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Abstract

This thesis presents searches for the Higgs boson, Z boson, and W boson decaying into charm
quark(s) performed with proton-proton collision data at /s = 13 TeV collected by the CMS ex-
periment at the LHC, CERN, corresponding to an integrated luminosity of 138 fb~! and recorded
between 2016 and 2018. The searches are carried out using events in which the Higgs/Z/W bo-
son is produced in association with a leptonically-decaying Z or W boson. This thesis also
discusses a novel calibration algorithm for charm jet identification that enables maximal use of
the available information related to charm jets. The new method is used to correct the entire
distribution expected as output when jet flavour identification algorithms are applied to jets of
different flavours. The calibrated results improve over traditional efficiency measurements and
help enhance the sensitivities of the Higgs, Z, and W searches.

This thesis primarily reports on the so-called resolved-jet topology of the Higgs/Z/W boson
searches, where the boson candidates are reconstructed using two separate small-radius (AK4)
jets. Upon statistically combining the results of the resolved-jet search with a complementary
merged-jet approach, the observed (expected) upper limit on the Higgs decay to charm quarks
corresponds to 14 (7.6) times the Standard Model expectation at the 95% CL which is the most
stringent to date. A significance of 5.7¢ (5.90) over the background-only prediction is observed
(expected) in case of the search for charmed Z boson decays. Only the resolved-jet topology is
used in the search for charmed W decays and the observed (expected) significance is 5.60 (5.70)
over the background-only prediction. These mark the first observations of charmed decays of
the Z and W bosons at a hadron collider experiment.
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1 Introduction

The observation of the Higgs boson by the ATLAS [1] and CMS [2, 3] experiments at the
Large Hadron Collider (LHC), CERN, in 2012 marked a giant leap in mankind’s extensive
efforts towards understanding the fundamental constituents of matter and the forces that act
on them. This was, however, only the beginning of a new series of exciting searches in the field
of experimental particle physics. Over the next decade, a tremendous volume of research went
into understanding the properties of the particle, all of which has culminated in an improved
understanding of the Higgs boson as well as its interactions with other fundamental particles.

The Standard Model (SM) of particle physics is an elaborate theory that describes the funda-
mental interactions between elementary particles. It predicts the existence of the Higgs boson as
a consequence of the so-called Higgs mechanism [4, 5, 6], which also explains the origin of masses
of force-carrying particles (bosons). In addition, the Yukawa interaction in the SM describes
the interaction of the Higgs boson with matter particles (fermions) and explains the origin of
masses of the latter. Thus, fermions in the SM assume a mass proportional to the strength of
their Yukawa coupling to the Higgs boson.

While the SM has survived a vast majority of experimental verifications so far, certain obser-
vations are not explained by the SM. Examples of such observations include evidence of the
existence of dark matter [7], neutrino flavour oscillations [8, 9, 10], matter-antimatter asymme-
try [11], etc. These point towards the existence of more complete theories, often referred to as
theories beyond the SM (BSM).

A decade of hadron collider searches has firmly established the coupling of the Higgs boson
to the gauge bosons (Z [12, 13], W [14, 15, 16], and photon [17, 18]) as well as to the heavy
fermions (top [19], bottom quarks [20, 21|, tau leptons [22, 23, 24]). In these searches, no
deviations from the SM predictions have been observed. While there is recent evidence of the
Higgs boson coupling to the muon [25], our current experiments are not sensitive enough to
observe the Higgs boson coupling to the charm, strange, up, down quarks, or the electron.
Hence, the next milestone of the LHC physics programme is to establish Higgs couplings to
the second-generation quarks (charm and strange). The previous direct searches for the Higgs
boson decaying to charm quarks at the LHC by the ATLAS [26, 27] and CMS [28] collaborations
target the associated production of a Higgs boson with a vector boson (V). The most recent
search by the ATLAS collaboration obtained an upper limit on the VH(H — c¢) process of 26
times the SM prediction at the 95% confidence level [27].

Since the Yukawa couplings of lighter fermions are weaker compared to those of heavier ones,
light-fermion couplings could potentially be significantly altered by the presence of additional (or
alternative) BSM coupling terms [29, 30, 31, 32], and hence measurements sensitive to such light
couplings are also likely to be sensitive towards BSM coupling terms that potentially complement
or replace the SM Yukawa coupling. Thus, besides serving as an important crosscheck of SM
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predictions, searches for light-fermion couplings are also a promising gateway to search for BSM
physics.

This thesis reports on the most sensitive direct search of the Higgs boson coupling to charm
quarks to date, in events that contain a Higgs boson decaying to a charm quark-antiquark
pair and produced in association with a leptonically decaying W or Z boson (“VHcce” search).
The search has been carried out using data collected by the CMS experiment corresponding
to 138fb ™! of proton-proton (pp) collision events with a centre of mass energy (/s) of 13 TeV.
The general strategy is to search for events with one or two charged leptons or missing energy in
the final state, along with at least two small-radius jets that are likely to have originated from
charm quarks. Such a search is especially challenging due to the small branching fraction of
the Higgs boson to charm quarks, as well as due to complexities involved in identifying charm-
quark initiated jets. Several modern analysis techniques have been implemented to optimise the
search. A new calibration method of charm jet identification algorithms has been developed and
published as Ref. [33]. In combination with an alternative strategy to reconstruct large-radius
merged jets, the results of this search have been published in Ref. [34]. This thesis and Ref. [34]
also report the observation of the Z boson decaying to a charm quark-antiquark pair, marking
the first observation of such a process at a hadron collider experiment (“VZcc” search). A
similar analysis using a subset of this data corresponding to 35.9 fb™! was also published earlier
as Ref. [28]. This thesis additionally reports on the observation of the W boson decaying to
a pair of quarks, one of which is a charm quark (“VWeq” search). This also marks the first
observation of charmed W boson decays in diboson events at a hadron collider experiment.

The thesis is structured in 11 sections. Sections 2 and 3 discuss the theoretical and experimental
backgrounds, respectively. Section 4 outlines the technologies implemented for efficient data
analysis. Section 5 describes the selection criteria used to define reconstructed physics objects
for the analyses. Sections 6 and 7 discuss the algorithms used for identification of the flavour of
the jets and well as the novel method used to calibrate such algorithms. The analysis strategy
is described in Section 8 and the details of the analyses are explained in Section 9. The results
of the statistical analysis of the data are summarised in Section 10. Finally, a conclusion of the
thesis is presented in Section 11.



2 The Standard Model

This section presents a brief overview of the Standard Model (SM) of particle physics, with
focus on the concepts relevant to the analyses presented in this thesis.

2.1 The Standard Model of particle physics

Our current understanding of the elementary particles of nature and the interactions between
them can be summarised with the SM of particle physics. The SM describes three of the four
known fundamental forces of nature—electromagnetic (EM), weak, and strong interactions—
under the interpretation of these as quantised fields. Gravity, the fourth force, is not described
by the SM and can be considered negligible for all practical purposes at the relevant energy
scales (of the order of several TeVs, and lower).

The SM describes dynamics of particles as interactions of quantum gauge field theories. Particles
are represented as quantum fields and their dynamics are described by the Lagrangian density,
or simply the Lagrangian, £. The form of the Lagrangian is constrained using symmetries that
the fields follow, and the Lagrangian remains invariant under transformations of the governing
symmetry group [35]. The symmetries imposed on the particle fields follow those of the Poincare
group [36, 37], implying conservation of energy, momentum, and angular momentum.

The SM particles can be classified into two major categories: fermions and bosons, depending
on whether a particle follows Fermi-Dirac (spin 3) 38, 39] or Bose-Einstein (integral spin) [40]
statistics, respectively. Figure 1 summarises the particles and the following subsections discuss
each category.

2.1.1 Fermions

Fermions are elementary matter particles with spin % They can be divided into two categories:
quarks (u,d,c,s,t,b) and leptons (e,ve, it, v, 7,v;), and their corresponding antiparticles. They
can be divided into three generations as shown in Table 1.

Quarks with positive charges () = —i—% (in units of the charge of the electron) are called “up”-

type and ones with negative charges () = —%

the so-called colour charge and weak isospin, and interact with the strong, weak, and EM

are called “down”-type. They also possess

forces. Quarks do not exist freely in nature; they always form colour-neutral bound states
of either a quark-antiquark pair called mesons, or a trivalent bound state called baryons.
Exotic bound states such as tetra- and pentavalent quarks have also been observed more
recently [43, 44]. Together, such bound states are called hadrons. Only the top quark
decays faster (~ 1072°s) than the hadronisation timescale (~ 1072*s) and therefore does
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Figure 1: Standard model of particle physics: the 12 fermions and 5 bosons.

Brown loops

indicate which bosons (red) couple to which fermions (purple and green) [41, 42].

Table 1: The fermions in the SM of particle physics with their EM charge and weak isospin
values. Neutrinos are denoted with v. Each type of quark further has three types of colour
charges. These particles along with their corresponding antiparticles constitute the fermions of

the SM.
Generation
Fermion type Charge Weak isospin
I IT I11
“up”-type up charm top +% +%
Quarks
“down”-type | down  strange bottom — % — %
Charged electron  muon tau —1 — %
Leptons
Neutral Ve Vy vy 0 —i—%

not form any hadrons. As discussed in upcoming subsections in context of the strong
interaction, quarks generated in the hard scattering processes at hadron colliders induce
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a chain of hadronisations resulting in a collimated stream of particles called jets. Thus,
quarks (with the exception of the top quark) are detected in their final states as jets, while
the top quark can be reconstructed from its decay products.

Leptons can be further classified as charged and neutral leptons. Charged leptons (e, u, 7)
have a charge of () = —1 and can interact electromagnetically. Neutral leptons, on the
other hand, are called neutrinos (v.,v,,v,;) and do not have an electric charge. Both
charged and neutral leptons possess a weak isospin and hence can interact with the weak
force. Although the neutrinos in the SM are massless, recent experimental evidence of
neutrino flavour oscillations show that they, in fact, have non-zero masses [8, 9, 10]. The
electron is a stable particle, while the muon and tau have lifetimes of the order of ~ 107%s
and ~ 10735, respectively, in their rest frames. The muon can, however, traverse entire
detectors when produced at high energies, and hence can be identified directly at high-
energy hadron colliders. Taus, on the other hand, can be detected only through their
leptonic and hadronic decay products.

2.1.2 Bosons

Bosons are force-mediating particles in the SM. All fundamental interactions in the SM are
described as a quantum field theory. Requiring local gauge invariance (cf. Section 2.2) of these
quantum fields results in the recovery of the known interactions: quantum chromodynamics
(QCD) for the strong force, the weak interactions for the weak force, and quantum electrody-
namics (QED) for the electromagnetic force. The excitation modes of these gauge fields (after
spontaneous symmetry breaking and mixing, cf. Section 2.3.1) are referred to as gauge bosons
and have an integer spin of 1. The gauge bosons of the SM are listed in Table 2.

Table 2: List of gauge bosons in the SM along with their respective electric charges and masses.
Gluons can further have 8 different colour charges.

Boson Charge  Mass (GeV)  Mediator of...

Photon (7) 0 0 EM
Gluon (g) 0 0 Strong
W+ +1 Weak
80.379 + 0.012
W~ -1 Weak
Z 0 91.188 + 0.002 Weak

The gauge fields corresponding to the three forces do not carry any mass terms in the Lagrangian,
as introduction of mass terms violates gauge invariance. Hence, the discovery of the massive



W and Z bosons [45, 46] was historically at odds with the requirements of gauge invariance.
This apparent conflict was resolved with the introduction of a spontaneous symmetry breaking
mechanism (cf. Section 2.3.1), and hence the addition of a complex scalar field, called the Higgs
field. As the Higgs field is a quantum field itself, it gives rise to an additional boson, called the
Higgs boson, which has a spin 0 and properties different from those of gauge bosons. The Higgs
boson along with the spontaneous symmetry breaking mechanism is discussed in more detail in
Section 2.3.

2.2 Interactions
2.2.1 Overview

In addition to the global Poincare symmetry that accounts for conservation of energy, momen-
tum, and angular momentum, SM particle fields follow a local symmetry under the unitary
group SU(3) x SU(2) x U(1). These correspond to three symmetries described as follows:

« SU(3): Conservation of colour charge under interactions with gauge field G,
« SU(2): Conservation of weak isospin charge under interactions with gauge field W,

o U(1): Conservation of weak hypercharge under interactions with gauge field B.

However, requiring local gauge invariance results in the fields being massless, which is at odds
with experimental measurements of massive Z and W bosons. This apparent conflict is re-
solved by unifying the weak and QED interactions into a unified electroweak (EW) gauge group
represented by SU(2) x U(1) [47], which is spontaneously broken into only one U(1)qgp sym-
metry with the Higgs mechanism. The Y and B states after the symmetry breaking mechanism
mix to yield the massive W* and Z bosons, and a massless photon (7). It is to be noted
that this mixing results in the post-symmetry-breaking U(l)QED being different from the pre-
symmetry-breaking U(1). The Higgs field, on the other hand, is a doublet of the SU(2) group.
As the original SU(2) x U(1) symmetry is broken, the weak isospin and weak hypercharge are
no longer conserved in general, and instead an “electric charge”, corresponding to the post-
symmetry-breaking U(1)qpp symmetry, is conserved.

The field G (with the SU(3) symmetry) corresponds to the QCD gauge field, which remains
unaffected by the Higgs mechanism. This is consistent with the gluon being massless. This group
being unaffected by the Higgs mechanism also results in the colour charge being conserved even
after spontaneous symmetry breaking. QCD (SU(3)) can therefore be combined independently
with the EW group (SU(2) x U(1)) to form the full SM gauge group SU(3) x SU(2) x U(1), which
is different from the initial SU(3) x SU(2) x U(1) described in this subsection, and accounts for
massive bosons as well.



The following subsections contain brief descriptions of the strong, electromagnetic, and weak
interactions, followed by that of electroweak unification.

2.2.2 Strong interaction

QCD is a non-abelian gauge theory based on the local gauge symmetry group SU(3) and gov-
erns the strong interaction. The QCD group has three orthogonal charge quantum numbers
associated to it, usually denoted by red, green, and blue. These quantum numbers are often
referred to as colour charges.

The free-field Lagrangian of a quark with a quark field ¢ and mass m is given by the Dirac
Lagrangian
L= (j(i’}/“@u - m)Qa (1)

where y# represent the Dirac matrices and 0, represents the partial derivative. The transfor-
mation of ¢ under an SU(3) transformation can be given by

q—q =Ug, (2)
where U is a 3 X 3 unitary matrix of the form
U = i roa, (3)

gs is a real constant, a, represent the parameters of the transformation, and ’\7& denote the 8
Gell-Mann matrices, corresponding to the generators of the SU(3) group. For the Lagrangian £
to be invariant under this transformation, the derivative 9, has to be redefined to the covariant
derivative given by

Aa
D,U» = (% + igS?GZ, (4>

where G}, are vector boson fields that can be identified as the eight gluon fields that transform
as

G — G9 = G% + 0,0 + g fured" G, (5)

where fu. are the structure constants of the SU(3) group and satisfy the commutation rules
X )\b . A\¢

A &) = ifane

An additional kinetic energy term is introduced in the Lagrangian for the propagation of the

gluon field and is given by —%ij”G“ where G, is the gluon field strength expressed as a

Iz
tensor of the form

Go, = 9,G8 — 0,G% — gy fur GL.GE. (6)
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Substituting these terms in the Lagrangian in eq. 1 gives
M q 7 u)‘“ a1 K xa
Laep = 137" 9,q —maq — gsan" 5 4Gy, — GGy, (7)

which is the QCD Lagrangian invariant under local SU(3) transformations. The first term in
the Lagrangian represents the free-field propagation of q. The second term is the mass term.
The third term describes the interaction of the gluon with a quark. The coupling constant g
determines the strength of this interaction and it is often redefined as

g
as =5 (8)
known as the strong coupling constant. The fourth term represents propagation of gluons. As
this term is not linear in terms of gluon potential, it introduces trilinear and quadrilinear terms
in the Lagrangian, corresponding to 3-gluon and 4-gluon self-interactions. It can be noted that
the Lagrangian does not contain a mass (m,) term mgGZGZ for the gluons, and therefore results
in the gluons being massless in the SM.

2.2.3 Electromagnetic interaction

The electromagnetic interaction is represented with the QED Lagrangian. QED is an abelian
gauge theory with the symmetry group U(1)qep and explains interactions of electrically charged
particles. With the same approach as in QCD, the QED Lagrangian can be expressed as

_ - - 1
Lqep = 17" 0,00 — myp — eQUy P A, — ZFW,F‘“’, 9)

with 1) as a fermion field, e as the charge of the electron, () as the quantum number associated
to QED, and F},, as the electromagnetic or Maxwell tensor given by

F,, = 0,4, — 0,A,. (10)

The first term in the Lagrangian in eq. 9 represents the free-field propagation of ¢, while the
second term is the mass term, with m as the mass of the fermion. The third term arises as a
result of the covariant derivative given by

D, =0, +1ieQA,, (11)

and represents the interaction between the gauge potential A, and the fermion field. In case of
QED, A, represents the photon (7). The last term in the Lagrangian corresponds to the free
propagation of the photon. Similar to QCD, the QED Lagrangian does not contain a mass term
for the photon and hence the photon is massless. However, the absence of higher order terms
in eq. 10 results in the photon not interacting with itself, in contrast to the gluon field.

8



2.2.4 Weak interaction

The theoretical description of the weak interaction is more complex, as experimental observa-
tions [48] conclude that it violates parity. This is accounted for by assigning different interac-
tion terms to fermions with different “chiralities”. This is achieved by using the gamma matrix
75 = i%y1y243, whose eingenvalues can be either —1 or +1. This gives rise to “left” (1) and
“right” (1g) chirality fields. Projection operators, P, and Pg, are defined as

1++°
2 Y

_ 1=

P, 5

; Pr= (12)

such that for a pair of fermion fields, (¢,7"), one obtains the left and right chirality fields with

the operations,
(G UL
v, =P =
o <w> (w'L)’

¢R = PR¢7
Vg = PrY/, (13)

where W, is a left-chirality SU(2) doublet and (g, %) are two right-chirality SU(2) singlets.
The (1),1') pair represents either a (v,[) pair or an (u, d) pair, where v, [, u, and d represent a
neutrino, a charged-lepton, an up-type quark, and a down-type quark, respectively, in the same
generation of fermions.

