrated by extending the results of the published analysis to 137 fb™*
of collision data taken at a centre-of-mass energy of 13 TeV. Owing to time constraints and
unavailability of some simulated samples, certain simplifications had to be made for this
extension. The simplifications, although justified, warrant further work before the results
with the 137 fb~! of data can be published. In particular, all the signal and background MC
simulated samples for 2017 and 2018 data taking, with the corresponding conditions and
simulation corrections, need to be implemented in the analysis to extract the contributions
derived from simulation with greater accuracy for the analyses with 2017 and 2018 data.

One of the other major improvements to this analysis is the inclusion of angular variables
characterising a diboson event [179]. Details of the characterising angles and a preliminary
study to improve the limits on the aTGC parameters by introducing an optimised selec-
tion requirement on the variable | cos 6| are given in Appendix A.13. The study already
demonstrates a significant improvement in the size of the confidence intervals. The results
can be further refined by better incorporating the angular variables into the analysis, and
using msp, T»1, and | cos 6| simultaneously to distinguish between signal and background
events. A multivariate machine learning technique may be used, with the aforementioned
and other variables as input, to enhance the distinguishing capability.

In order to further reduce the contribution of the background processes, methodological en-
hancements can be implemented. For instance, the contribution of the W+jets background
can be reduced by utilising additional jet substructure variables, including quark/gluon
likelihood, subjet quark/gluon likelihood, energy correlations functions, Q-jet volatility, jet
pull angle, and jet pull magnitude [180]. Similarly the contribution of the tt background
can be suppressed by employing top jet tagging [181].

In terms of theoretical accuracy, investigation has to be carried out regarding the impact
and validity of differential corrections from higher order, NNLO QCD [172,173] and NLO
electroweak [174], contributions to the signal process with anomalous gauge couplings.
These corrections need to be incorporated into the simulated samples for further analyses,
since their effects can be particularly large at higher values of myy.

As with any scientific endeavour, it is imperative that this search for physics beyond the SM
in the vector boson sector is carried on with persistence. With significantly more data from
the upcoming data-taking runs of the LHC, and the high-luminosity LHC, and novel im-
provements in analysis techniques, we shall either obtain extremely precise measurements,
cementing our understanding of the elementary particles, or observe a deviation that is the
harbinger of the next scientific revolution.
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Figure 9.1: Comparison of the observed limits on aTGC parameters from
different measurements. The highlighted rows represent the limits ob-
tained from the measurement presented in this thesis. This figure has
been published in Reference [1].
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Appendices

The devil in the detail —

This section presents supplementary material,
which contains useful details, but was too dis-
ruptive or extensive to put in the main text.
The thesis concludes with lists of figures and
tables, a bibliography, and closing remarks.
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A.1 Additional figures for b tagging efficiencies

A.1.1 WW signal
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Figure A.1: b tagging efficiencies as a function of pt and # for the simu-
lated WW signal sample in the electron (left) and muon (right) channels.
b tagging efficiencies for b jets, and mistagging efficiencies for c and light
jets are shown on the top, middle, and bottom, respectively.
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Figure A.2: b tagging efficiencies as a function of pr and 7 for the simu-
lated WZ signal sample in the electron (left) and muon (right) channels.
b tagging efficiencies for b jets, and mistagging efficiencies for c and light
jets are shown on the top, middle, and bottom, respectively.
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A.1.3 Wijets

W+jets (e channel), b efficiency W+jets (u channel), b efficiency
[y
2
15
1
0.5
g gl g7 B e gd 0 g2 8f g oF g2 g3
-0.5
-1
-15
-2
L TR | L L L IR | L
10° 10° pT (GeV) 10°
WH+jets (e channel), c efficiency WH+jets (4 channel), c efficiency

10° pT (GeV) 10°

P, (Gev)

WH+jets (e channel), udsg efficiency WH+jets (u channel), udsg efficiency

0.006

0.005

0.004

0.003

0.002

0.001

0 0

pT (GeV) 10° 10? pT (GeV) 10°
Figure A.3: b tagging efficiencies as a function of pt and # for the simu-
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tagging efficiencies for b jets, and mistagging efficiencies for c and light
jets are shown on the top, middle, and bottom, respectively.
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Figure A.4: b tagging efficiencies as a function of pr and # for the simu-
lated SM WW sample in the electron (left) and muon (right) channels. b
tagging efficiencies for b jets, and mistagging efficiencies for c and light
jets are shown on the top, middle, and bottom, respectively.
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A.1.6 Single top quark
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Figure A.6: b tagging efficiencies as a function of pr and # for simulated
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b tagging efficiencies for b jets, and mistagging efficiencies for c and light
jets are shown on the top, middle, and bottom, respectively.
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A.2 Additional figures for impact of nonzero aTGCs
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Figure A.7: Impact of nonzero aTGCs on signal mgp distributions in the
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Figure A.8: Simulated events (points) and signal model (solid curves) in
the electron (left) and muon (right) channels for the WW category. Events
and model are shown for zero, negative working point, and an interme-
diate aTGC value in green, blue, and red, respectively.
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Figure A.9: Simulated events (points) and signal model (solid curves) in
the electron (left) and muon (right) channels for the WZ category. Events
and model are shown for zero, negative working point, and an interme-
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A.4 Details for signal shape systematic uncertainties

A.4 Details for signal shape systematic uncertainties

A.4.1 Impact of individual sources

Table A.1: Impact (%) of individual sources of systematic uncertainty on
signal shape parameters. The effect of a source is calculated by refitting
the signal model to the corresponding simulation variations. The im-
pact on signal shape is dominated by theory uncertainties, with smaller
contributions from experimental sources.

WW category
Electron channel Muon channel

Uncertainty source Aewww  Gew  Acg Oewww  Gew  fcp

PDF 362 284 163 447 476 140
UE, YR 306 276 247 188 159 145
Pileup 019 019 015 033 027 018
Lepton identification 120 1.02 113 028 051 050
Lepton energy scale 014 046 045 134 059 0.19
Lepton energy resolution 0.13 025 032 0.13 042 0.07
Jet energy scale 077 106 028 054 047 039
Jet energy resolution 132 083 080 121 042 0.07
b tag 0.01 001 0.01 0.01 0.01 0.01
b mistag 0.00 0.00 000 0.01 0.01 0.00
pniss 051 021 047 101 026 0.08
Total 511 419 335 505 508 2.35

WZ category
Electron channel Muon channel

Uncertainty source Aewww  Aow  Aeg Aewww Aoy feg

PDF 586 4.81 257 360 298 221
UE, YR 246 212 235 222 118 271
Pileup 037 056 031 0.08 023 026
Lepton identification 1.18 092 1.07 023 046 0.51
Lepton energy scale 050 067 081 134 0.60 0.81
Lepton energy resolution 0.35 0.05 031 038 047 0.75
Jet energy scale 126 202 285 202 212 3.04
Jet energy resolution 060 082 197 051 121 026
b tag 0.00 0.00 0.01 0.00 0.01 0.00
b mistag 0.01 001 0.00 0.01 0.01 0.01
pmiss 054 006 033 031 037 084

Total 655 543 505 437 3.68 4.56
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A.4.2 Figures for WW category
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Figure A.10: Impact of systematic uncertainties on the shape of the sig-
nal model in the electron (left) and muon (right) channels for the WW
category. The nominal model is shown by the red line, whilst the shaded

area represents the uncertainty band.
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A.4.3 Figures for WZ category
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Figure A.11: Impact of systematic uncertainties on the shape of the sig-
nal model in the electron (left) and muon (right) channels for the WZ
category. The nominal model is shown by the red line, whilst the shaded
area represents the uncertainty band.
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A.5 Additional control region comparisons

A.5.1 W+jets control region
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Figure A.12: Comparison between data and simulation for the 7jet, Pjet,
Mep, and @jep distributions in the W+jets control region.




A.5 Additional control region comparisons

CMS Private work 35.9 fb! (13 TeV)
e
% 800 Electron channel ¢ Data
o 700E- WHjets control region [ V_V+Iet5
o ~ Ot
= 6001— mww
S 500 mwz
3 400; Il Singlet
W Ao Stat.0syst.
3001~ -
200 E
100F- E

‘., . LI lIH

s 4

o, ©

i
[T T T

o o

MC
)

00 200 300 400 500 600 700 800 900 1000
T W

CMS Private work 35.9 fb" (13 Tev)

E ‘ ‘ { Data

I W+jets

ot

mwwW

4

Il Single t

Stat.0syst.