The Lagrangian for the weak interaction, with the omission of the mass term, can be written as
- T -7 -7 1 ) v
ﬁweak = Z\IJLVMDM\IIL + Z¢RV“Du¢R + W’R’Y“D;ﬂ% - ZW;WVViM ) (14>
where W/, is a tensor field defined as
Wi, = 0.W, — 0,W, — gueigWiW}, (15)

with g, as the weak coupling constant, €;;;, as the Levi-Civita tensor, and Wﬁ (1=1,2,3) as
three gauge fields. The covariant derivative in eq. 14 is given by

D, =0, +ig,T\W' (16)

p'lw

where T;i = % are the generators of the SU(2) group, proportional to the Pauli matrices, o;. It
is to be noted that the Wﬁ boson fields do not correspond to the physical W* and Z bosons.
As in the case of QCD, the higher-order terms in eq. 15 result in boson self-interactions in the
weak interaction.

The quantum number associated to the SU(2) field of the weak interaction is called the weak
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isospin. It has three components, denoted by I, I, and I3. The third component, I3, is zero
for right-chirality fermion fields, ¥ and ¥%. The left-chirality field, ¥, has I3 components

1
<+1§2>, as it forms a doublet of the SU(2) group. Therefore, the SU(2) group acts only on the
—1/2

left component of the fermion fields and is also denoted as SU(2),. The interaction term that
couples left-chirality fermions to the gauge fields, obtained on expanding eq. 14, is given by

— gV YT LW,i and is proportional to the coupling constant, g,,.

2.2.5 Electroweak unification

While the boson fields, Wj, corresponding to the physical W* bosons, can be recovered from
the W; boson fields in eq. 14 using the linear combinations

1
We=—
V2

an additional U(1) group needs to be introduced to recover the Z boson field, Z,, from the W;f

(WyFiw2), (17)

field. This is done by introducing a gauge field B, under U(1) symmetry, similar to the one
for QED. The quantum number associated to this field is called the weak hypercharge and is
denoted by Y, and hence the symmetry is denoted as U(1)y. The group has a single generator
Y/2 and its Lagrangian is similar to that of QED and is given by

- 1 y
Ly =Wy Dyp — ZBWB“ , (18)
omitting the mass term, where the covariant derivative is given by

Y
Du = au + 29Y§Bu7 (19>
with gy as the coupling constant corresponding to the weak hypercharge. The tensor field is
defined in a similar fashion as in QED,

By, = 8,B, — 0,B,. (20)

It can be noted from eq. 18 that unlike the SU(2),, group, the U(1)y group acts on the fermion
field 1 of either chirality, albeit with a strength that depends on the hypercharge of the fermion.
Therefore, the U(1)y part of the weak interaction is not restricted exclusively to fermions with
one chirality. The interaction term on expanding eq. 18 takes the form — gin’y”(Y/Q)wBu.

Combining the Lagrangians in eqs. 14 and 18 one can define a Lagrangian for a combined
SU(2),xU(1)y symmetry group, as

!

- 1
4W;VW1.“” - —B,,B", (21)

Lrwk = V"D,V + itbpy"Dbg + i) gy Dyibly 1
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where the covariant derivative now takes the form!
- P
D, =0, +ig,T,W, + 2gY§BH. (22)

The four bosons, WZL and B,,, corresponding to the SU(2),xU(1)y group can now be suitably
“mixed” to express the physical boson fields as linear combinations of the former. While the
Wj fields are given by eq. 17, a linear combination of the Wi’ and B, fields gives rise to the
physical Z, boson field. The remaining component of the mixing can be interpreted as the
electromagnetic photon field, A,. This can be expressed as a rotation by angle Oy, as:

Ay [ cosBy  sinfy B, (23)
Z,)  \—sinfy cosby w2’
where 0y is known as the Weinberg angle. The quantum numbers of the QED and weak

interactions, namely, ), I3, and Y, are related by the so-called Gell-Mann-Nishijima formula

(49, 50],
Q=1+ 12/ (24)

The coupling constants, g,, and gy, and the electric charge, e, are also related as
e = gy cos by = gy sin Oy . (25)

Thus, it is possible to recover the electromagnetic interaction from the electroweak unification,
making the standalone QED approach described in Section 2.2.3 redundant.

The various terms obtained on expanding the electroweak Lagrangian in eq. 21 can be grouped
as follows:

o Kinetic terms of the form ﬁ@uw that describe free-field kinematics.

« Terms involving the W, and W? boson fields (or equivalently, W* bosons) represent so-
called charged current (CC) interactions. These couplings involve only left-chiral fermion
fields, and hence parity is maximally violated.

o Terms involving the Wj’ and B, boson fields represent so-called neutral current (NC)
interactions. The Wj’ coupling terms involve only left-chiral fermion fields, while the B,
terms involve both left- and right-chiral ones. However, using eq. 23, one can rearrange
these terms and identify separate terms associated with the photon and Z boson fields.
These interactions can involve both left- and right-chiral fermion fields.

!The Lagrangians in eqs. 14 and 18 were constructed independently, each containing terms of the form
ilﬁ'y"’@uw, and hence naively adding them results in the terms of the form izﬁ’y"@uw appearing twice. When
combining, it is to be noted that the partial derivative in the combined Lagrangian is to be replaced with the
covariant derivative containing multiple vector boson fields (e.g. in eq. 22). Thus, each term of the form
iz/}y“auzﬁ appears only once in the combined Lagrangian.
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o The kinetic terms corresponding to the propagation of the boson fields show a large number
of self-interactions of the four gauge bosons. These can be trilinear (ZW W™, yWTW™)
or quadrilinear (ZZWTW= 4yyWTW~ AZWTW~ WTW-W+W~).

It can be noted that the Lagrangian in eq. 21 does not contain any mass terms. This is a
necessity at this stage, as mass terms would violate the gauge invariance. The apparent conflict
with the experimental observations of massive fermions, and Z and W bosons is resolved with
the Higgs mechanism, as explained in Section 2.3.1.

Interactions mediated by the W boson can change the flavour of an up-type quark to a down-
type one, making CC interaction the only interaction that can change flavours. On the other
hand, the Z boson, although electrically neutral itself, couples to all charged fermions of any
chirality under weak interactions. However, such interactions cannot change flavours of quarks.

2.2.6 Phenomenological consequences

This subsection briefly discusses the effects of the discussions in the previous subsections on
hadron collider experiments.

Strong interaction Only colour-charged particles participate in the strong interaction. The
generators of the QCD group do not commute. Unlike the photon being neutral when it comes
to electrical charges, gluons themselves contain colour charges. Based on colour combinations,
there can be 8 colours of gluons. Gluons can also participate in self-interactions. Again in
contrast to QED, where the electrical field between two electrically charged particles decreases
with distance, the gluon field between a pair of colour charges becomes stronger as the distance
between them increases. Hence, quarks always exist in colour-neutral bound states, called
hadrons. If external energy is provided to separate the quarks in a bound state, after a certain
energy threshold it becomes energetically favourable for the hadron to create a new qq pair and
therefore a new hadron. This phenomenon is referred to as QCD colour confinement.

Colour confinement has far reaching consequences at hadron colliders. Any quarks or gluons
generated at the hard collision immediately hadronise to form a chain of hadrons. Such quarks
generated at high energies result in a collimated stream of hadrons, known as jets, being pro-
duced in the final state.

Electromagnetic interaction All electrically charged particles in the SM can interact with
the QED field. As explained previously, electric charge remains conserved under QED interac-
tions. The photon itself is a massless and chargeless particle. At the LHC, QED interactions
are relevant in the context of detecting charged particles when they interact electromagnetically
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with detector material. Photons can also be detected in the same way due to electron-positron
pairs being produced from photons interacting with detector material.

Weak interaction Neutrinos are neither electrically charged nor colour-charged. Therefore,
neutrinos (specifically the left-chirality ones) can interact with detector material only through
the weak interaction. However, such neutrino-nucleon interactions are extremely improbable
and they are considered practically undetectable in conventional hadron collider experiments.
On the other hand, right-chirality neutrinos, if they exist, are not subject to any interaction in
the SM. They are considered as candidates for dark matter in some BSM theories [51].

2.3 The Higgs boson

The Higgs mechanism involves the introduction of a complex scalar field, which along with
a spontaneous symmetry breaking mechanism, imparts masses to the W and Z bosons. This
Higgs field being an additional quantum field gives rise to an additional boson, called the Higgs
boson, which has a spin 0. The following subsection describes the Higgs mechanism in more

details, followed by subsections describing the phenomenology of the Higgs boson in the context
of the LHC.

2.3.1 The Higgs mechanism

The descriptions of the SM discussed in Section 2.2 do not explain the masses of the fermion and
boson fields, as introduction of such mass terms would violate the gauge invariance. The Brout-
Englert-Higgs (BEH) mechanism [4, 5, 6], also known as the electroweak symmetry breaking
(EWSB) or the Higgs mechanism, was introduced as a mechanism to generate the gauge boson
masses in the SM. The mechanism introduces two complex scalar fields (¢T, ¢°) grouped as a
weak isospin doublet called the Higgs field. The Higgs field is given by

¢F ) 1 <¢>1 +i¢2>
= = , 7 26
’ <¢0 V3 \0s + iy (26)
with ¢; as four real scalar fields. The SM Lagrangian is then supplemented with a Higgs
Lagrangian of the form

Lriiggs = (Du0)' (Do) — V(9), (27)

where D, is the covariant derivative introduced in eq. 22 and V(¢) is a scalar potential given
by

2

V() = —i6'o + X (610) (28)

where 2 and A\ are positive constants. This potential has a “Mexican-hat” shape, as shown
in Fig. 2, such that at ¢ = 0, it presents an unstable local maximum. On the other hand,
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the ground state with minimum energy is given by a continuum of doublets that minimise the

potential at

U2

12
60| = 55 = 5

where v is known as the vacuum expectation value (VEV) of the field. As the systems “chooses”

(29)

a ground state among all possible energy-minimum states to achieve stability, it is said to
spontaneously break the symmetry, while the Lagrangian remains gauge invariant. This choice
of a ground state explicitly breaks both the SU(2), and the U(1)y symmetries, but preserves
the U(1)qep symmetry when the ground state is expressed in a way such that it is parallel to
the ¢° component of the doublet, as

1 /0
Cbground = ﬁ (’U) . (30)

Figure 2: The Higgs potential, with a non-zero unstable local maximum at the origin, and a
stable state (minimum) away from the origin. Image by CERN [52].

The Higgs field can be perturbed around the minimum as

v+ h(z)

%mm%mwzjfmwm( 0 » (31)

where 0%(x) (a = 1,2,3) are three massless scalar fields, predicted by the Goldstone theorem
[53, 54, 55, 56], and h(z) is a massive scalar field. The field h(z) can be associated with a
massive scalar boson, called the Higgs boson. However, the massless fields 0(z), associated to
the so-called Goldstone bosons, are unphysical. They can be absorbed by means of an SU(2),
local transformation, under which the Lagrangian is invariant. This transformation of the Higgs
field is referred to as the unitary gauge and can be represented as

1

o) =+ o) = o) = (G ), (32
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such that ¢(z) now depends only on the VEV and h(z). The three Goldstone bosons are now
transformed to reflect the longitudinal components of the physical W* and Z bosons.

Using eq. 32 and adding kinetic terms for the W= and Z fields, the Lagrangian in eq. 27 can
now be rewritten as

1 1
Crtiges = 50,h0"h — 3 (217) 12

_ (g + g0
- WIH'W —Mw  IY) T ey
+2 2 “+2 4 K
2

2
¥ _ . gyv
+ S AW 527,

1 g2v?

9 9%
+ SLRPWHW 4+ 220 Z,

4 4
2 2
Ho 3 H g
—h -—h". 33
+ v + 492 (33)

The terms in this Lagrangian can be interpreted in the following way:

o The first line represents the evolution of a scalar field, namely the Higgs field. The
associated squared mass term is given by

mi = 2u° = 2\0?, (34)
and is a free parameter of the SM.

 The second line gives the mass terms for the W* and Z bosons:

Guw?
W=y
V9u + 9
my = g gyv— w (35)

2 " cosfy

o The third line describes the trilinear interactions, Agyv, between the Higgs fields and the
weak bosons:

2
AHVY = ;m%,, (36>

where my represents mass of the boson, V. (V=W=, Z). These include interactions of the

form HWTW~ and HZZ.

e The fourth line describes the quadrilinear interactions, Aggvv, between the Higgs fields

and the weak bosons: ]

These include interactions of the form HHWTW~ and HHZZ.
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o The fifth (last) line describes the trilinear (Aggpn) and quadrilinear (Aggpy) self-interactions

of the Higgs boson:

m2

AHHH = AHHHH = TQH (38)

The scalar potential in eq. 28 can, therefore, be rewritten as

_1 2\ 72 #23 ﬂ24
V(h)_2(2u)h + ok sh

1
= §m12{h2 + )\HHHUh3 + )\HHHHh4 (39)

Yukawa interaction The Higgs mechanism described above explains how W* and Z bosons
acquire their masses. The masses of fermions can also be explained using the Higgs mechanism
by using a so-called Yukawa interaction that couples a fermion field to the scalar Higgs fields.
The coupling of the left-chirality doublet (V) and two right-chirality singlet (¢g, ¥) fields to
the Higgs field (¢) can be incorporated using the Lagrangian

Lyukawa = =Yg/ (‘i’mﬁ@bﬁz + @Z’RCN‘I’L) — Yy (@LQSC@Z)R + ?/jRﬁbcT‘IfL) : (40)

where y; and yp are the Yukawa coupling constants for up-type (I3 = +!/2) and down-type
(I3 = —1/2) fermions, respectively, and ¢° = ig9¢* represents the charge conjugate of the Higgs
field. After electroweak symmetry breaking one gets:

»CYukawa - = ZmﬂMJ <1 + h) - me’@zlqu)/ (1 + h) )
I v Iz v

with the sums running separately over up- and down-type fermions. The first term in each sum
represents the mass of the fermion,

v
Mo = yf(’)ﬁa (41)

and the second represents coupling of the fermion to the Higgs field. Equation 41 shows that the
mass of a fermion is proportional to the strength of the Yukawa coupling (y;¢)) of the fermion,
and the VEV value, v. These masses are free parameters of the SM and can be measured
experimentally, whence the value of y;¢) can be inferred. As right-chirality neutrinos do not
exist in the SM, this mechanism does not generate neutrino masses and hence neutrinos are
massless in the SM. However, neutrino masses can be described by introducing right-chirality

neutrino fields to the SM, so that neutrinos acquire masses in the same way as other fermions
do.
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Summary The Higgs mechanism introduces a scalar Higgs field that has a non-zero VEV. The
interaction of gauge bosons and fermions with this field generates their masses without violating
gauge invariance. The Higgs boson also self-interacts through the Higgs potential. Thus, the
Higgs boson couples to all massive particles in the SM. While it cannot couple directly to
massless photons, it can indirectly couple to them via loop interactions, involving, for instance,
massive W bosons or top quarks in the loop.

The mass of the Higgs boson is a free parameter in the SM and has been experimentally measured
to be 125.38 £0.14 GeV [57]. The several production and decay channels of the Higgs boson are
listed in the following subsections.

2.3.2 Higgs boson production at the LHC

At pp collisions at the LHC at a centre-of-mass of several TeVs, the major production processes
of the Higgs boson are as follows:

g q q
H W, Z
. ___H
" V[/JZ "
g q
(a) (b)
9 000 ---H 9 wooeso——— ¢
’ L __H
9 TR0 4 9 o 1

(d) (e)

Figure 3: Main leading order Feynman diagrams contributing to the Higgs boson production
in (a) gluon fusion, (b) Vector boson fusion, (c) Higgs-strahlung (or associated production with
a gauge boson at tree level from a quark-quark interaction), (d) associated production with a
gauge boson (at loop level from a gluon-gluon interaction), (e) associated production with a
pair of top quarks. Image from 2022 Review of Particle Physics by Particle Data Group [58, 59].

1. Gluon fusion: The dominant production mechanism involves the fusion of two gluons
and a virtual loop of quarks, mainly consisting of the heavier top and bottom quarks. This
process is denoted as ggH and has a production cross section of 48.6 pb at /s = 13 TeV.
The process is depicted in Fig. 3(a).

2. Vector boson fusion: Two Z bosons or two oppositely-charged W bosons radiated from
two quarks in the initial state “fuse” to produce a Higgs boson. The final state additionally
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contains two quarks. This process is denoted as VBF Higgs, or simply VBF, and has a
production cross section of 3.78 pb. It is depicted in Fig. 3(b).

3. Vector boson associated production: The third dominant process involves a Higgs
boson radiating off a Z or W boson (referred to as a Vector (V) boson together), which
is, in turn, produced from a quark-antiquark pair annihilation in the hard collision. This
is known as Higgs-strahlung and is depicted in Fig. 3(c). The ZH final state can also
be obtained from a top-quark loop induced by the interaction of pair of gluons, as shown
in Fig. 3(d). In either case, the final state consists of the Higgs boson alongside a
leptonically- or hadronically-decaying vector boson. This production mode is denoted
as VH production and is the main production mode described in this thesis. The cross
section of this process is 1.37 pb in the W-associated production mode and 0.88 pb in the
Z-associated mode.

4. Top pair associated production: Two gluons in the initial state each produce a top
quark-antiquark pair, whence a top quark and a top antiquark from the two pairs fuse to
produce a Higgs boson. The final state comprises a Higgs boson and a top quark-antiquark
pair. This process is usually denoted as ttH and has a production cross section of 0.50 pb.
It is depicted in Fig. 3(e).

While the ggH process has a production cross section that is an order of magnitude higher than
that of the VH process, the former is more difficult to identify in hadronic Higgs boson decays
due to an overwhelming background of multijet production processes (so-called QCD processes).
The latter, despite having a smaller cross section, is easier to detect at hadron colliders. This is
because leptonic decays of the vector boson in VH events can be “triggered” at hadron colliders
using charged lepton or missing energy triggers (cf. Section 3.2.6). Moreover, leptonic-V final
states of the VH process have smaller backgrounds compared to all-hadronic final states like
geH and VBF.

2.3.3 Higgs boson decays

The prominent decay modes of the Higgs boson are listed as follows:

« Bottom quarks: The H — bb process is the most common decay of the Higgs boson with
a branching ratio (BR) of 58.2%. However, such decays are rather hard to reconstruct
due to limited efficiency of bottom quark identification. Moreover, overwhelming QCD
backgrounds in the ggH and VBF production modes also make it difficult to measure the
H — bb process. The process was observed in 2018 [20, 21], making it one of the most
recent observations of a Higgs boson decay mode.
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W bosons: The Higgs boson decays to a pair of W bosons with a BR of 21.4%, where at
least one of the W bosons is off-shell. Such decays are usually studied in events containing
leptonic decays of the W boson(s) [14, 15, 16].

e Gluons: The Higgs boson decays into a pair of gluons with a BR of 8.2%. But such
decays are inaccessible at hadron colliders as separation of gluons final-states from QCD
backgrounds is practically infeasible.

o Taus: The Higgs boson decays to a pair of tau leptons with a BR of 6.2% [22, 23, 24].

o Charm quarks: The H — cc has a BR of 2.9%. This BR is about ~ 20 times smaller
than that of the H — bb decay channel. A low BR, coupled with the fact that charm
quarks are even more challenging to identify than bottom quarks, makes this channel very
challenging to probe. This thesis focuses on this decay channel of the Higgs boson.

e Z bosons: The decay to a pair of Z bosons has a BR of 2.6%, where at least one of the
7 bosons is off-shell. Despite that, the four-lepton final state, where both Z bosons decay
into charged leptons, is one of the cleanest and easiest channels to observe the Higgs boson
(12, 13].

o Photons: The H — ~v decay has a BR of only 0.2%. However, the excellent experimental
resolution of the photon momenta makes this an important channel to study the Higgs
boson [17, 18].

o Z+photon: The H — Z~ decay has a BR of only 0.15% and can be reconstructed from
leptonic decay modes of the Z boson [60].

o Muons: The H — p"u~ decay has a BR of 2 x 10~%. While detecting a decay with such
a small BR is challenging, the channel benefits from clean final states and excellent muon
reconstruction capabilities [25].

e Other decay modes: Decays of the Higgs boson to electrons and lighter quarks are
insignificant.

Figure 4 shows the Feynman diagrams for the decays of the Higgs boson to W and Z bosons,
decay to fermions, and decays to vy and Z~.

2.4 Diboson processes

The diboson process refers to the production of two vector bosons in a collision event, that is,
a WW, ZZ, or WZ final state. The principal production mode of the processes is through the
so-called s-channel, involving a quark-antiquark pair in the initial state annihilating to produce
a vector boson, which decays to a pair of vector bosons in the final state. This results in a
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Figure 4: Feynman diagrams for the Higgs boson decays into heavy vector boson pairs (upper-
left), fermion—antifermion pairs (upper-right), and photon pairs and Zy (lower).

three-boson vertex. This channel can be compared to the VH production mode by replacing
one of the final state vector bosons with a Higgs boson.

The t- and u-channel productions of this process are subdominant contributions. Gluon-gluon
initial states also produce diboson events but have an insignificant contribution. The measured
cross sections of the ZZ, WZ, and WW processes at /s = 13 TeV are 17.3pb [61], 51.0 pb [62],
and 142pb [63], respectively. Figure 5 shows representative Feynman diagrams for diboson
processes.

q zZw q w
Zy w

q zZw q' 7

J—— VAV VAW I — ANV Z
q

q AN ZW q AN W

Figure 5: Representative Feynman diagrams for ZZ and WW (left), and WZ (right) processes.
The upper and lower rows represent the s- and ¢-channels, respectively.

The W+ and Z~ processes are also diboson processes, but have not been considered in the
presented analyses.
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2.5 The background processes

The major background processes relevant to the presented analyses are listed as follows:

e Drell-Yan + jets: The production of an opposite-sign charged-lepton pair in a hadron

collision event is referred to as the Drell-Yan (DY) process [64]. The process is generally
initiated by a quark-antiquark pair annihilating into a photon or a Z boson, which then
pair-produces charged leptons. Such processes are often associated with one or more
jets arising from initial-state gluon or quark radiations (ISRs), or from proton remnants.
Alternatively, a quark-gluon interaction can also produce a Z+jet event. Such DY+jets
events form an important background in the presented analyses.

Leptonic W + jets: Processes with a leptonically-decaying W boson produced in associ-
ation with one or more jets also form an important background in the presented analyses.
Such a process is usually initiated by a gluon and a quark, or a pair of quarks interacting
in the initial state.

Z(vv) + jets: The production of a Z boson decaying into neutrinos in association with jets
forms an important background in the presented analyses. The production mechanism of
this process is very similar to that of the Z-mediated DY process, while the decay products
of the Z boson are different.

Top quark-antiquark pair: The production of a top quark-antiquark pair is referred to
as the tt process. The dominant production mode of the tt process at the LHC is from the
interaction of a pair of gluons, but it is also produced from an initial-state quark-antiquark
pair annihilating into a gluon, that further splits into a top quark-antiquark pair. Each
top quark immediately decays into a lighter quark (almost always a bottom quark) plus
a W boson. Each W boson can decay either hadronically or leptonically. Therefore, the
tt process can be either fully hadronic, semileptonic, or fully leptonic (dileptonic). The
measured inclusive cross section is 746 pb at /s = 13 TeV [65].

Single top: The single top process refers to the production of a single top quark in
association with an additional quark or a W boson. It forms a minor background in a
number of channels used in the presented analyses. The tW process has a measured cross
section of 89 pb [66], while the t-channel and s-channel single top processes have cross
sections of 238 pb [67] and 14.6 pb [68], respectively, at /s = 13 TeV.

Diboson: Diboson processes, as described in Section 2.4, form a minor background in
the Higgs boson search presented in this thesis.

Representative Feynman diagrams for the V+jets processes are shown in Fig. 6. The theoretical

cross sections of these processes with various final states are listed in Tables 28 and 29 in

Appendix C. Feynman diagrams for tt and single top are shown in Fig. 7.
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Figure 6: Representative Feynman diagrams for vector boson production in association with 2
jets at the LHC.

t -
g q' t
b t
Figure 7: Representative Feynman diagrams for top quark-antiquark pair production (upper)
and single top production (lower) at the LHC. Three production modes of the single top process
have been shown, namely tW process (left), t-channel (middle), and s-channel (right).
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3 Experimental setup

3.1 The Large Hadron Collider

The LHC [69, 70, 71] is the most powerful particle accelerator ever devised. Located in a circular
underground tunnel of 26.7 km radius near Geneva at the Swiss-French border, this scientific
marvel is designed to accelerate protons to energies up to 7 TeV, and lead atoms to up to 2.8 TeV
per nucleon, which are the highest achievable energies till date. This subsection and rest of the
thesis discuss the LHC in the context of pp collisions only.

The LHC was designed primarily to discover the Higgs boson. After 10 years of construction,
the first particle collisions took place in 2009. In 2011 and 2012, the LHC operated at centre of
mass energies of 7 and 8 TeV, respectively, and provided enough data for the discovery of the
Higgs boson. After a period of repairs and upgrades in 2013 and 2014, the second run (Run-2)
of the LHC began in 2015 at a centre of mass energy of 13 TeV. The LHC was again stopped
for a period of 3 years between 2019 and 2022 for further upgrades before it resumed collisions
for a third run.

Starting with hydrogen as a source of protons, a number of accelerators pre-accelerate pro-
tons before they are injected into the LHC for further acceleration. This series of accelerators
include a linear accelerator (LINAC 2), the Proton Synchrotron Booster (PSB), the Proton
Synchrotron (PS), and the Super Proton Synchrotron (SPS), which cumulatively accelerate
protons to 450 GeV. Within the LHC, counter-rotating beams of protons are accelerated by
resonant waves of electromagnetic fields, resulting in an energy gain of approximately 16 MeV
per revolution per proton. Figure 8 shows the CERN accelerator complex.

The circular trajectory of the beams is maintained using superconducting dipole magnets that
generate magnetic fields with strengths of up to 8.3 T. Additional multipole magnets are used
to keep the beams focused despite electromagnetic repulsion between individual protons, such
that the beams are confined to a diameter of the order of ~ 10 um at the collision points. The
centre of mass energy of the collision of two identical, counter-rotating beams, each with energy
Eyeanm, is given by

\/g = 2 Epeam- (42>

The other important parameter in collider physics is the instantaneous luminosity L, which is
a function of several collider configuration parameters. It can be expressed as

_ anbf’YF

L= 43
de, B* (43)

where N, is the number of particles per bunch, n, is the number of bunches per beam, f is the
revolution frequency of the beam, - is the relativistic factor v = %, F'is the geometric reduction
factor due to inclined beam profile, €, is the normalised transverse beam emittance, and 5*,
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Figure 8: The LHC is the last ring (dark grey line) in a complex chain of particle accelerators.
The smaller machines are used in a chain to help boost the particles to their final energies and
provide beams to a whole set of smaller experiments, which also aim to uncover the mysteries
of the universe. Photograph and caption by Christiane Lefevre, distributed by CERN.

the beta function at the interaction point, quantifies the transverse size of the particle beam.

2

The LHC is capable of generating luminosities of upto 10** cm=2s~!. The luminosity allows us

to calculate the interaction rate % of a process with cross section ¢ using the relation

dN

- —s-L. 44
=0 (44)

The integrated luminosity £ is a measure of the total amount of data recorded and is defined

as
L= det, (45)

which, along with eq. 44, can be written as
N=oc-L. (46)
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There are a total of four interactions points along the circumference of the LHC where the
trajectories of the proton bunches are slightly bent and made to collide. Around these interaction
points, large particle detectors are placed to record the products of the collisions and store data
for analysis. Two of these, the ATLAS [72] and CMS [73], are general-purpose detectors focusing
on several aspects of physics. A third one, the ALICE detector [74] focuses on heavy lead ion
collisions. The LHCD detector [75] specialises in analysing decays of long-lived b and ¢ hadrons.
In addition to these four, the TOTEM and LHCf detectors analyse forward collisions close to
the beam line, near the CMS and ATLAS detectors, respectively. The MoEDAL experiment
searches for hypothetical monopoles. Finally, FASER and SND are new detectors specialising in
the search for new weakly interacting particles and detection of collider neutrinos, respectively.

3.2 The Compact Muon Solenoid experiment

The CMS collaboration is one of the largest international collaborations, involving around 5500
physicists, engineers, technicians, students, and support staff from 241 institutes across 54
countries (as of May 2022). Its physics programme includes studying SM physics (including
Higgs boson physics) as well as BSM physics, such as searching for extra dimensions and particles
that could make up dark matter. It also studies collisions of heavy lead ions.

The CMS detector is a general-purpose detector at the LHC. It is located at one of the interaction
points of the LHC, namely Point 5, at Cessy, France, approximately 100 metres under the
ground. It has a cylindrical shape and is around 21 metres long along the beam axis and about
15 metres in diameter. It accommodates several subdetectors aligned in layers around the beam
axis, symmetric to the primary interaction point, and weighs around 14 thousand tonnes. As
the name suggests, the detector is rather compact and utilises most of the space available to
accommodate subdetectors. The central structure is a very strong solenoid magnet capable of
generating a magnetic field with a strength of up to 4 T. An extensive system of muon chambers
allows very precise detection of muons, justifying the detector’s name.

Figure 9 shows an illustration of the CMS detector. A more detailed overview of the subdetectors
is presented in the following subsections, followed by a description of the CMS trigger system.

3.2.1 Tracking system

The first layer, closest to the beam pipe, is the tracking system of the CMS detector. The
primary purpose of this subdetector system is to reconstruct tracks of charged particles that
are generated from pp collisions at the interaction point, utilising “hits” of the charged par-
ticles with the detector material [76]. As the tracker is located within the solenoid magnet,
a homogeneous magnetic field across the entire tracker volume results in a curvature of the
tracks of charged particles that move through the tracker. Hence, a precise reconstruction of
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Figure 9: A perspective view of the CMS detector [73].

tracks of such particles allows for a very precise measurement of their transverse momenta (pr).
Transverse impact parameter (IP) resolution of each track ranges from 20 to 75 mm depend-
ing on the pp and pseudorapidity® (n) of the track. The general working principle is based
on silicon semiconductors provided with a bias voltage such that transitting charged particles
induce electron-hole pairs. This, in turn, creates measurable currents which are subsequently
digitised and electronically read out using cables. The resulting “hits” are grouped into tracks
to reconstruct trajectories of each charged particle.

The tracking system consists of an inner pixel detector containing around 66 million pixels and
an outer strip tracker containing around 9 million silicon microstrips with varying dimensions
depending on their radial distance. The inner pixel detector consisted of three detector layers
until the end of 2016 data-taking period (Phase-0) and was replaced with a four-layer detector

2The pseudorapidity can be deduced from the polar angle, 6, using the relation = —In [tan (g)}, under

the convention of the beam axis being along the z-axis. At high energies, 7 is equivalent to the rapidity, y, of a

particle where y = %ln [giﬂ; z} = arctanh (%), with F and p, as the particle’s energy and z-component of the

momentum, respectively. Differences in pseudorapidities (A7) being a Lorentz-invariant quantity makes the use
of 1 convenient in collider physics.
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Figure 10: Left: Layout comparing the different layers and disks in the Phase-0 and Phase-1
pixel detectors. Right: Transverse-oblique view comparing the pixel barrel layers in the two
detectors [77]. “Current” in the diagram refers to the Phase-0 tracker, while “upgrade” refers
to the Phase-1 tracker.

before the 2017 data-taking period as a part of the Phase-1 detector upgrade [77]. Figure
10 provides an illustrative comparison of the trackers in the two phases. The upgraded high-
efficiency and low-mass tracker provides four-hit pixel coverage to efficiently detect charged
particles within the 7 range |n| < 2.5, while the Phase-0 inner tracker extended until |n| < 2.4.
This upgrade led to a significant increase in track reconstruction efficiency and resolution in
data collected in 2017 and 2018, compared to that in 2016 and earlier [78].

The tracking system plays a crucial role in the identification of jets initiated by ¢ and b quarks.
The identification algorithms explained in Section 6.2 rely on the efficient detection of tracks
and their IPs. The CMS tracking system precisely reconstructs individual tracks from heavy
hadron decays and therefore enables efficient bottom and charm tagging.

3.2.2 Electromagnetic calorimeter

The electromagnetic calorimeter (ECAL) is installed around the tracking system. Its primary
purpose is to absorb and measure the energies of electrons and photons passing through it. The
central part of the ECAL is a cylindrical barrel and covers the inner region until |n| < 1.479,
while the outer part (endcap) covers the area between 1.479 < |n| < 3.0. It consists of around
70 thousand scintillating lead tungstate crystals.

Both electrons and photons are measured in the ECAL. When these particles interact with
the crystals, they create showers due to successive chains of EM radiation (photons), pair
production (electrons and positrons), and annihilation. Charged particles passing through the
material produce scintillation light, which is then amplified by photodiodes and phototriodes.
The intensity of the amplified light gives a measurement of the energy of the inducing particle
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and is digitised and stored using read-out electronics.

3.2.3 Hadronic calorimeter

The hadronic calorimeter (HCAL) is installed between the ECAL and the solenoid. However, to
capture any part of hadronic activity that remains unabsorbed in the HCAL and the solenoid, a
thin layer of HCAL outside the solenoid complements the bulk of the HCAL inside. The primary
purpose of the HCAL is to absorb and measure hadrons (mesons and baryons) that originate
as a result of hadronisation of quarks produced in the collision. It consists of alternating layers
of non-magnetic brass absorbers and plastic scintillators.

When a hadron passes through the brass layers, it creates hadronic showers and induces scin-
tillation light in the plastic scintillators. The light is then guided through optical fibres and
read out through the electronics. Thus the HCAL plays an important role in detecting and
measuring energies of hadronic particles that constitute jets.

3.2.4 Solenoid magnet

The superconducting solenoid magnet is located radially outside the calorimeter system. It is
12.5 metres in length and 6 meters in diameter, making it the largest solenoid magnet ever
constructed. The coil of the solenoid is made of superconducting NbTi and operates at a
temperature of 4.7 K to maintain its superconductivity. It is designed to provide a constant
magnetic field of 3.8 T uniformly in all subdetectors inside it. The magnetic field results in a
curvature of trajectories of all electrically charged particles, thereby resulting in an excellent pr
resolution of charged particles in the tracker. In addition to the solenoid, three layers of massive
steel flux-return yoke are installed to return the magnetic flux outside the solenoid back into
the detector volume.

3.2.5 Muon chambers

The muon system is the outermost layer of the CMS detector and is located radially outside
the solenoid magnet. It consists of gas ionisation chambers embedded in the steel flux-return
yoke outside the solenoid. When charged particles traverse the chambers, they produce electron
avalanches that can be read out. Usually the only particles not absorbed by the inner layers of
the detector are muons and neutrinos. As neutrinos cannot be detected, the hits in the muon
chambers combined with the information from the tracker can be used to reconstruct muons.

The muon system uses three different types of detector approaches: Cathode Strip Chambers
(CSCs), Drift Tubes (DTs), and Resistive Plate Chambers (RPCs). The CSCs are made up of
anode wires and cathode strips placed perpendicularly. When a charged particle passes through
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the gas in this detector, the gas is ionised and a charge is induced on the cathode strips.
The electrons from the induced charge move towards the anode wires creating an avalanche of
ionisations. The gas in the DTs has a high drift velocity for ionised electrons, thereby enabling
measurement of coordinates with a good spatial resolution by using the time difference between
passage of particles and arrival of the electrons. In contrast, the RPCs provide a good time
resolution. They are made with plates separated by a narrow area of gas and placed at a large
voltage difference. Particles ionising the gas causes an immediate spark between the plates
resulting in a very good time resolution. The excellent time resolution of the RPCs employed
together with the good spatial resolution of the CSCs and DTs achieve an optimal resolution
for both time and position measurements of muons.