Data - MC

Electron channel ::
WH+jets control regi

Events / 37 GeV

bid

Data - MC
MC

Wwz
Il Singlet
[Z7] Stat.Osyst.

200 400 600 800 1000
T, W lep
CMS Private work 359fbt (13 Tev)
;% 700; Electr‘on chanr‘1el { Data
& 600 W+jets control region [ V_V+19t5
Q [t
%]
= 50! B ww
[}
>
L

(@]
=
)
ol
© 3
= n
W
CMS Private work 35.9fb? (13 TeV)
£ 350" ! ! T T3 bala
C et
'E E Electron channel VYV:S
@© 300 W+jets control region Wz
o c . EmSinglet
| [ Stat Osyst.
2 250F B
c = 7
S o :
i 200: =
150 =
100F =
50 =
of ——— ]
O t
= 5 e e —
0 s i e
poats ]
ksl -3 -2 -1 0 1 2 3
[a]
(pW

CMS Private work

35.9fb! (13 TeV)

V
=
n
o
=)

Muon channel )
WH+jets control region

+ Data
I W+jets
[t
Hww
mWwz
Il Single t
7] Stat.Osyst.

ey

100 200 300 400 500 600 700 800 900 1000

T W
CMS Private work 35.9 fb! (13 TeV)
21400 ‘ ‘ Data
814001 Muon channel t W
<1200 WH+jets control region [ VA +jets
o r : [t
1000/~ . ww
£ F Wz
g 800~ W Singlet
w r Stat.(syst.
600— E
400~ -
200f— -
oF 7
9l osk i
g off '**m”uj
% = 730 200 400 600 800 1000
o W lep
CMS Private work 35.9fb! (13 Tev)
.£ 1000 ! ! i Data
2 [ Muon channel .
b [ Wijets control region Il WHjets
Q 8001— [Jtt
2 T | ww
@ 600 Wz
w r Il Singlet
F Stat.Dsyst;

35.9fb! (13 TeV)

Events per bin

CMS Private work
T T

Muon channel
Wh+jets control region

T3 Data
[ Wiets
I

 Single t
3 StatJsyst

Figure A.13: Comparison between data and simulation for the prw,
mtw, fw, and ¢w distributions in the W+jets control region.
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A.5.2 tt control region
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Figure A.14: Comparison between data and simulation for the #jet, Pjet,
Miep, and ¢yep, distributions in the tt control region.
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Figure A.15: Comparison between data and simulation for the prw,
mrw, fw, and ¢w distributions in the tt control region.
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A.6 Additional figures for validation of negligible backgrounds
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Figure A.16: Comparison between simulated W+jets and negligible con-
tributions in the electron (left) and muon (right) channels. Z+jets mgp
and very loosely selected QCD mgp and myy distributions are shown on
the top, middle, and bottom, respectively.
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A.7 Details for background modelling

A.7.1 Fit parameters for background functions

Table A.2: Extracted background function parameter values from the fit
to simulation for the mgp distribution. Bold parameters are kept floating
in the final two-dimensional fit to data.

Process Parameter Electron channel Muon channel

kcsi 21.33 +2.71 23.79 4+ 3.17
kcso (—2.254+0.08)-10"2 (—2.43+0.13) - 102

kepgi  (—6.41+1.67)-107% (—7.82+1.95)-1073

Wjets

keeG2 62.99 +3.79 68.51 +4.33
r kEEG3 34.79 +3.71 43.08 +0.73
kEEGa (838+0.17)-107!  (8.12+0.12)-107!
kEEGS 82.64 +0.47 83.00 +0.39
keEGs 7.78 +0.65 8.72 +0.45
kpc1 82.02 +0.37 81.13 +0.29
kpc2 8.13 +0.39 7.83 +0.31
SM diboson kpcs (5.48 £0.26)-10~!  (5.36+£0.21) - 107!
kpG4 5.01 +2.49 5.68 +1.81
kpcs 4.95 4 0.02 4.9540.01
kg1 (7.06 £0.16) - 10~!  (6.46 +0.15)- 107!
Single t iEGZ (3524+0.74) - 1072 (2.54 +£0.66) - 1073
EG3 82.53 + 0.40 82.47 +0.37
keGa 7.49 +0.48 9.34 +0.45

Table A.3: Extracted background function parameter values from the fit
to simulation for the myy distribution in the signal region. The quoted
Wjets parameters are not used; instead, the final parameters are deter-
mined from sideband data using a MC-derived transfer function in the
final two-dimensional fit.