3.2.6 Trigger system and data acquisition

The LHC at its peak luminosity and with branch crossings happening every 25ns, performs
almost 40 million pp collisions per second at the interaction point at CMS. The readouts from
all the electronic channels across all subdetectors (event information) add up to a storage size
of the order of ~ 1 MB per event. This results in an output of the order of ~ 40 TB per second
when the LHC is operating at the expected luminosity. This data output rate far exceeds
the processing and storing capabilities of even the most advanced data acquisition and storage
systems ever developed. Moreover, a vast majority of events are low-energy soft collisions which
are not interesting for the CMS physics programme. Therefore, it is necessary to store only a
small fraction of the generated data that could potentially be interesting, for offline analysis.
This task is achieved by employing a trigger system [79], which reads the detector outputs,
makes a very fast decision based on a crude event reconstruction, and “triggers” the storage of
only certain events that exhibit signatures of interesting physics.

The trigger system in CMS has two levels: the hardware-based Level 1 (L1) trigger system, and
a software-based High-Level Trigger (HLT) system.

L1 trigger: Recorded data is held in the hardware buffers (pipeline) for about 3 us. Imme-
diately after a collision, signals from the readout electronics are sent to the L1 trigger
processors. The L1 trigger [80] is implemented at a hardware level and makes decisions
based on subdetector information. A muon trigger reads information from the muon
chambers, while a calorimeter trigger reads information from the ECAL and the HCAL.
The data processed at this level is “crude”, that is, the data has lower granularity (lower
resolution) than the capabilities of the subdetectors. The information processed by these
are then combined to form a Global L1 trigger, which then makes a decision based on
the reconstructed “trigger primitive objects”, such as muons, electrons, photons, jets, and
missing transverse energy. This decision is made in less than 1 us and the result is then
sent back to the pipeline, whence the data is either discarded or forwarded to the HLT for
further filtering. The output rate of the L1 trigger is typically of the order of ~ 100 kHz.

29



HLT: The data that passes the L1 trigger is read out and digitised by a dedicated switching
system. The software-based HLT uses more sophisticated constraints on physics objects,
which are reconstructed with higher precision combining the information from the tracking
system. At the HLT level, several pre-defined “paths” are used to judge whether an
event should be stored or discarded. Each of these paths typically combines a number of
physics objects with certain kinematic and/or quality thresholds on each and is designed
to specifically reflect a certain requirement of the CMS physics programme. An event
is stored if it passes the requirements of at least one of the HLT paths, and discarded
otherwise. The output rate of the HLT is of the order of ~ 100 Hz.

Events that pass the trigger system are then stored offline and subsequently distributed across
several computing nodes across the world for storage. The information of the L1 and HLT
triggers passed is also stored for every event, and the events are usually grouped into non-
exclusive sets of data (primary datasets) depending on which HLT path(s) the events have
passed.
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4 Data analysis technologies

4.1 The Particle Flow algorithm

A crucial step towards identifying interesting events produced in pp collisions is to correctly
identify and measure the numerous particles that are typically produced in such collision events.
The combination of information read out from all channels of the various subdetectors of the
CMS detector, to identify the type, energy, momentum, and trajectory of the final-state stable
particles, that are produced as a result of pp collision events and leave an identifiable signature
in at least one of the subdetectors, is referred to as physics object reconstruction. Neutrinos
(and other possible BSM particles) do not leave signatures on the detectors, and are indirectly
identifiable by balancing the initial and final momenta in the transverse plane. As quarks
hadronise immediately after the collision, the clusters of final-state hadrons are reconstructed
as jets. Heavier particles like the top quark and tau lepton as well as massive bosons are
not detected directly, but their presence can usually be inferred by reconstructing their decay
products. Thus, all SM particles can be detected either directly or indirectly at the CMS
experiment, albeit with different efficiencies and misidentification probabilities. The final-state
stable particles (electrons, muons, photons, as well as compound entities like jets, missing
energy) are referred to as physics objects. This subsection discusses how each physics object is
reconstructed using information from all subdetector components with the Particle Flow (PF)
algorithm.

The PF algorithm [81] identifies and reconstructs individual stable particles produced in pp
collision events by exploiting and combining information recorded by all the subdetectors in the
CMS experiment. In addition, it estimates the missing transverse energy (MET), and is used
to reconstruct the primary interaction vertex. The PF algorithm provides better energy reso-
lutions and identification efficiencies of reconstructed particles compared to using only tracks,
calorimeter clusters, or hits in the muon chambers individually.

The PF algorithm operates in three stages, namely track and cluster finding, association, and
particle identification. These steps are briefly discussed as follows:

Track and cluster finding: Tracks are reconstructed starting from pairs and triplets of hits
recorded by the tracking system. This is performed using an iterative algorithm called
Combinatorial Track Finder, that uses Kalman filters [82] along with pattern recognition
and track fitting techniques. FEnergy deposits in the ECAL and HCAL are clustered
separately starting with calorimeter cells that record local energy maxima as seeds for
each cluster. Lastly, tracks in the muon chamber are obtained starting with hits measured
by the DT or CSC chambers as seeds, followed by implementing pattern recognition
algorithms on the combined readouts of the DT, CSC, and RPC chambers.

Association: A link algorithm is used to associate tracks and clusters obtained in the previous
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step. Tracks measured in the tracker are extrapolated to the ECAL and HCAL and are
associated to a cluster if the extrapolated line lies within the cluster boundaries. When
several tracks are matched to the same cluster, or several clusters are associated with
the same track, only the spatially nearest combination is kept. Similarly, clusters in the
ECAL are associated to the ones in the HCAL if they overlap. Finally, charged tracks
in the tracker are extrapolated to the muon system, and compatible tracker tracks and
muon tracks are combined into a global muon track.

Particle identification: A final particle identification is performed using the PF candidates
and the associations between them as obtained in the previous steps. The procedure
takes place iteratively and in a predetermined order. In each step, the identified PF
candidate(s) is (are) removed from the list of PF candidates to be processed at the next
step. At first, muons are reconstructed using tracker tracks matched to muon tracks,
and the expected energy deposited in the calorimeters are subtracted. Next, electrons
are reconstructed using tracker tracks matched to ECAL clusters. Charged hadrons are
inferred from the tracker tracks matched with HCAL clusters. Finally, neutral hadrons
and photons are reconstructed from HCAL and ECAL clusters, respectively, without a
corresponding tracker activity. The MET of the event is calculated as the negative vector
sum of the pr of all identified PF objects.

The PF algorithm also helps determine the location of the primary interaction point. To do
this, at first a number of high quality tracks are defined, using the number of pixel hits and
the fit quality in the track fitting algorithm. Next, groups of such tracks are clustered based
on the location of the z-coordinate of their closest approach to the beam pipe. This typically
gives rise to several points of collisions (vertices) per bunch crossing owing to several secondary
interactions. Finally, the sum of the scalar transverse momenta of all tracks matched to each
vertex is evaluated, and the vertex with the highest sum is identified as the primary vertex (PV).
Other vertices are considered to arise from soft scattering of other partons and PF particles
associated to such vertices can be discarded as necessary.

4.2 Simulation

Simulated samples of pp collision events are useful to model expected background events as well
as signal events according to SM expectations. They are also used to train several algorithms,
e.g. jet flavour identification algorithms. As explained in Section 6.3, simulations are often prone
to mismodellings, and therefore require dedicated corrections to match actual collision data.
Nevertheless, they are an indispensable tool in modern particle physics analyses. This subsection
briefly discusses the methods and software used in CMS for simulating physics processes.

Proton-proton collisions can be interpreted as a hard scattering process involving two partons,
along with other soft interactions. The fraction of the proton momentum that a certain parton
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carries is probabilistic and is described by Parton Distribution Functions (PDFs), which are
different for different partons and depend on the total momentum transfer, Q2. These proba-
bilistic scenarios are best simulated using Monte Carlo (MC) simulations. Such simulations are
implemented using so-called MC generators, which account for a comprehensive set of matrix el-
ements (MEs) and provide a fixed order perturbative QCD calculation of up to four noncollinear
high-pr hard partons. Examples of MC generators include POWHEG (v2) [83, 84, 85, 86] and
MADGRAPH5__AMC@NLO [87]. Both of these have been used to generate different physics
processes used in this thesis. The PDF set NLO NNPDF3.0 [88] (NNLO NNPDF3.1 [89]) is used
for the simulation of samples corresponding to the 2016 (2017 and 2018) data-taking year(s).

In addition to the ME generation, soft and collinear radiations are described using a parton
showering (PS) approach. The PS tool used in the simulation of all samples used in the presented
analyses is PYTHIA8 [90, 91]. Whenever there is an overlap of the phase space between the
calculation of the ME and the simulation of the PS, so-called matching algorithms are used to
resolve duplicates. Examples of matching algorithms are MLM [92] and FXFX [93]. The former
has been used in conjuction with processes simulated at the leading order (LO), while the latter
is used with those generated at the next-to-leading order (NLO) in QCD.

Besides the hard scattering of the partons, remnants of the colliding proton may interact with
particles from the hard scattering, multiple partons can interact in the same pp collision, or
multiple protons in the same bunch crossing can collide, giving rise to additional pileup events.
All these effects are termed as the underlying event. The effect of additional pp interactions
within the same or nearby bunch crossings on top of the hard scattering processes is modelled
by additional minimum bias collisions generated with PYTHIA. The underlying event tune used
in the presented analyses for processes involving top quarks is CP5 [94]. For other processes,
the CUETP8M1 (CP5) tune is used for the samples corresponding to the 2016 (2017 and 2018)
data-taking year(s).

Finally, the interactions of all the final-state stable particles generated in the previous steps
with the CMS detector are simulated using GEANT4 [95]. The resulting readouts of all the
channels of all the subdetectors are simulated. These responses effectively resemble the actual
detector response, had the same event been recorded in a real pp collision. Next, the same
reconstruction algorithms, that are used to reconstruct events from real pp collisions, are applied
to the simulated data and the outputs are stored as simulated datasets.

The simulated datasets can technically be as large as needed. Given the entire simulation chain
is computationally quite intensive, the number of simulated events practically range between
tens of thousands to billions per physics process. The event yields of each of these processes
after applying analysis-specific criteria are rescaled to reflect the theoretical or measured cross
section, o, of the given process, and the integrated luminosity, £, of the corresponding data. If
an event, 7, of a given process has a generated weight of wgen i, the event would be assigned an
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applied. This, however, does not include any additional corrections that are usually applied to
account for mismodellings in the simulation; such additional weights are described in Section
9.7.

4.3 CMS data tiers

The CMS experiment stores data and simulated samples in the so-called Event Data Model
(EDM) format, centering around the concept of an Event. An Event is a C++ object containing
all raw (RAW) and reconstructed data related to a particular collision. It starts as a collection
of RAW data from the detector or a simulated event, stored as a single entity in memory called
edm: :Event. As the event data is processed, products of every processing step are stored in
the Event as reconstructed (RECO) data objects. The Event thus holds all data that was
taken during a triggered physics event as well as quantities derived from the raw data during
the reconstruction steps. The Event also contains metadata describing the configuration of the
software used for the reconstruction of each physics object and the conditions and calibration
data used for such reconstruction.

However, for physics analysis purposes, often a small subset of the information present in the
RECO data format is sufficient. For storage and processing efficiencies, the Analysis Object
Data (AOD) tier was developed as a subset of RECO for all analysis purposes. Further, an even
smaller subset, the MiniAOD data tier, was introduced in 2014 to facilitate faster analysis and
more efficient storage of data.

Finally, a compact, more user-friendly data tier called the NanoAOD was introduced in 2017.
NanoAOD is not an EDM format, but has a simpler tree-like structure that can be read using
ROOT (cf. Section 4.5). It contains per-event information that is most commonly used by a
majority of analyses. The size per event of NanoAOD is of the order of ~ 1 KB, making stor-
age and readout very convenient. NanoAOD files can be generated from their corresponding
MiniAOD files, and are usually generated centrally by the CMS collaboration as often as neces-
sary. Individuals in the collaboration can also privately produce custom NanoAOD samples with
additional information from MiniAOD, if necessary. The format is still being improved based
on additional feature requests to accommodate more commonly-used event information. The
guiding principle behind this data tier is to reduce file size as far as practicable, and therefore
derived quantities are often not included. Such quantities can be recalculated as necessary using
certain frameworks, such as the NANOAOD POSTPROCESSOR [96], also maintained centrally
by the collaboration.
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The analyses discussed in this thesis make use of the NanoAOD data format. The final set of
samples used were custom NanoAOD samples with certain additions compared to the centrally
produced ones. Further, the NANOAOD POSTPROCESSOR tool was used to compute certain
derived quantities from the ones stored in the NanoAOD format.

4.4 Boosted decision trees, neural networks, and deep learning

Artificial Neural Networks, usually referred to as Neural Networks (NNs), are computational
systems used in Multivariate Analysis (MVA) problems that use a network of functions to
understand and map a data input, usually with a large number of dimensions, to a data output,
usually with a smaller number of dimensions. The concept is inspired by the way neurons of
the human brain function and work together to process complex information from sense organs.
NNs are an example of Machine Learning (ML), which in turn is a subset of the broader field of
Artificial Intelligence (AI). Deep Learning (DL) based on Deep Neural Networks (DNNs) [97]
extends the concept of NNs by utilising multiple layers of processing that extract progressively
higher level features from the input data. NNs and DNNs constitute a broad field of research
today, with numerous applications across disciplines. This subsection provides a brief outline
of the key concepts that have been used in the presented analyses.

Implementation of NNs usually involves “training” a network to recognise patterns in an input
dataset to develop a function that maps each input x to its corresponding output y. The process
involves developing a model that consists of a vast number of free parameters and maps the
inputs to the outputs. Supervised learning refers to such a training performed with known
input-output pairs. The process can be viewed as a usual minimisation task, where a function
that quantifies the difference between the predicted output and the true output is minimised
progressively in several “epochs”. Such a function is usually referred to as the “loss function”,
and its functional form and behaviour is often specific to the task at hand. The training is
considered to have converged if the loss value cannot be further minimised. Once the training
converges, the model with frozen parameters can be used to predict the outputs of a different
set of inputs whose outputs are unknown.

Often an additional test step is involved after the training step where one checks the validity
of the model on an independent set of known input-output pairs . A similar value of the loss
function for both the training and test datasets ensures that the model can be generalised to
populations independent of the input training dataset. A higher value of the loss function in the
test set is a signature of “overtraining”, which usually means the model has picked up unique
features of the input dataset that are not general to the entire population. Such overtraining is
avoided using several techniques, such as using a larger training dataset, or tuning the so-called
hyperparameters of the training process. These hyperparameters are training configurations
that cannot be deduced from the dataset, but are provided externally before the training is
performed. Therefore, tuning these hyperparameters to mitigate overtraining, if any, is usually
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performed on a trial-and-error basis, or with random or sequential search algorithms.

Another approach in MVA, known as decision trees (DTs), involves recognising patterns in the
input dataset by iteratively partitioning data by asking questions (“if-then-else” comparisons)
about the input data features, much akin to flowcharts. Learning on the basis of such conditional
control statements to make decisions is referred to as “weak learning”. Boosted Decision Trees
(BDTs) [98] involves combining several such DTS in series to achieve a strong learner from many
sequentially connected weak learners. In each step, the algorithm filters out observations that a
learner gets correct, thereby stressing on adding new weak learners that are capable of handling
progressively more complex observations in every step. The usage of BDTs is very similar to
that of NNs and DNNs, involving a training step, followed by testing, and finally application
on data for which predictions are sought.

The most common tasks in which NNs and BDTs are implemented are classification and re-
gression. Classification tasks involve discrete outputs and are useful when inputs need to be
labelled as different qualitative classes. Classification tasks are relevant in this thesis in the
context of jet flavour tagging and signal-event identification, for example. On the other hand,
regression tasks involve outputs that are continuous, real numbers. Examples include finding
the best estimate of the energy of the quark that initiated a jet, based on the kinematics of the
jet’s constituents.

4.5 Software and packages

The several software, packages, frameworks, and libraries used in performing the analyses dis-
cussed in this thesis are listed below with a short description for each.

CMSSW: The overall collection of software used at the CMS experiment is referred to as
CMSSW [99]. It contains the services needed by the simulation, calibration and align-
ment, and reconstruction modules that process event data so that physicists can perform
analysis. The framework facilitates the development and deployment of reconstruction
and analysis software.

ROOT: ROOT [100] is a software framework for data analysis developed by CERN. It works as
an interpreter based on a C++ backend. It facilitates storage of complex data in formats
suitable for analyses in experimental particle physics. It also offers object-oriented classes
corresponding to the several reconstructed physics objects with pre-programmed methods
that aid standard mathematical operations on physical observables. In addition, ROOT
offers a number of data visualisation and plotting tools. ROOT can be interfaced with the
programming language, Python, using the PYROOT library developed for Python. This
provides additional flexibility to switch between C++ and Python for analysis codes.

RDataFrame: RDATAFRAME [101] is a relatively new library in the ROOT environment that
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offers a modern, high-level interface for analysis of data stored in ROOT formats. It
interprets data in the form of so-called dataframes, which are tabular structures of data,
and provides an intuitive and convenient way to perform operations. It is based on a
“lazy” action approach, which means the actual loop execution on data is deferred until
at least one output is explicitly requested. A user can, therefore, define multiple chains
of operations and transformations on the same dataset without looping through the data
every time; instead the event loop is triggered only once and all actions are performed
in the same loop, returning all results at the same time at the end of the loop. The
implementation also automatically puts in place several low-level optimisations such as
multi-thread parallelisation and caching.

TMVA: TMVA [102] is a ROOT library that provides the interfaces and implementations of
several ML techniques. This includes NNs, DNNs, and BDTs. It also provides plotting
tools to inspect the performance of the trained models. The TMVA library has been used
to train BDT-based classifiers to separate signal from background in the VHcc and VZcc
analyses (cf. Section 10.1). Among the various BDT algorithms available in TMVA, the
“gradient boost” algorithm is used.

NanoAOD Postprocessor: The NANOAOD POSTPROCESSOR [96] is a data processing tool
maintained centrally by the CMS collaboration. It provides tools to add derived quantities
to the list of quantities already existing in a NanoAQOD file. For example, while jet prs are
stored in NanoAOD, the systematic variations of jet energy calibrations are not stored.
The POSTPROCESSOR tool uses the raw pr of a jet along with the calibration information
provided externally to recalculate and append all jet energy systematic variations. Other
tasks that can be accomplished with the POSTPROCESSOR tool are calculating pileup
weights of simulated events based on externally-provided pileup distributions observed in
data, evaluating flavour tagging weights based on jet configurations in an event, etc.

AnalysisTools: ANALYSISTOOLS is a C++-based event processor developed originally for the
VH(H — bb) (VHbb) analysis [20]. A version of the same, adapted for the VHee analysis,
performs the bulk of the event processing tasks required in the analysis. This includes
calculating complex observables, applying selections, categorising events into channels
and regions, applying corrections to simulations, evaluating BDT predictions, evaluating
systematic uncertainties, etc.

ShapeMaker: SHAPEMAKER is a tool first developed for the VHcc analysis [28] for plotting
histograms with all systematic variations that are required for the final statistical analysis.
It implements the novel RDATAFRAME library [101] to process the outputs of ANALYSIS-
TooLs and generate histograms for every process, every channel and region, with every
systematic variation, in a multithreaded implementation. It dramatically reduces disk
access and processing times compared to traditional methods, reducing the runtime of
the shape generation workflow from the order of ~a week to the order of ~a few hours,
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with a fraction of the CPU usage. The framework also has features to reevaluate certain
observables, apply additional selections and corrections, and reevaluate BDTs on the run,
as necessary.

SciPy: SciPy [103] is a Python library used for scientific and technical computing. It con-
tains modules for optimization, linear algebra, integration, interpolation, special functions,
FFT, signal and image processing, ODE solvers and other tasks common in science and
engineering. In this thesis, a number of its submodules have been implemented in the
context of interpolating charm tagger calibration factors and deriving interpolation un-
certainties.

Other packages: GNU parallel [104] is a shell tool for executing jobs in parallel on a com-
puter and has been used to run some codes in the course of the thesis. A part of the
SCIKIT-HEP project [105, 106], mplhep [107] has been used in conjunction with MAT-
PLOTLIB [108] on Python to produce certain plots in this thesis.

4.6 Remote computing

The analyses presented in this thesis involve analysing large volumes of data stored in computing
systems across the world. It is far beyond the scope of the storage, memory, and processing
capacities of the computing systems available locally to accommodate and process such volumes
of data. This problem is overcome by running computational jobs on remote computing clusters,
that have the required data available locally or have achitectures enabling quick access to data
stored elsewhere. For this purpose, the CMS experiment has several so-caller Tier-2 (T2)
storages available across the globe. Each of these T2 centres usually have a local computing
cluster that has direct and fast read access of the T2 storage. In this thesis, the storage and
computing systems of the DESY and RWTH T2 centres were used. In addition, the EOS file
system and the LXPLUS computing system at CERN were also used. The Secure Shell (ssh)
protocol was used to remotely log in to the remote clusters to submit computational tasks.

For the purpose of this analysis, the number of core hours required to process the reconstructed
data and simulation made available centrally by the CMS experiment, not including the time
required to produce such data, is of the order of ~ 1 million. It is clearly not feasible to run
one single process to analyse all detector and simulation data sequentially. Therefore, several
processors, contained in so-called “batch systems”, are deployed to access and process the data
in parallel. Each of the processors handling a “job” processes anywhere between 1000-1,000,000
events depending on the complexity of the job. As every job can be processed independently
of other jobs, no information needs to be exchanged between two peer processors during the
course of the run. This method of accomplishing a large task using several computing nodes is
known as High Throughput Computing (HTC).

HTC has been implemented in this thesis using tools like CRAB3 [109] and HTCondor [110].
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CRABS is a dedicated utility developed and maintained centrally by the CMS collaboration to
submit CMSSW jobs to distributed computing resources across the world. The submitted jobs
are sent to specified sites, preferably at sites where the input data is locally available, where they
run remotely. Protocols like XRooTD [111] also allow direct access to files stored in remote
sites. Once the job is complete, the generated outputs are transferred back to a user-specified
site. The NANOAOD POSTPROCESSOR step for the presented analyses has been performed
using CRAB3.

HTCondor, on the other hand, distributes jobs on a local cluster and is capable of running any
executable file compatible with the installed operating system. The HTCondor installations
available on the National Analysis Facility (NAF) computing system at DESY and the LXPLUS
computing system at CERN were used in conjunction with the DESY T2 storage and EOS file
system, respectively, to implement HTC during the course of this thesis. The ANALYSISTOOLS
and SHAPEMAKER steps of the analysis, as well as the charm-tagger calibration workflow, were
executed using HTCondor.

4.7 Statistical tools

This subsection briefly outlines some concepts of statistical analysis that have been implemented
in this thesis.

4.7.1 ROC curves

A Receiver Operating Characteristic (ROC) curve is a graphical plot that illustrates the clas-
sification accuracy in a binary classification system at varied thresholds of its discrimination.
It is useful in judging the performance of a signal-background discriminator, for instance a jet
flavour identification algorithm.

A True Positive (TP) refers to a prediction of a binary classifier that correctly identifies the
presence of a signal. On the contrary, a False Positive (FP) refers to a prediction in which the
classifier incorrectly indicates that a signal is present. The fraction of times when each of the TP
and FP occur when the classifier is presented with signal and background events, respectively,
are called the TP rate (TPR) and FP rate (FPR), respectively. Both the TPR and FPR rates
vary as the threshold of the discriminator output is changed. This allows us to plot the TPR
as a function of the FPR, or vice versa, where each rate is calculated at a fixed discriminator
threshold. Such a plot is known as the ROC curve of the discriminator. For example, if the
background is denoted as 0 and signal as 1, and a “presence” is inferred every time the classifier
predicts an output value (discriminator) of p (p € [0,1]) or above, one gets a pair of TPR and
FPR values for a fixed value of p. Sliding the value of p between 0 and 1, one can obtain a
series of [TPR,FPR] pairs, which can be plotted to obtain a ROC curve.

39



A random classifier would always yield outputs with TPR=FPR, thereby producing a ROC
curve that is a straight line connecting (0,0) and (1,1). This corresponds to an area under
the curve (AUC) of 0.5 and represents a trivial case. On the other hand, a perfect classifier
would be just a point on the ROC curve at TPR=1 and FPR=0. A realistic classifier would
be a curved line connecting (0,0) and (1,1) with an AUC between 0.5 and 1 (or 0.5 and 0,
depending on which axis is plotted on the x-axis). The further away from 0.5 the AUC is, the
more performant the classifier is.

In this thesis, ROC curves have been presented in the context of jet flavour identification
performance (Sections 6.2 and 7.7) and BDT training for signal vs. background discrimination
of the VHce and VZcc analyses (Section 10.1).

4.7.2 Binned maximum likelihood fit

A common method to detect presence (or absence) of signal in experimental particle physics
analyses is the method of maximum likelihood estimation. The method involves performing a
statistical hypothesis test with the background- (B) only model as the null hypothesis and the
signal-plus-background (S+B) model as the alternative hypothesis. Often, the signal is scaled
by a free parameter pu, described as a signal strength modifier, and the best-fit value of u is
estimated from the available data. This makes ;S+B the alternative hypothesis. The Maximum
Likelihood Estimation (MLE) method provides a prescription for testing whether the observed
collision data favours one model over another. According to the Neyman-Pearson lemma [112],
the most powerful test statistic to evaluate two competing hypotheses is based on the ratio of
the likelihoods of the observation under the two hypotheses.

In the analyses discussed in this thesis, a binned maximum likelihood fit is performed, which
means the data is modelled in several histogram bins as a function of a certain discriminating
variable. Given that for a single counting experiment, the probability to find x events, when
the predicted number of events is A, follows a Poisson distribution

)\:’C
Poi(x|\) = —'e_’\, (48)
x!
the same for N bins with \; expected in each, would be given by

P(x|N\) = HPoi(:v,-Mi). (49)

With \; simulated from signal and background samples, the probability of observing z; events
under the alternative hypothesis (A\; = us; + b;) is, therefore,

N
P(z|pS + B) = [[ Poi(z;|usi + b)), (50)
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where s; and b; are the predicted signal and background yields, respectively, in bin i. However,
s; and b; have associated uncertainties, called nuisance parameters (NPs), modelled as statistical
and systematic uncertainties and summarised in Section 9.8. Since NPs, 0, allow signal and
background yields to fluctuate from nominal values in each bin, s; and b; can be rewritten as
s;(0) and b;(0), respectively. For each systematic, j, an additional penalty term, m;(@) can be
associated to the likelihood function. Therefore, the likelihood function takes the form

L(z|p, 6) = T[ Poi(a;|s(8) + b,(6)) x [[ ,(6), (51)

with N, as the total number of NPs, including the bin-by-bin statistical uncertainties in the
prediction. Depending on the type of uncertainty, 7,;(@) may apply to all bins equally, or to
just one bin (e.g. for bin-by-bin statistical uncertainties), or to different bins with different
magnitudes. Similarly, 7;(0) may apply to just one, several, or all physics processes involved in
the signal and background compositions. Depending on the expected behaviour, the NPs can
be classified into three types:

Log-normal (rate changing) uncertainties: NPs that change only the rates of processes
but not the shape of the templates (that is relative bin-by-bin contributions) are assigned
as log-normal uncertainties. These uncertainties are usually evaluated as Gaussian distri-
butions. However, for large uncertainties, the —1o shift (that is, the lower end of the 68%
confidence interval) of the Gaussian may potentially assume negative values and therefore
must be truncated. Hence, a log-normal distribution is assigned instead.

Shape uncertainties: Certain nuisances are correlated across the bins of the fit variable and
therefore affect the shape of the templates being fitted. These shape variations are taken
into account by producing separate templates for the =10 (that is, upper and lower limits
of the 68% confidence interval) in addition to the nominal template.

Bin-by-bin (statistical) uncertainties: Since the number of events in each bin of the his-
tograms is finite, a statistical uncertainty is associated with every bin. This NP is usually
approximated using a Gaussian distribution per bin, instead of a Poisson uncertainty for
each process in each bin. This is a reasonable approximation for a suitably large number
of simulated events per bin [113]. To this end, a dedicated rebinning of the histograms is
performed to ensure sufficient number of events in the fitted distributions, especially at
the tails.

Once the likelihood function is defined, one can construct a test statistic based on the likelihood
ratio. For a given signal strength pu, the test statistic ¢(p) takes the form

L (:L'|,u,éu>] | (52)

g(p) = —2In 17 (l’m,é)
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where the numerator L (1‘|u,éu) is the likelihood in eq. 51 evaluated at the given p at its
maximum (which translates to 6, being the best-fit g for 1), and the denominator L (x| i, é)

A

is the likelihood evaluated at its global maximum (at the joint best-fit fi, ). For a given mea-
surement of the observed parameter, x, one obtains a single value of ¢(x). However, performing
the hypothesis test requires knowing the probability distribution f (g(u)|p) of G(u) for a given
outcome, p. According to Wilk’s theorem [114], for sufficiently large number of bins, ¢(u)
asymptotically converges towards a x? distribution. Therefore, asymptotic formulae can be
used to derive f (¢(u)|p) analytically [115]. Depending on the signal strength, one can either
measure the “significance” of the signal, or can interpret the result as an “upper limit”.

Significance In case of a non-zero signal strength, fi, one can quantify the significance of the
signal by comparing the value of the resulting test statistic ¢(/1) with the probability distribution
of the test statistic under the background-only (x = 0) hypothesis (f (¢(0)|0)). This can be
done, for example, using the p-value of the observation given the background-only hypothesis:

p-val(obs|u = 0). (53)

This p-value can be interpreted as the probability of the observation being just a statistical
fluctuation consistent with the background-only hypothesis. The p-value can also be translated
to the number (V) of standard deviations (o) an observation is away from the mean of a
normal distribution, commonly termed as “No (N-sigma) significance”. A significance of 30 is
considered as an evidence for a process, while a significance of 5o is considered an observation
in particle physics.

Upper limit In case the best-fit signal strength is less than 3o, the result is usually interpreted
as a statistical fluctuation consistent with the background-only hypothesis. One can, however,
calculate an upper limit on the signal strength, above which the signal is excluded at, for
example, 95% confidence. The CLg method [115, 116, 117] that is generally used in such
cases involves scanning over various values of the signal strength and calculating the p-value of
obtaining such a signal under the signal-plus-background hypothesis. However, such a metric
is not robust against downward fluctuations of the measurement, and therefore the CLg metric
is defined as the ratio of two p-values, as
_ p-val(obs|uS + B)

Ls = 4
CLs 1 — p-val(obs|B) ’ (54)

where the p-val in the denominator represents the p-value of the observation under the background-
only hypothesis. The values of p, for which CLg < 0.05, are considered excluded by the data
at a 95% confidence level. The lower threshold of such excluded values are denoted as .05, SO
that p > pg05 denote excluded signal-strength values.
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In particle physics analyses, the standard procedure is to first “blind” the signal regions, that
is, one does not look at the agreement between data and simulation in parts of the search phase
space where a large fraction of the signal is expected. The motivation behind doing this is to
make sure one does not introduce a subconscious bias in the simulation-based data modelling
that may potentially lead to making observations based on what one expects, instead of what
the data really quantifies. Therefore, the data in the signal regions is “unblinded” only when
the background modelling based on the control regions look reasonable. One can also calculate
an “expected limit” based on the blinded simulation. This is done by creating numerous “toy”
datasets from the simulated background-only models by letting the bin values shift away from
the nominal yield as per the descriptions of all the NPs. Following this, the CLg and g 05 values
for each of these toy datasets are calculated just as one would do with the real observation.
This gives a probability distribution of 15 values. The median of these distributions (that is,
with 50% cumulative probability) is termed as the median expected upper limit of the signal,
hereafter referred to as simply the expected upper limit. One can also obtain +1¢ and +2¢
bands of this expectation by looking at the distribution of p o5 values, thereby quantifying the
fluctuations of the expected upper limit within the standard 68% and 95% confidence intervals,
respectively. It can be noted that the confidence intervals on the distribution of the expected
.05 is not to be confused with the threshold on CLg and the exclusion of signal-strengths at a
95% confidence level.

Impacts The effect of each NP on the best-fit signal strength {i can be evaluated by once
again constructing numerous toy datasets with varied systematic values (¢;) sampled from their
respective distributions. For each of these toy models, one can find the best-fit ji and best-fit éj
by performing the usual fits. The changes in the value of the best-fit ji due to the variation of
a systematic 0; gives an estimate of the “impact” of the said systematic on the best-fit i value.
The changes in the value of the best-fit éj from that of the pre-fit 6;, in units of the probability
distribution widths of 8;, give the so-called “pull” of the systematic.

In this thesis, all statistical approaches towards signal extraction have been implemented using
the COMBINEHARVESTER [118] and HicGs COMBINE [119] tools, which are used across several
physics analyses in CMS. Statistical tools in ROOT (cf. Section 4.5), such as RooStats and
RooFit, form the basis of these frameworks.
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5 Physics object definitions

The PF algorithm discussed in Section 4.1 reconstructs physics objects with high efficiencies.
However, physics analyses often require tighter quality criteria for certain physics objects in order
to further suppress backgrounds that contain other physics objects misidentified as objects of
interest. This, of course, comes at the cost of slightly lower efficiencies. Furthermore, certain
additional corrections are often applied to improve the resolution of energy measurements of
certain particles. This section discusses the additional corrections and quality criteria that have
been used to define physics objects used in the presented analyses.

5.1 Muons

As discussed in Section 4.1, the PF algorithm reconstructs muons using information from the
tracker as well as the muon chambers. This yields a very high efficiency of muon identification
within the 7 range of the muon chambers (|n| < 2.4) [120, 121]. A calibration of the muon
momenta is performed using the “Rochester correction method” to compensate for mismeasured
momenta due to detector misalignment and other experimental imperfections [121]. These
corrections are derived by comparing distributions of simulated Z/v* — p*p~ samples with a
selection of data enriched in such processes, and extracting correction factors in granular bins
of pr, n, and ¢.

A number of additional quality and kinematic criteria are imposed on the PF muons used for
the analyses discussed in this thesis, depending on the purpose of muon selection. The CMS
Muon Physics Object Group (POG) defines some of these criteria for common usage across all
CMS analyses. For instance, “loose muon” refers to all PF muons, while the “tight muon” refers
to a subset of PF muons that have a good fit quality in the global-muon track fit as well as a
high number of tracker hits and a low transverse IP |d,,| < 2mm with respect to the PV [121].
Another criterion, referred to as relative isolation (r2f), is defined as the scalar pp sum of the
PF candidates within a cone of radius, AR = \/ (An)? 4+ (A¢)?, around the muon divided by

the muon pr, where ¢ is the azimuthal angle in radians. This criterion distinguishes prompt

muons, originating from the hard scattering process, from secondary muons, originating, for

example, from semileptonic decays of heavy hadrons. The latter type of muons usually have

AR

low pr (soft) and have hadronic activity surrounding them, resulting in a high value of r{*.

The muon selections used in the analyses described in this thesis can be categorised into six
categories as follows:

1. Isolated, prompt muons for charm tagger calibration: Tight muons with 724 < 0.05,

|dzy| < 0.002 cm, and longitudinal IP |d,| < 0.01 cm.

2. Isolated, prompt muons for charm tagger calibration in dileptonic channels: Tight muons
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with 24 < 0.15.

18O

3. Non-isolated, soft muons for charm tagger calibration: Tight muons with 724 > 0.2 (or
r)d > 0.5) and pr between 5 and 25 GeV.

iso

4. Isolated, prompt muons in 1L channel: Tight muons with pp > 25GeV, r2? < 0.06,
|dzy| < 0.05cm, and |d,| < 0.2 cm.

5. Isolated, prompt muons in 2L channel: Loose muons with pp > 20 GeV and r2% < 0.25.

180

6. Veto muons in OL and 1L channels: Loose muons with pp > 15GeV and 22 < 0.1.
The usage of various types of muon selections is elaborated in Sections 7.2 and 9.3. The pr
thresholds of the reconstructed muons are generally motivated by the pr thresholds of the HL'T
paths corresponding to the selections they are used in.