Process Parameter Electron channel Muon channel
_ 10-3  (_ 10-3
Weiets ketia (=226 +£0.12) - 103 (=237 +0.12) - 10
keT12 2738 + 221 2603 £ 206
i kgTo1 (—3.1340.35)-1072 (—3.0340.33)-1073
kgToo 113.3 4+ 145 115.8 +13.5
, eyt (—2.86+£0.30) 1073 (—2.75+0.24) - 1073
SM diboson 814.4 4 542.0 1557.2 4 432.0

Single t ki1 (—4.114+0.10)- 103 (—4.26 +0.08) - 103
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A.7.2 Additional figures for sideband regions
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Figure A.17: Simulated events and fitted parametric functions for the
W-jets, tt, SM diboson, and single top quark (top to bottom, respec-
tively) myy distributions in the sideband regions. The electron channel
is shown on the left, whilst the muon channel is shown on the right.
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A.8 Fit results for Asimov data

A.8.1 SM scenario
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Figure A.18: Result of the two-dimensional fit to SM Asimov data in the
electron (left) and muon (right) channels, showing the mgp, and lower-
sideband, signal, and upper-sideband myy distributions. An example of
the expected excluded signal is indicated by the dashed line.




A Appendices

A.8.2 cwww/A? signal injection

CMS 35.9 fb (13 TeV) CMS 35.9 b (13 TeV)
%1000 rPrivate work| Electron channel ¢4 Asimov data %1400 Private work| Muo 4 Asimov data
o B ets O 1200
L0 goo|- e 0
- . ww ~ 1000
(%] . Wz (%]
b4 2
c 600 Single top c
g Postfit unc. g 800
Ll w
400
0 0
P PR
{‘“gél%xxxxxxxxxxxxx;xxxxll ,agééixxxxxxxxxxxxxxxxxlex
I R S S B S L S S L O S S L S I S 1 L S S T B S B
a -4 L L | | L | | I i L a -4 L L. | L L | | L I L
50 60 70 80 90 100 110 120 130 140 150 50 60 70 80 90 100 110 120 130 140 150
mg, (GeV) mg, (GeV)
1 1
CMS private work 35.9fb™ (13 TeV) CMS private work 35.9 fb™ (13 TeV)
% 10'E Electron channel  + Asmovdaa , 5 % 10‘k Muon channel t Asimovdaa A
0] 40 < mSD < 65 GeV — — Signal CWWW/I\ =3.6 TeV" [0} 40 < mSD < 65 GeV — — Signal cWWW//\ =3.6 TeV*3
o, I wHiets o, I wHets
g ¢ g Cd
-~ I ww -~ B ww
£10? I Wz £10? [ A
5 I single t qC) I single t
Lﬁ 10 B Postfit unc. Li 10 B Postit unc.
1 1]
10" [ 10 -
o 2 = 2
%géfllllllllllIMH Hm u.%GlnmmmmlmHHHHH HH
IS SRR AR RREERREIRREERERARE: - I SRR R R AR SRR RS RRRERERIRRRRE!
al” 2; L L L L L L al” 20 L L L L L L
1000 1500 2000 2500 3000 3500 _ 4000 _ 4500 1000 1500 2000 2500 3000 3500 4000 _ 4500
m,,, (GeV) m,,, (GeV)
-1 -1
CMS Private work 35.9 fb (13 TEV) CMS Private work 35.9 fb (13 TeV)
2 10°E Electron channel ¢+ Asimov data Muon channel ¢ Asimov data
O 65<m. <105Gey — — Signal CWWW/I\QZS.G Tev? 65 <m._. <105 GeV — — signal cwww//\?:a.s Tev?
= o I ets o o I wets
=] [—p =1 [
~ . ww ~ . ww
Di10? . vz 12} vz
S B singlet S B Single t
Lﬁ B2 Postfit unc. Lﬁ B Postit unc.