5.2 Electrons

The selection of electron candidates starts with the PF identification as explained in Section
4.1. Thereafter, the CMS EGAMMA POG applies a multivariate electron identification method
to select a subset of PF electron candidates which correspond to high-quality, prompt elec-
trons [122, 123]. This is done by applying MVA methods on electrons selected from simulated
Drell-Yan (DY)+Jets samples, with prompt electrons matched to Z decays as signal, and un-
matched and non-prompt electrons as background. Using a standard BDT-based approach, the
POG obtains a single discriminator variable, that is computed based on multiple parameters of
the electron object and provides the best separation between the signal and backgrounds. An
analyzer can, in principle, require a selection criterion on any value of this BDT and choose
electrons that pass this criterion—the so-called working point (WP). However, the EGAMMA
POG recommends two WPs, corresponding to 80% (tighter) and 90% (looser) electron efficien-
cies, respectively, as WPs to be used in analyses across CMS [123]. These are referred to as
the MVA IDs. Corrections to simulations to match the behaviour in data are made available
centrally at CMS for these two WPs.

Furthermore, a relative isolation r2f can be defined for electrons, similar to muons, to distin-

180
guish prompt electrons from secondary ones. Electron identification is performed within the n
range of the tracker. However, electrons reconstructed within 1.442 < |n| < 1.556 are discarded

as these include electrons traversing through the gap between the barrel and endcap regions of
the ECAL.

Depending on the usage, five types of electron selections have been used in this thesis:

1. Isolated, prompt electrons for charm tagger calibration: MVA ID with 80% efficiency,
with 723 < 0.05, |dyy| < 0.01 ¢cm, and longitudinal IP |d,| < 0.02 cm.

1S0
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2. Isolated, prompt electrons for charm tagger calibration in dileptonic channels: MVA 1D
with 80% efficiency with r3 < 0.15.

150

3. Isolated, prompt electrons in 1L channel: MVA ID with 80% efficiency.
4. Isolated, prompt electrons in 2L, channel: MVA ID with 90% efficiency.

5. Veto electrons in OL and 1L channels: MVA ID with 90% efficiency with pt > 15 GeV and
0.3
Tiso < 0.1
The usage of various types of electron selections is elaborated in Sections 7.2 and 9.3. The pr
thresholds of the reconstructed electrons are generally motivated by the pr thresholds of the
HLT paths corresponding to the selections they are used in.

5.3 Jets

Jets are reconstructed from stable particles found in the PF workflow that are not already
associated with a prompt lepton or a photon. In particular, the anti-kr (AK) algorithm [124,
125] is used for the reclustering process. The AK algorithm is infrared and collinear safe, which
means the clustering is independent of additional soft emissions and collinear particle splittings.
The jets clustered by the AK algorithm are circular in the (7, ¢) plane around a well defined jet
axis. To ensure that most particles clustered in the jet arise from the PV (and therefore are not
from pileup), charged PF particles with tracks originating from any vertex other than the PV
are excluded in the clustering. Such a method is referred to as Charged Hadron Subtraction
(CHS) and the jets are called CHS jets. Jets used in the presented analyses are reconstructed
with a distance parameter AR = 0.4 and are usually referred to as AK4 CHS jets or “thin”
jets. Additionally, a complementary analysis using a merged-jet approach that has been briefly
discussed in Section 8.3 used AK jets with AR = 1.5, similarly known as AK15 jets.

The jet momentum is determined as the vector sum of all particle momenta in the jet, and is
found from simulation to be, on average, within 5-10% of the true momentum over the entire pr
spectrum and detector acceptance. Jet energy corrections are derived from simulations to bring
the measured average response of jets to that of generator-level jets. In situ measurements of
the momentum balance in dijet, v + jet, Z + jet, and multijet events are used to correct any
residual differences in jet energy scale (JES) in data and simulation [126, 127]. The jet energy
resolution (JER) amounts typically to 15-20% at 30 GeV, 10% at 100 GeV, and 5% at 1TeV.
The resolution in simulated jets is often more optimistic than that in data, and hence additional
jet energy smearing corrections are applied to simulated jets to match the resolution in data.
The JES and JER corrections together are sometimes referred to as Jet Energy Correction
(JECs). However, the centrally-derived JER smearing corrections are not used in this analysis,
as an additional energy correction is performed for charm jet candidates (cf. Section 9.4.2).
Instead, a dedicated smearing discussed in Section 9.7.3 is used.
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Additional selection criteria are applied to each jet to remove jets potentially dominated by
anomalous contributions (noise) from various subdetector components or reconstruction fail-
ures. The CMS JETMET POG provides so-called JetIDs to discard jets that are potentially
dominated by detector noise. The presented analyses use the so-called tight JetID, that applies
n-dependent criteria on jet composition variables, like neutral and charged EM and hadron en-
ergy fractions, muon and electron energy fractions, number of charged and neutral constituents,
etc. Furthermore, jets arising from pileup events are discarded using a PileupJetID [128, 129],
which is also provided centrally by the CMS JETMET POG. This ID makes use of a BDT
to discard pileup jets, using jet features like trajectories of tracks associated to the jets, topol-
ogy of the jet shape, object multiplicity, etc. The PileupJetID is applied only to jets with
pr < 50 GeV as high-pr pileup jets are a rare occurrence.

In addition, jets overlapping with selected prompt electrons and muons (as described in previous
subsections) within a radius of AR = 0.4 are discarded to get rid of prompt leptons also
present in the jet collection. Since heavy-flavour tagging algorithms strongly rely on the track
reconstruction, and jets in this thesis are subject to flavour tagging, only jets within the tracker
acceptance are used throughout this thesis.

Displaced secondary vertices (SVs) from the decays of b or ¢ hadrons are reconstructed using
the inclusive secondary vertex finding algorithm [130]. This algorithm does not a priori assume
any matching of the jets to a SV, but instead takes as input all reconstructed tracks in the event
with pr > 0.8 GeV, and having a distance of closest approach from PV to track, projected onto
the direction of the beam axis, below 0.3 cm. After the iterative procedure of track clustering,
the final set of tracks is matched to the reconstructed jets if the distance between the direction
of the SV displacement (pointing from PV to SV) and the jet axis satisfies AR < 0.4.

5.4 Missing Transverse Energy

miss

The measured missing transverse energy (MET or ps* or EX5) of an event is an important
quantity that gives us the information of particles that leave the detectors undetected, such as
neutrinos. In searches for dark matter and other exotic particles, MET can be interpreted in
the context of undetectable particles as well. In the presented analyses, MET has been used to
reconstruct Z — vv decays as well as W — [v decays.

While the z-component (that is, along the beam axis) of the momentum of the initial parton-
parton collision system can have an arbitrary value, the momentum along the transverse plane
can be assumed to be negligible. Therefore, by the conservation of momentum, the vector sum
of the transverse momenta of the final-state particles should equal zero. If certain particles are
not reconstructed, the vector sum of their momenta can hence be expressed as the negative of
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the vector sum of the momenta of the reconstructed particles [131], as

ﬁlrliss — _ Z ﬁT,i‘ (55>

i€measured particles

The measurement of MET is dependent on the measurement of the momenta of all reconstructed
particles. In particular, JES calibrations are seen to have a significant effect on MET. Therefore,
whenever JECs are applied, the MET is recalculated with the updated energies of the jets. In
general, a very good agreement of MET is observed between data and simulated events, and
therefore no additional corrections are applied specifically for simulated MET [131].
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6 Flavour tagging

This section discusses the flavour tagging approaches relevant to the analyses described in the
thesis. It closely follows the related section in Ref. [33].

6.1 Jet flavour identification

The signal processes studied in the presented analyses all contain one or more charm quarks
in their final states. While all energetic quarks produced from the hard scattering process in
the collision, in general, form jets in the final state, jets arising from heavy flavour quarks (b
and c) have certain features that distinguish them from light-flavour (udsg) jets and from each
other. This is because the long-lived b and ¢ hadrons originating from the hadronisation of
the respective quarks travel a distance ranging typically from ~ 1 mm to ~ 1 cm before further
decaying at a SV. The displacement of the SV from the PV can be resolved by exploiting the
high resolution of the CMS tracker. Furthermore, the reconstructed invariant mass, computed
from the four-vectors of the particles that are assigned to such an SV, is strongly correlated with
the mass of the b or ¢ hadron. Therefore, it is possible to use this information to determine the
flavour of the quark (or gluon) that gave rise to a jet, an approach known as flavour tagging. The
existing heavy-flavour tagging algorithms exploit these properties by combining the features of
tracks inside the jet (momentum, displacement, multiplicity) with the features of reconstructed
SVs (mass and both the direction and the magnitude of the SV displacement from the PV).

A generator-level definition of the jet flavour in simulated jets is needed to train the heavy-
flavour tagging algorithms, as well as to calibrate them using data (as described in Section
7). This definition is based on a procedure referred to as ghost-matching [132], which involves
reclustering the generator-level jet constituents after adding the intermediately decayed b or ¢
hadrons to the list of particles used for the clustering. In case there are multiple b (c¢) hadrons
in a decay chain, only the last b (¢) hadron in the chain, i.e., the b (c) hadron that does
not further decay into another b (c) hadron, is reclustered. The moduli of the four-momenta
of these generated hadrons are rescaled to a very small number (resulting in so-called ghost
hadrons), to ensure that they do not affect the reconstructed jet momentum, and only their
directional information is kept. If at least one ghost b hadron has been clustered inside the
jet, it is referred to as a bottom jet. If no b hadron is found, but instead at least one ¢ ghost
hadron is clustered inside the jet, it is referred to as a charm jet. In all other cases the jet is
labelled as a light-flavour jet, and hence this label includes jets originating from light quarks
(uds), as well as gluon-initiated (g) jets. Particles from pileup interactions are not included in
the reclustering.

Since the average lifetime and mass of b hadrons is larger than that of ¢ hadrons, it is easier to
distinguish signatures of b jets from those of light-flavour jets, than it is to distinguish those of ¢
jets from those of light-flavour jets. The fact that the properties of ¢ jets are distributed midway
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between those of light-flavour and b jets requires the definition of two discriminating variables;
one to distinguish ¢ jets from light-flavour jets (CvsL) and one to distinguish c¢ jets from b jets
(CvsB), as illustrated in Fig. 11. Historically, the first ¢ jet identification algorithm used in the
CMS Collaboration was based on a combination of two BDTs, each trained for one of the above
mentioned discrimination purposes [133]. The state-of-the-art heavy-flavour tagging algorithms
are currently based on multi-class DNN architectures and predict separate probabilities for each
jet to originate from a given quark flavour (or gluon). Through an appropriate combination
of the probability values computed by these algorithms, these taggers can function either as a
bottom jet or as a charm jet identification algorithm.

6.2 Flavour tagging algorithms

One of the baseline taggers used in CMS is called DeepCSV [134]. The DNN architecture of the
DeepCSV algorithm is composed of five fully connected hidden layers with 100 nodes in each
layer. It takes as input a set of 66 reconstructed observables related to the charged-particle
tracks and secondary vertices that are assigned to a given jet, and outputs four probabilities,
P(b), P(bb), P(c) and P(udsg), that denote the probability of a jet to originate from one b
quark, two b quarks merged into the same jet, one or more ¢ quarks, or a light-flavour quark
(or gluon), respectively.

The tagging algorithm used for the presented analyses is known as DeeplJet [135, 136]. This
algorithm uses an architecture composed of subsequent convolutional, recurrent and fully con-
nected hidden layers. Its input is composed of a set of up to 613 observables related to charged
and neutral PF candidates (without a priori selection criteria and without explicitly classifying
charged PF candidates as charged hadron or leptons, and neutral PF candidates as photons
or neutral hadrons) as well as the SVs that are assigned to the jet. Apart from the fact that
DeepJet exhibits a higher-dimensional input space and a more complex architecture, it further
subdivides the output classes into additional categories. In addition to the DeepCSV output

udsg-jet c-jet b-jet

4 @ w

vV WV

CvsL CvsB

Figure 11: An illustration of the properties of udsg jets, c jets, and b jets. The distribution of
any jet variable for c jets is intermediate to that for udsg and b jets. Therefore, two different
discriminators, CvsL and CvsB are defined to discriminate ¢ from light-flavour jets and b jets,
respectively.
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categories, P(byep) is added to identify leptonic b hadron decays and P(udsg) is split further into
P(uds) and P(g) with the goal of separately identifying jets originating from light quarks and
gluons, respectively. More detailed information on the inputs, architecture, and training of these
algorithms can be found in Refs. [134, 135, 136]. An illustration of the DeepJet architecture is
presented in Fig. 12.

|Charged (16 features) x25H 1x1 conv. 64/32/32/8|— RNN 150(— .

| Neutral (6 features) x25 |—| 1x1 conv. 32/1 6/4H RNN 50 l— 200 Der;se ; I:;’b
|Secondary Vix (12 features) x4|-| 1x1 conv. 64/32/32/8— RNN 50— 100 nodes x7 | | |
| Global variables (15 features)l g

Figure 12: An illustration of the DeepJet architecture. Three separate branches are used to
process charged candidates, neutral candidates and secondary vertices. The algorithm makes
use of 1x1 convolutional layers to perform automatic feature engineering for each class of jet
constituents. The three RNN (LSTM) layers combine the information for each sequence of
constituents. Finally the full jet information is combined using fully connected layers [135].

Tagger BvsC/L CvsB CvsL
P(c) P(c)
DeepCSV P(b)+P(bb) PQ)+P(b)+P(bb) P(0)+P(udsg)
DeepJet | P(b)+P(bb)+P(biep) Pl) Pe)
P lep) PO+ P(B)+P(bb)+P(brey)  P(0)+P(uds) 1 P(g)

Table 3: Summary of the heavy-flavour tagging definitions for both b and ¢ tagging using the

WL ”

DeepCSV and Deeplet taggers. P(a) represents the probability of having an “a”-type jet (see
text).

These output probabilities can be appropriately combined to define a set of b and ¢ tagging
discriminators as summarised in Table 3. For b jet identification, a discriminant is defined to
distinguish b jets from either ¢ or light-flavour jets using one single discriminator (BvsC/L). For
¢ jet identification, two distinct discriminators are defined as the ratios in the second and third
columns in Table 3. The normalised distributions of these discriminators for both algorithms are
shown in Fig. 13 for jets with pp > 20 GeV lying within the n range of the tracker, taken from
hadronically decaying tt events simulated using 2017 data-taking conditions. The performance
of these algorithms can be assessed by evaluating the selection efficiency for ¢ jets as a function
of the misidentification rate for either b or light-flavour jets for different selection thresholds on
the discriminator values, giving rise to so-called ROC curves, as explained in Section 4.7.1. The
ROC curves for samples simulated using 2017 data-taking conditions are shown in Fig. 14. It
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can be seen that the DeeplJet algorithm has a lower mistagging efficiency than the DeepCSV
algorithm in both CvsL and CvsB discrimination. Furthermore, the selection efficiency for c
jets can be evaluated as a simultaneous function of b and light-flavour jet misidentification
rates, which produces a two-dimensional (2D) ROC contour plot as shown in Fig. 15. This plot
shows that the DeepJet algorithm outperforms the DeepCSV algorithm in simultaneous CvsL
and CvsB discrimination over the entire 2D phase space, as well. The DeepCSV algorithm itself
has already shown a significantly improved performance over the original c¢ tagging algorithm,
which was based on a combination of two BDTs, demonstrating the significant advancements
that have been made in heavy-flavour identification over the last six years.

The 2D (normalised) distributions of the CvsL and CvsB discriminators of both algorithms are
shown in Fig. 16 for different jet flavours for jets in samples simulated using 2017 data-taking
conditions. In this 2D phase space spanned by the CvsL and CvsB discriminators, light-flavour
jets are situated almost exclusively in the upper left corner, whereas c¢ jets have a significant
fraction along the right edge, and b jets are distributed largely towards the lower right corner,
as expected.

An a priori track selection is applied to define the collection of tracks considered as input to the
DeepCSV algorithm. This selection is optimised to identify tracks from b and c¢ hadrons, while
rejecting tracks from pileup interactions and poorly reconstructed tracks that do not match any
genuine particle passing through the detector. It is therefore possible that a given jet has no

CMS simulation 2017 (13 TeV) CMS Simulation 2017 (13 TeV)
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0.15[ 0201 ]
0.10H
0.05
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Figure 13: Unit-normalised distributions of the CvsL (left) and CvsB (right) discriminators for
the DeepCSV (dashed) and DeeplJet (solid) algorithms using jets from simulated hadronic tt
events with pr > 20GeV and |n| < 2.5. The distributions are shown for b (red), ¢ (green) and
light-flavour jets (blue) separately.
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tracks that pass this preselection and therefore no information is present to calculate a heavy
flavour tagging discriminant. These jets are assigned a default output value of —1. Given
the known differences in track reconstruction efficiency and the poorly reconstructed track rate
between the simulation and collision data, it is important to calibrate the rate of jets with such

default discriminator values.

No such preselection criteria are used in the DeepJet algorithm, which instead takes as input
the entire collection of PF candidates associated with a given jet. Therefore, no default values
are expected to appear in the output probabilities of the DeepJet algorithm. Nevertheless,
because of the definition of the CvsL and CvsB discriminators shown in Table 3, an undefined
discriminator value can appear if the denominator becomes zero. This situation is observed
when the b jet probability, P(b)+P(bb)+P(bip), is evaluated to be exactly 1 by the Deeplet
algorithm, resulting by construction in an output value of 0 for all other output probabilities.
Consequently, this appears almost exclusively for b jets. Whenever such a situation appears for
a given jet, its ¢ tagging discriminator values, CvsL and CvsB, are evaluated to be undefined
and 0, respectively, and hence constitute a special category of jets separated from the continuous
jet distribution in the 2D CvsL-CvsB plane. For simpler representation, both CvsL and CvsB
values of these jets are defaulted to a value of —1 in this thesis.

, CMS Simulation 2017 (13 TeV) , CMS Simulation 2017 (13 TeV)
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Figure 14: The ROC curves showing the individual performance of the CvsL (left) and CvsB
(right) discriminators for the DeepCSV (blue) and Deeplet (red) algorithms using jets from
simulated hadronic tt events with pp > 20GeV and |n| < 2.5 under the 2017 data-taking
conditions.
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6.3 Mismodelling in simulated c tagging distributions

The need for calibrating the heavy-flavour tagging discriminants arises from possible mismod-
elling of the simulated inputs to the DNNs. Important discriminating properties such as the
track displacement or the SV displacement are not very well modelled in simulation and are
subject to changes in the detector alignment. As already evident from other heavy-flavour
calibration methods [134], the performance of the heavy-flavour tagging algorithms is overes-
timated in the simulation, resulting in higher simulated b and c¢ tagging efficiencies and lower
misidentification probabilities compared with those observed in the data. Rather than correct-
ing the efficiency of a selection in the discriminator, the full simulated differential shape of that
discriminator can be calibrated to match the shape observed in data. Such a strategy has been
developed in the past for the b tagging discriminator distribution [134]. For the first time,
Ref. [33] presented a method of calibrating the differential ¢ tagging discriminator shapes, and
the same method has been reported in this thesis in Section 7. The results from this method
have then been implemented in the analyses described in the subsequent sections. Since c jet

CMS Simulation 2017 (13 TeV)
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Figure 15: Two-dimensional ROC contours showing the c tagging efficiency as simultaneous
functions of b jet and light-flavour jet mistagging rates for DeepCSV (blue lines) and DeeplJet
(red lines) algorithms using jets with pp > 20 GeV and |n| < 2.5, from simulated hadronically
decaying tt events under the 2017 data-taking conditions. Each line represents points in the
plane that correspond to a fixed value of the ¢ tagging efficiency, which is shown as a number
at the centre of each line.
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Figure 16: Normalised 2D distributions showing the CvsL and CvsB discriminators on the x
and y axes, respectively. Distributions are shown using ¢ (upper), b (middle) and light-flavour
(lower) jets with pr > 20 GeV and |n| < 2.5 from simulated hadronically decaying tt events using
the dataset corresponding to the 2017 data-taking conditions. The left-hand column shows the
discriminators of the DeepCSV algorithm, whereas the right-hand column shows those of the
DeepJet algorithm.
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identification relies on both the CvsL and CvsB discriminators simultaneously, the calibration
of the ¢ tagger is performed as functions of both the CvsL and CvsB distributions. Jets with
defaulted values of CvsL and CvsB are calibrated as a separate category. Section 7 is devoted
to the discussion of this novel calibration method.
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7 Charm tagger calibration

This section details the novel method used to calibrate the full differential shapes of the charm
tagger distributions. The method and the results were first published in Ref. [33] and this
section of the thesis closely follows relevant sections of the reference.

The general idea of the calibration method is to define three selections of jets in data that
are enriched in ¢, b, and light-flavour jets respectively. The same selections when applied on
simulated events, lets us compare the agreement of the discriminator shapes between data and
simulation. Following this, an iterative fit method is implemented to alter the simulated jet
yields in fine bins in the CvsL-CvsB 2D plane, with an aim to minimize a y?-based metric, that
quantifies the difference in the tagger distributions between data and simulation. Finally, the
results are presented as “scale factors” (SFs), that can be applied as weights to simulated jets
to mimic the tagger performance in data.

7.1 Data and simulated samples

The data used to derive the calibration of the ¢ tagger discriminator distributions were collected
from pp collisions recorded at a centre-of-mass energy of 13 TeV with the CMS detector in the
Run-2 of the LHC. Calibration factors are derived separately for datasets recorded in the years
2016, 2017, and 2018. The integrated luminosities per year are around 35.9, 41.5 and 59.9 fb™*,

respectively.

The data is selected using a set of single-lepton and dilepton triggers. The dielectron (dimuon)
trigger requires at least two isolated electrons (muons), one with pp > 23 (17) GeV and another
with pr > 12 (8) GeV. The electron-muon trigger requires the presence of at least one electron
and at least one muon, where the lepton with the largest pr is required to have pr > 23 GeV and
the one with the second-largest pr to have pr > 12 (8) GeV if it is an electron (muon). Finally,
for the single-lepton triggers, the thresholds are dependent on the year of data collection and
the HLT paths deployed in the respective years:

2016: The single-electron (single-muon) trigger requires the presence of at least one isolated
electron (muon) with a pr above 27 (24) GeV.

2017: The single-electron (single-muon) trigger requires the presence of at least one isolated
electron (muon) with a pr above 32 (27) GeV.

2018: The single-electron (single-muon) trigger requires the presence of at least one isolated
electron (muon) with a pr above 32 (24) GeV.

The simulated samples were generated using standard MC techniques as outlined in Section
4.2. A brief description for each sample is presented as follows:
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« The ME generation of the tt simulation is performed with POWHEG (v2) at NLO accuracy
in QCD, and its cross section is scaled to a theoretical prediction at next-to-NLO (NNLO)
in QCD, including resummation of next-to-next-to-leading logarithmic soft-gluon terms.

e The ME generation of the W+jets and DY processes is performed with MADGRAPHS__
AMC@NLO at LO precision, with MLM jet matching and the cross sections normalised
to NNLO calculations [137].

e The single top quark production in the s-channel was also simulated using MADGRAPH5
AMC@NLO in the four-flavour scheme (four lightest quarks as the initial-state partons),
whereas the single top quark production in the t-channel was simulated using POWHEG
also in the four-flavour scheme. The tW channel was simulated using POWHEG in the
five-flavour scheme [138, 139], with its cross section normalised to the NLO calculations
[140].

o The diboson samples are simulated at LO using PyTHIA for the ME generation. Their
cross sections are normalised to those calculated at NLO for WZ and ZZ [141], and NNLO
for WW [142].

The simulated physics processes used are dependent on the selection being considered (selections
described in Section 7.2), and are listed in Table 4 along with the respective theoretical cross
sections that the processes were scaled to using eq. 47.

7.2 Event selection

The calibration strategy involves identifying three samples of jets in the data that are enriched
respectively in ¢, b, and light-flavour jets. This has resulted in the definition of three jet samples
enriched either in W+c events (¢ enriched), tt events (b enriched), and DY+jet events (udsg
enriched). The flavour tagging algorithms being calibrated are not used in the construction
of these selections to keep the resulting calibration free from potential biases. However, the
sampled ¢ and b jets are required to contain a soft muon inside the jet cone, to enrich the
samples with jets containing semileptonically decaying ¢ and b hadrons, which increases signal
purity. Since soft muons within jets are treated as any other charged PF candidate in both
DeepCSV and DeeplJet trainings, as opposed to training the network with explicit soft muon
information, the bias in the discriminator responses arising from using muon-containing ¢ and
b jets as a proxy for all c and b jets, is expected to be minimal. In Section 7.8.2, applicability of
the correction factors to inclusive samples despite the nonuniversality of the ¢ and b jets used
for calibration is demonstrated.

The SM physics processes, namely, W4c, tt and DY-+jet, chosen to yield the three jet samples,
were experimentally studied with great precision by the CMS experiment [143, 144, 145, 146].
These analyses did not observe any significant deviation from the SM expectations. Therefore,
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effects of BSM physics, if any, on these samples are expected to be insignificant when compared
with the statistical and systematic uncertainties associated with the data and simulation. Hence,
the distributions of the ¢ tagger outputs for these jet samples in data are expected to agree with
the corresponding calibrated distributions in simulation within uncertainties.

In the following subsections, the event selection criteria to obtain each of these three topologies
are outlined, followed by a discussion on the purity of the different jet flavours after each

Table 4: The simulated samples with their cross sections (XSec) used in the various selections
for charm tagger calibration. “Incl” stands for inclusive, “Dilep.” stands for dileptonic, and
“semi” and “Semilep.” stand for semileptonic. MGbH refers to MADGRAPHS _AMCQNLO
used in LO mode, while AMCQ@NLO refers to the same used in NLO mode. Whenever the
inclusive W+jets sample is used alongside jet multiplicity-split W-jets samples, a generator
level requirement of # jets < 1 is applied on the inclusive samples. Inclusive decays of tt have
been used for tt samples corresponding to the 2016 data-taking conditions, while those with the
2017 and 2018 data-taking conditions were split depending on the decay mode.

Used in selection?

Process Samples Generator W+C/7 DY tict  dilep € XSec (pb)
semi tt
W(lv)+Jets (incl.) v v 61526
W(lv)+1 jet v 11786
W+-Jets W(lv)+2 jet MG5 v 3854
W(lv)+3 jet v 1274
W(lv)+4 jet v 701
my > 50 GeV v v v 6225
DY+Jets MG5
10 < my < 50 (GeV) v 18610
Incl. tt (2016) v v 731
_ Dilep. tt v v 88
tt ] _ PowHEG
Semilep. tt v v 365
Hadronic tt v v 378
s-channel AMCQNLO v v 10
t-channel t v v 44
SingleTop t-channel t v v 26
POWHEG
tW v v 36
tW v v 36
Ww v v 64
Diboson WZ PyTHIA v v 23
77 v v 10
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selection.

7.2.1 The c jet enriched selection

Charm jets in data are selected from events with a jet produced in association with a W boson,
following the strategy discussed in the CMS W+c cross section analysis [143] and the ¢ jet
identification SF derivation [133]. The relevant events involve a leptonically decaying W boson
(W — v, | = e, u) and a jet originating from the hadronisation of a charm quark. These charm
jets are identified using the semileptonic decay of the ¢ hadron, which produces a soft muon
within the jet in the final state. Charm hadron decays into electrons are not considered, because
of the lower efficiency of electron reconstruction at low energies [123]. Thus, the targeted final
state consists of an isolated charged lepton (electron or muon) from the W boson decay, MET
due to the presence of a neutrino from the W boson decay, and at least one jet with a soft,
nonisolated muon inside it. The selected events are divided into two categories:

o Opposite-sign (0S) events, where the soft muon inside the jet and the isolated lepton from
the W boson have opposite charges;

o Same-sign (SS) events, where the soft muon inside the jet and the isolated lepton from
the W boson have the same charge.

g | ¢ g c
000000 —>—"— 000000 +——">— o] o
c,b...

Sig: OS event Sig: OS event Bkg: 50% OS, 50% SS

c,b...

Figure 17: Feynman diagrams showing production of charm quarks in association with a W
boson (left and middle) and the major background (right).

If there are multiple soft muons inside the jet, the muon with the highest pr determines the
sign of the charge. The major background for the W+c selection, as described above, is the
production of a W boson associated with the radiation of a virtual gluon that decays into a pair
of b or ¢ quarks, with one or more of the resulting jets in the final state having a soft muon inside
it. These backgrounds have 50%-50% probabilities of being tagged as OS or SS. In contrast, the
leading-order contributions to the production of a W boson with one ¢ jet always result in an
OS signature, as illustrated in Fig. 17. Hence, an OS-SS subtraction largely reduces the major
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background and yields a distribution enriched in W+-c events. All distributions related to W+c
selection in this section are OS-SS subtracted. A few details of the selection are described as

follows:

Isolated lepton: A charged lepton (electron or muon) from the W boson decay satisfying the

“isolated, prompt leptons for charm tagger calibration” criteria explained in Sections 5.1
and 5.2 is required. The events are categorised into electron and muon channels, depending
on the flavour of each charged lepton. The electron channel requires exactly one isolated
electron with a pr of at least 30 (34) GeV and no isolated muon, and the muon channel
requires exactly one isolated muon with a pr of at least 27 (30) GeV and no isolated
electron, for the data-taking year 2016 (2017 and 2018). The events are triggered by a
single-electron and/or single-muon HLT. The W bosons decaying into 7 leptons are not
explicitly excluded, and may enter the selection through their leptonic decay products.

W boson candidate: The reconstructed W boson transverse mass is defined as

Jets:

mr = \/Qplfpﬁl}“ss (1 — oS (qﬁlep — ﬁ%iss)), (56)

where plTep is the pr of the isolated lepton and ¢jep, (gbﬁ%.iss) is the ¢ of the isolated lepton
(missing momentum). An mr of at least 50 GeV is required to ensure the presence of a
neutrino produced from a W boson decay.

Events are required to have at least one and at most three jets lying inside the tracker
coverage and with pr > 20GeV. At least one of these jets is required to contain a soft
muon satisfying the criteria of “non-isolated, soft muons for charm tagger calibration”,
outlined in Section 5.1, with a relative isolation of at least 0.2 (0.5) in the electron (muon)
channel. If there are multiple such jets in an event, the jet with the highest pr (referred to
as the muon jet) is selected. Only jets separated from the isolated lepton (from W boson
decay) by AR > 0.5 are considered.

DY suppression: To discard events where a prompt muon is misidentified as the muon jet, an

upper threshold of 0.4 (0.6) is applied to the muon energy fraction of the muon jet in the
muon (electron) channel. For only the muon channel, the sum of the muon and the neutral
electromagnetic energy fractions of the muon jet is required to be smaller than 0.7. These
two requirements heavily suppress the DY background in the muon channel by rejecting
events where one of the prompt muons is misidentified as the muon jet, e.g. when the
prompt muon undergoes final-state photon radiation. Furthermore, the invariant mass of
the muon inside the jet and the isolated muon in the muon channel cannot match that of
the Z boson (in between 80 and 100 GeV) or other dimuon resonances (below 12 GeV).

The muon jets selected in these events are the c jet candidates. The OS-SS distributions of the

CvsL

and CvsB variables of these candidates are presented in Fig. 18 (upper) for the DeepJet
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tagger. These plots, as well as all other jet distribution plots in this section, are plotted after
scaling the simulated jets such that the total number of simulated jets matches the number of
jets in data in every channel of every selection. This ensures that any remaining discrepancies
between data and simulation, in terms of cross sections of the contributing processes, are largely
reduced.

7.2.2 The b jet enriched selection

The b jet enriched sample is obtained from tt events by selecting one of the b jets originating from
the decay of the two top quarks. The selection includes both the semileptonic and dileptonic
decay channels of the tt process, each of which is discussed separately below.

Semileptonic tt selection The strategy for the semileptonic tt selection is to select one of
the b jets produced in a semileptonic tt decay by identifying a leptonically decaying W boson,
a jet with a soft muon from a bottom hadron decay chain inside it, and several additional jets
from the other b quark and the hadronically decaying W boson. The selection is similar to
that of the W+c discussed in the previous subsection and is kept orthogonal to the latter by
requiring at least four jets in the event.

Dileptonic tt selection The dileptonic tt selection chooses one of the two b jets in dileptonic
tt events. The target final state consists of two isolated, oppositely charged leptons from the
two W boson decays, and a minimum of two jets, at least one of which has a soft muon inside
it. The selection can be subdivided into three channels depending on the flavour of the isolated
leptons, namely dielectron, dimuon and electron-muon channels. The events in those channels
are triggered using the dielectron, dimuon and electron-muon HLTSs, respectively.

The dielectron (dimuon) channel requires exactly two electrons (muons) having pr of at least
27 and 15 (20 and 12) GeV, and no muons (electrons). The electron-muon channel requires
either one muon with pf. > 25 GeVand one electron with p§ > 15GeV, or one electron with
pS > 27GeV and one muon with pf > 15GeV. In all cases, the charged leptons are required
to satisfy the criteria of “isolated, prompt leptons for charm tagger calibration in dileptonic
channels” as outlined in Sections 5.1 and 5.2.

Although the muon-electron channel thus selected is quite pure in b jets, the two other channels
are contaminated by the DY background. Therefore, in the dielectron and dimuon channels,
the event is required to have a MET of at least 40 GeV, and the invariant mass of the dilepton
candidate is required to be incompatible with that of the Z boson (i.e. outside the range 75-105
GeV) or other dimuon resonances (below 12 GeV), to suppress the DY contamination.

The muon jet selected in each semileptonic or dileptonic tt event is the b jet candidate. In case
an event has multiple muon jets, the jet with the highest pr is selected. The CvsL and CvsB
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Figure 18: Pre-calibration distributions of CvsL (left) and CvsB (right) obtained from the
Deeplet taggers for jets selected in the W+c (OS-SS) (upper), merged semi- and dileptonic
tt (middle), and DY+jet (lower) selections. The bin corresponding to a tagger value of —1 is
plotted at —0.1. Vertical error bars in data represent statistical uncertainties in data. The
simulations are shown as stacked histograms.
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distributions of these candidates combined from both semileptonic and dileptonic decays are
presented in Fig. 18 (middle) for the Deeplet tagger. It has been verified that the c tagger
discriminator shapes of individual flavours agree quite well between semileptonic and dileptonic
decay channels for both of the taggers.

7.2.3 Light-flavour jet enriched selection

Jets arising from light quarks (uds) and gluons (g) are selected in events containing one or
more jets produced in association with a leptonically decaying Z boson (DY +jet events). The
selection is split into two channels (electron and muon), depending on the flavour of the charged
leptons from the Z boson. The Z bosons decaying into 7 leptons are not explicitly considered,
but may enter the selection through the leptonic 7 decays.

The final state in the electron (muon) channel consists of exactly two isolated, oppositely charged
electrons (muons) having pr of at least 27 and 15 (20 and 12) GeV and at least one jet. Each
of the two leptons is required satisfy the criteria of “isolated, prompt leptons for charm tagger
calibration in dileptonic channels” as outlined in Sections 5.1 and 5.2, and their invariant mass is
required to be within 10 GeV of the Z boson mass. The events are triggered with the dielectron
and dimuon HLTS, respectively. The requirement of a soft muon inside the jet is not imposed
for light-flavour jets. In case there is more than one jet in the event, the jet with the highest
pr is considered as the light-flavour jet candidate. The CvsL and CvsB distributions of these
candidates are presented in Fig. 18 (lower) for the DeepJet tagger.