= 2F = 20

& s drpr % s At

S8 T T T T T T T T T T g8 T T e e e e e e o

[ I A P R AP I R A Al Ao

"’ 0‘00 15‘00 20‘00 2l_5L00 3(;00 é_SLOO 40‘00 4500 B 0‘00 15‘00 2&00 é_SLOO 30‘00 é?;LOO 40‘00 4500
m,,, (GeV) m,,, (GeV)

CMS private work 35.9 fbrl (13 TeV) CMS private work 35.9 fbrl (13 TeV)

o 10'c Electron channel ¢ Asmovdaa = Muon channel 1 Asimovdam

(0] 105 < mgy < 150 GeV —~ signal ¢, /A*=3.6 TeV 105 <mg, <150 GeV. —— Signal ¢, /N*=3.6 Te

[P I Wiets ] I Wiets

g o = L Jd

~ ~ . ww

2102 vz

Single t
Post-fit unc.

1 -1
g, 0 1 P 1
F e drpgp il ¥ il
e e e R e R R R e RO ReRe R ReR! g8 T T e T e e T e e e
al :37 L L L L L L L al :27\ L L L L Ll L
000 1500 2000 2500 3000 3500 4000 4500 000 1500 2000 2500 3000 3500 4000 4500
m,,, (GeV) m,,, (GeV)

Figure A.19: Result of the signal injection test with Asimov data corre-
sponding to cwww /A% = 3.6 TeV 2 in the electron (left) and muon (right)
channels, showing the mgsp, and lower-sideband, signal, and upper-
sideband mwy distributions. Both the WW and WZ contributions are
enhanced significantly, and the signal is extracted without any bias.
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Figure A.20: Result of the signal injection test with Asimov data corre-
sponding to cg/A% = 20 TeV 2 in the electron (left) and muon (right)
channels, showing the mgsp, and lower-sideband, signal, and upper-
sideband mwy distributions. There is a significant enhancement in the
WW contribution, whilst the WZ contribution remains unchanged.
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Figure A.21: Profile likelihood ratio distribution for the aTGC parame-

ters in the EFT (left) and LEP (right) parametrisations. Each distribution

corresponds to one varying parameter, with the other two parameters in

the parametrisation being set to zero. The solid green and black lines
represent the expected and observed distributions, respectively. Project-
ing the intersection points between the curves and the horizontal dashed
line gives the 95% CL limits, whilst the region between 68 and 99% CL

around the expected 95% CL limit is marked by the shaded bands.
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Figure A.22: Limits on aTGC parameters in the EFT (left) and LEP (right)
parametrisations as a function of cutoff on the diboson mass scale. The
main results from this analysis correspond to a cutoff of myy < 4.5 TeV.
Limits for cutoff scales smaller than 2.4 TeV are not considered to avoid
extrapolating to alGC values larger than the ones studied in simulation.
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A.11 Additional figures for limits with 2017 data
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Figure A.23: One-dimensional profile likelihood ratio distribution for the
aTGC parameters in the EFT (left) and LEP (right) parametrisations for
the analysis using 2017 data. The expected and observed distributions
are shown in green and black, respectively. The observed distribution
is especially asymmetric for cy/A?, and correspondingly Ag%, owing
to a significant contribution from the linear term. The 95% CL limits
are calculated by projecting the intersection between the curves and the
horizontal dashed line onto the parameter axis.
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Figure A.24: One-dimensional profile likelihood ratio distribution for the
aTGC parameters in the EFT (left) and LEP (right) parametrisations for
the analysis using 2018 data. The expected and observed distributions
are shown in green and black, respectively. Expected and observed 95%
CL limits are calculated by projecting the intersection between the green
and black curves and the horizontal dashed line onto the parameter axis.
The shaded bands represent the region between 68 and 99% CL around
the expected 95% CL limit.
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A.13 Details for inclusion of angular variables

Figure A.25: A schematic showing decay angles characterising a diboson
event, with the five angles being shown in blue. cos §* is a good discrim-
inator between signal and background processes.

Table A.4: Expected and observed aTGC limits at 95% CL after applying
an optimal requirement of |cos6*| < 0.8. To demonstrate the improve-
ment, limits without this requirement are also shown.

| cos6*| < 0.8 |cosf*| <1

aTGC parameter (TeV?) Expected limit Observed limit Observed limit
cwww / A? [—1.11,1.13] [—1.02,1.03] [—1.58,1.59]
cw/A? [—1.95,1.54] [—1.66,1.51] [—2.00,2.65]
cp/ A? [—6.58,6.14] [—6.10,5.42] [—8.78,8.54]
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Figure A.26: Simultaneous limits on two aTGC parameters after applying
an optimal requirement of | cos6*| < 0.8. Contours for the expected 68,
95, and 99% CL are shown in dotted blue, dashed green, and dot-dashed
red, respectively, whilst contours for the observed limits are shown in
solid black.
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Effective Field Theory Signal process and event selection

The SM Lagrangian is expanded by adding higher dimensional Exactly one lepton passing selection criteria,
no additional loose leptons

operators: (single lepton triggers)

— 1 Cwww w CB )
‘Ceff - ‘CSM + AE1 + A2 OWWW + A2 OW + A2 OB t+.. Missing transverse momentum piss

in the region E//A << 1, where the six-dimensional operators At least one AKS “fat jet” passing quality
are: q e requirements

(boosted topology techniques are used)
Owww = Tr[W,y WPWJ] v
Ow = (DV®)+WVV (Duq>) : Selection Cut e channel channel Selection Cut e channel  u channel
miss
OB _ (Dy®)+BVV (DVQ) o Lepton pr > 50 GeV 53 GeV P> 110 GeV 40 GeV
Lepton |5 < 25 2.4 Wieppr > 200 GeV 200 GeV
CHS jet pr > 200 GeV 200 GeV mwy > 900 GeV 900 GeV
CHS jet |5] < 2.4 2.4 AR(jet, lep) > /2 /2
Jet THUPP! < 0.55 0.55 Ad(jet, piss) > 2.0 2.0
Jetmgp €  [40,150] cev  [40, 150] Gev Ag(jet, Wiep) > 2.0 2.0

Anomalous triple gauge couplings <
{Cwww: Cw: Cs} _cont.rol the size of ‘,W"{g“w)""’Ts‘.ar'—r»r»0
each new contribution.

Backgrounds Analysis strategy Signal model

e W+jets » Control regions are used Fsignar (mwv)

to validate modelling of
° main_backgrounds (W+jets
and tt).

Tight btag working point
CSVv2 discr > 0.9535 " ;
= NSM(e“O”’WV + eflcorrMwy )

SM contribution

Number of btags

e SM diboson production (WW, WZ) f control (N e S (a0 /1)

e Shape of W+jets is region:
* Single top processes obtained from sideband ‘ 3
S:.:fhgz using alpha-ratio —— + Ng,2.c1.652MWV)

v
S

pure aTGC term

SM-aTGC interference
Parametric functions are used to model et R

msp and mwy distributions for all ¢ Systematic uncertainties region +Xigj (Nci,c].ci.cj.e”’/'"wv)

background contributions, which are then are taken into account as - aTGC-aTGC interference

' nuisance parameters in the 150
combined to form the background PDF final two-dimensional fit. mg, [Gev]

W+jets CR

where ¢; are the various anomalous triple

Fbackground (msp, mwv) » One- and two-dimensional limits are extracted from profile gauge coupling parameters and Erf is the
likelihood distributions. error function

Final fit results
CMS _ Preliminary 359" (13 Tev)

Final background estimation and signal extraction is performed via a F—Electron channelE e
P . . . . O [+jets

(modified) two-dimensional fit in the (mgp, myy) plane. gm

CMS ___ Preliminary 35.9 b (13 TeV) - CMS  Preliminary 35.9 b (13 TeV) H -

Electron channel 4 Data @ ¢ Data EBPostfit unc
— — Signal ¢, /A?=159 TeV2 — — Signal ¢, /A?=159 TeV2
[ W+ets I W+ets
[ o O
. ww . ww
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Limits on aTGC parameters

Parametrization aTGC Expected limit  Observed limit Run I limit March 2019 cot K
cwww /AL (TeV2) 144,147 [-1.58,1.59] [2.7,2.7] ik
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