7.2.4 Summary of selections

To summarise, W+c events (OS-SS subtracted), tt events, and DY+jet events are used to
probe the ¢ tagger distributions of jet samples in data enriched in c¢ jets, b jets and light-
flavour jets, respectively. These selections yield a ¢ jet purity of 92.9%, b jet purity of 81.0%
and light-flavour jet purity of 86.1% in their respective samples. Additional plots showing the
pre-calibration distributions of the CvsL and CvsB values in the selections across the three
data-taking years are provided in Appendix B.

7.3 Iterative calibration

A calibration of the full discriminator shape requires deriving SFs to correct for the data-
simulation discrepancy at every value of the discriminator. Since ¢ tagging requires using both
CvsL and CvsB values of a jet simultaneously, this translates into deriving data-to-simulation
SFs as functions of both these parameters to simultaneously adjust the discriminator shape in
the 2D plane of CvsL and CvsB. In addition, the mismodelling in simulation is expected to be
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different for light-flavour, ¢, and b jets, as the propagation and decay of various types of hadrons
are modelled differently. This entails deriving different sets of SFs for different jet flavours.

The general idea of deriving SFs under this strategy is to perform a fit iteratively on three
flavour-enriched jet samples allowing the three flavour components (light, ¢ and b) in each
to float freely in several bins in the 2D plane until the difference between the distribution of
jets in data and simulation in all the samples is minimised. The simultaneous usage of three
samples with different flavour compositions ensures the existence of a solution, while an iterative
fitting approach helps in converging to a physical value. After motivating two distinct choices
of binning in the 2D phase space of the CvsL and CvsB discriminators below, the algorithm
employed in the iterative fit method is discussed in detail.

7.3.1 Adaptive binning

Ideally, a perfect calibration would require deriving the flavour-wise correction factors in in-
finitesimally small areas in the CvsL-CvsB plane. However, the smaller the bin area, the lower
the yield of jets in that bin, and hence the larger the statistical uncertainty in the SF. A large bin
area, on the other hand, results in largely discontinuous SFs, which could be unrepresentative
and could result in an incorrect calibration. To find a trade-off, an adaptive binning approach is
adopted with the aim of having smaller bin areas for SFs of a given flavour in the part of the 2D
plane where the yield of jets of that flavour is large. This results in a more continuous correction
in high jet count regions, and ensures optimised statistical uncertainties over the entire phase
space.

In practice, the binning is kept constant along one axis and made adaptive along the other in
the first run, and then the choice is reversed in the second. The 2D plane of SFs for all three
flavours is first divided into ten equal-width bin-slices along one axis (the “fixed axis”). The
algorithm treats each of these slices independently and proceeds to determine the binning along
the other axis (the “variable” axis) on a per-bin-slice basis and independently for each flavour.
Thus, for each bin slice of the SF map of a given flavour, the binning along the variable axis is
sequentially increased starting from a minimum threshold, b,;,, in steps of by, until at least
one of the following two conditions is fulfilled for each bin:

 the resulting SF for that flavour in that bin has a relative statistical uncertainty smaller
than €.y, or,

o the bin width along the variable axis is equal to byax.

A dedicated scan of these three parameters (bmin, bmax, and €nax) is performed and values of
bmin = 0.02, bpaxy = 0.10, and €.« = 2% are chosen as an optimal compromise between the
granularity of the binning and the statistical uncertainties. An illustrative diagram of the
resulting SF' binning in the 2D plane is given in Fig. 19.
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Bins in the 2D plane with high density of jets
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Figure 19: An illustration showing the SF bin edges for a given flavour in the 2D plane as a
consequence of the adaptive binning scheme. The area inside the dashed red rectangle corre-
sponds to parts of the 2D plane containing relatively higher densities of jets of the given flavour,
compared to parts outside the rectangle. The x- and y-axes represent the variable and fixed
axes, respectively, so that the minimum and maximum bin widths along the x-axis are 0.02 and
0.10, respectively, while the bin width along the y-axis is fixed at 0.10.

After the SF results are derived using such a binning scheme, the choice of fixed and variable
axes is reversed to yield another binning scheme. For example, at first, the CvsB axis could be
chosen as the fixed axis and CvsL as the variable axis to yield a binning scheme and perform
the iterative fit. Next, the CvsL axis could be chosen as the fixed axis and the CvsB axis as
the variable one. This would yield a second binning scheme using which the iterative fit can be
performed.
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7.3.2 Iterative fit

The iterative fit method minimises a global y? value that quantifies the data-to-simulation
discrepancy in the projected CvsL distribution over a given (fixed-width) CvsB bin slice, or vice
versa. The method proceeds by iteratively evaluating and applying SFs for all three jet flavours
in the corresponding selected topology in which they are enriched.

The algorithm begins by scaling the total number of simulated jets across all contributing
processes in each channel (i.e. muon, electron, or electron-muon, as applicable) of each sample
(i.e. ¢, b or light-flavour jet enriched) to match the number of jets selected in data in that
channel. This removes any remaining data-simulation discrepancies in terms of the total jet
yield, without altering the discriminator shape and simultaneously ensures that the SFs thus
derived correct only the discriminator shape without significantly altering the jet yield.

Then for each fixed bin slice:

e The three samples are ranked by the purity of the samples for the given bin slice. The
purity of a sample is defined as the percentage contribution of the jet flavour that the
sample is meant to enrich, e.g. fraction of c jets in the W+-c selection.

« Starting with the purest sample, “signal” is defined as the CvsL (CvsB) distribution of
simulated jets of the flavour f; that this sample aims to enrich, when CvsB (CvsL) is
chosen as the fixed axis. Similarly, “background” is defined as the sum of the templates
of the other two flavour components of the same sample in simulation. “Signal in data”
is defined as the difference between the simulated background template and the data
distribution. The ratio of the “signal in data” to “signal”, evaluated as a function of the
quantity on the variable axis, gives the SF for f; in this bin slice in this iteration®. The
ratio (an array of SFs) is calculated in discrete intervals following the binning scheme
determined as explained in Section 7.3.1. If the yield of simulated jets of flavour f; in the
enriched sample in any of these bins is less than one, or if the purity of the sample in any
bin is less than a threshold (10%), the resulting ratio in this bin may have an unphysical
central value with a large statistical uncertainty. In all such bins, a default value of 1 with
a 100% statistical uncertainty is assigned as the SF.

» Moving to the second purest sample for this bin slice, the SFs for f; are applied to the
simulated template of f; in this sample with the same discrete binning used to determine
the SFs. Again, “signal” is defined as the template of the flavour f5 that this distribution
enriches and thus the array of SFs for fs is evaluated in the same way. The binning of

31n practice, an array of SFs is initialised with the value 1 for all bins and all flavours with the goal of updating
them to the current best estimate of the SF values after every ratio evaluation. When the difference between the
current and previous best estimates after a ratio evaluation in a given bin is larger than 00.005, a change of only
0.005 is allowed in that bin. This parameter acts as a “convergence speed”, and ensures a smooth convergence
of the x? parameter and prevents convergence to a local minimum.
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these SFs can, in general, be different from that of f;, and will depend on the distribution
of jets of flavour f5 in this bin slice.

o Proceeding to the third sample, the SFs for f; and f, are applied to the respective sim-
ulated templates following their respective binnings, and the SFs for f3; corresponding to
this sample are evaluated. This completes one full iteration for this bin slice.

o The next iteration begins by applying all three SF arrays to the respective simulated
templates of the first sample. The SFs for f; are then updated. Proceeding to the next
samples, fo and f3 are updated likewise.

o The iterations are continued until a global x? is minimised and no longer improves with
further iterations. The x? for a given sample, “sel” (sel = We, tt, DY), in this bin slice is

defined as )
- (Nsim,i - Ndata,i)

Xzel = Z 2

2
21 O&im, T Odatay

: (57)

where n is the number of bins of width b,;, in the distribution along the variable axis,
Nsim,i = 2 fec,pudsg OF £,iNy,i is the SF-adjusted simulated jet count in the i-th bin along
the variable axis, Ngata; is the jet count in data in the ¢-th bin, with o4, and ogatai
as the corresponding statistical uncertainties in simulation and data, respectively*. The
global x? of a bin slice is defined as the sum of the three x2, values corresponding to the
three samples in this bin slice, and is updated after every iteration.

An illustration of the steps involved in a single iteration for a bin slice is given in Fig. 20.

The same procedure is used for every bin slice for the DeepJet tagger outputs. Thus, three 2D
maps of SFs corresponding to three different flavours are obtained. Next, the entire procedure
is repeated with the fixed and variable axes interchanged. This gives an additional set of SFs
for the same phase space, but with a different binning. The method of combining the two sets
of results are presented in Section 7.4.

7.3.3 Treatment of jets with default discriminator values

Jets that are assigned a default value of —1, because they either do not have sufficient infor-
mation to be processed by the tagging algorithm (DeepCSV) or have an undefined value for
at least one of the ¢ tagging discriminators (DeeplJet), need to be treated separately in the
calibration. Although DeepCSV is not used in the main results discussed in this thesis, the
following paragraph also discusses the treatment in case of DeepCSV, for completeness.

4This quantity is always well defined since the width of any given bin is a multiple of bmin by construction,
as explained in Section 7.3.1.
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Figure 20: An illustration showing the steps involved in one iteration of the iterative fit for a
given bin slice. Each row corresponds to one of the three selections, sorted by signal purity
(top row having highest purity). The first column shows the data-simulation comparison as
a function of the variable on the variable axis, in the given bin slice. The second column in
each row shows the simulated signal (defined as the flavour enriched by the selection), and its
comparison with the “signal in data” (background-subtracted data). The third column shows
the ratio of the signal in data to the simulated signal, and represents the best estimate of the
SF distribution of each flavour in this iteration (see footnote 3) in the given bin slice. The
SF binning is determined using the adaptive binning scheme (cf. Section 7.3.1). The semi-
transparent arrows indicate the SFs for a flavour derived in one step being applied to rescale
the distribution(s) of the same flavour of jets in the next step(s).
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DeepCSV Jets that have no tracks passing the DeepCSV preselection criteria, and hence
have been assigned default discriminator values CvsL = CvsB = —1, remain excluded from
the iterative fit treatment described in Section 7.3.2. Therefore, the iterative fit procedure is
repeated in the same way for the jets with defaulted discriminator values in the three samples.
However, only the jets from the electron channel of the W+c selection are used as the c jet
enriched sample in this particular fit, because such jet candidates in the muon channel of W+c
are heavily contaminated with prompt muons from DY events misidentified as jets and hence
are unsuitable for use in a three-flavour fit. The y? for a sample in this case is defined as:

(Nsim - Ndata)2

2 2
Ogsim + Odata

Xool = , (58)
and global x?, defined as the sum of the y%, values of the three samples, is minimised iteratively.
This yields three correction factors corresponding to the three flavours. These SFs for the bin
containing jets with default DeepCSV values, when combined with the 2D maps of SFs for the
CvsL—CvsB plane, give the full set of SFs required for the calibration of the DeepCSV c¢ taggers.

DeepJet Since the CvsLL = CvsB = —1 bin of DeepJet consists almost entirely of b jets, a
lack of data for light-flavour and c jets in this bin makes it both impossible and unnecessary to
perform a three-flavour iterative fit to find DeepJet SFs for udsg and c. Therefore, in this bin,
¢ and udsg SFs are both set to 1 =1, and the b SF is evaluated as:

o Ndata - Nsim,c - Nsim,udsg

F,' =
& b Nsim,b 7 (59)

where N represents the jet counts of the respective flavours in the bin containing jets with
default discriminator value in the tt sample.

7.4 Interpolation

In this subsection, an interpolation scheme is discussed that combines the SF results obtained
in two different binning schemes (as explained in Section 7.3) into one set of SFs with finer
binning.

An interpolation of the SF values in the 2D plane is performed on a per-flavour basis to find
more representative corrections on a finer grid. Such an interpolation is feasible because the SFs
have a fairly smooth distribution, as evident to a first degree of approximation from the data-to-
simulation ratios in Fig. 18. Moreover, combining the two sets of SFs, which are derived using
two different binning schemes with such an interpolation approach, is expected to improve the
SF values, given the fact that the two sets of SFs potentially contain complementary information
about rapidly varying SF values at certain parts of the CvsL—CvsB plane. For example, the SF
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set derived with an adaptive binning scheme along the CvsB axis could potentially reflect sharp
SF' variations along the CvsB axis for a certain flavour of jets in parts of the plane enriched in

jets of that flavour.

At first, a nodal point for the interpolation (a point where the functional value is assumed to
be known exactly) is defined for each bin in the 2D plane for each flavour in each SF set. The
coordinates of this nodal point are defined as the means of the coordinates of all the jets of the
corresponding flavour that are contained in the corresponding bin. Thus, the nodal point (x,y)
of a bin in an SF map for a given flavour containing N jets of that flavour, each with a (CvsL,

CvsB) value of (x;,y;), is given by:

- Zfilifz' Zé\ilyi
() = (ERT B, (60

The value of the SF corresponding to this bin is assigned to this nodal point and is assumed to
be known exactly at this point for the purpose of the interpolation.
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Figure 21: An illustration showing several SF nodal points, taken from two sets of SFs with
different binning schemes, distributed in the 2D CvsL-CvsB plane. The z-axis represents the
SFE' value at each of these nodal points.

For each flavour, the nodal points obtained from the two SF sets are merged together to form
an irregular grid of points in the 2D plane; an SF value is assigned to each from the respective
SF set. When the same nodal point is found in both the SF sets, only one is used to form the
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grid. A representative distribution of nodal points with their SF values in the 2D plane is shown
in Fig. 21.

A bivariate interpolation is performed for each flavour using the SF values at the nodes of the
corresponding irregular grid using the interpolate subpackage of SCIPY [103]. The algorithm
first triangulates the nodal points in the 2D plane using QHULL [147] and then constructs a
piecewise cubic interpolating Bézier polynomial [148] on each triangle using a Clough-Tocher
scheme [149]. Then the interpolant is constructed by choosing gradients that approximately
minimize the curvature of the interpolating surface [150, 151].

However, such an interpolant is defined only inside the convex polygon (convex hull) containing
all the nodal points. Furthermore, the interpolant is seen to have unphysical properties in
some parts of the plane inside the convex hull but outside the concave hull of the nodal points.
Therefore, a nearest-neighbour extrapolation (assigning the functional value of the nodal point
nearest to a given point) is performed to assign values to all points in the 2D plane that lie
outside the concave hull of the nodal points. The interpolant along with the extrapolant together
define SF values at all points of the 2D plane (called interpolated SFs hereafter, for simplicity).
Even though this allows for a continuous correction over all the plane, the interpolated SF values
are computed at 50 discrete bins along each axis for convenience, which is a good approximation
for a continuous correction.

It has been verified that interpolating using nodal points from two sets of SFs derived with two
different binning schemes provides a final set of SFs that exhibits a better closure of the method
than SFs derived with interpolation using nodal points from any one set alone, in case of both
DeepCSV and DeeplJet algorithms. Furthermore, it was also verified that the piecewise-cubic
bivariate interpolant used here outperforms other methods of interpolation, such as piecewise
linear bivariate interpolation and smoothing bivariate spline approximation.

7.5 Uncertainty estimation

The statistical uncertainty in the SF for a given flavour in a given bin is evaluated from the
statistical uncertainty in the number of jets in both data and simulation in that bin in the
selection enriched in that flavour. In this regard, the per-bin uncertainty in simulation, as well
as data, of the W+c OS-SS selection accounts for the individual statistical uncertainties in the
OS and SS selections, and is hence propagated to the statistical uncertainties in the c jet SFs.

For systematic uncertainty estimation, all selections are performed with different sources of
systematic uncertainties shifted by +1 standard deviation independently, and the whole iterative
fit procedure is performed for every systematic variation. This gives modified SF maps for every
source of uncertainty. The sources of systematic uncertainties considered are:

 Uncertainties in lepton identification uncertainties [121, 123, 152]
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o Uncertainty in pileup modelling

« JES uncertainty [127, 131]

« JER uncertainty [127, 131]

o Uncertainties in factorisation and renormalisation scales in simulation
 Uncertainties in initial- and final-state radiation (FSR) in the parton shower

o Uncertainties in theoretical cross sections of the various physics processes used in the
selections [137, 138, 139, 140, 141, 142]

o Uncertainties in the b quark fragmentation modelled in PYTHIA
o Uncertainties in flavour compositions of V+jet processes
o Interpolation uncertainties

« Extrapolation uncertainties

The uncertainty in flavour compositions is important as the method can potentially be sensitive
to the flavour composition of the background jets. Additional uncertainties are assigned to the b
and c jet yields in the DY +jet process and the c jet yield in the W+-c process. These uncertainties
are estimated to be 2.5 and 9%, respectively, for b and ¢ jets produced in association with a Z
boson, and 8% for ¢ jets produced in association with a W boson; these results are based on the
uncertainties in the experimental measurement of Z+b/c processes [146] and the experimental
uncertainty in the measurement of the W+c cross section [143].

Although there is no straightforward method to estimate the bounds of the interpolation uncer-
tainties at non-nodal points in the 2D plane in case of a piecewise-cubic bivariate interpolant, an
approximate order-of-magnitude estimate is attempted. For each non-nodal point (probe point)
in the concave hull of the SF nodal points for a given flavour, the interpolation uncertainty is
quantified as the sum of 10 terms corresponding to the 10 control points of the cubic Bézier tri-
angle that contains the point. Each of these terms is proportional to (a) the maximum absolute
deviation of the directional derivative of the interpolant at each point between the control and
probe points, from the average slope of the interpolant between the control and probe points,
and (b) the linear distance between the control point and the probe point. This quantity is
expected to be larger in parts of the plane where the interpolant has a high curvature, and at
points farther away from the nodal points. In all cases, the quantity is computed approximately
using numerical methods. This uncertainty is set to zero for points outside the concave hull of
the nodal points.

On the other hand, the extrapolation uncertainty at a point outside the concave hull of the
SF nodal points for a given flavour, is defined as the difference between the SF value obtained
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from a bicubic bivariate smoothing spline extrapolation [103] and the nominal SF value assigned
(using nearest neighbour extrapolation). This uncertainty is set to zero for points inside the
concave hull.

An estimation of the total uncertainty is made by adding statistical and all systematic uncer-
tainties in quadrature, assuming no correlation. An estimation of the relative contributions of
each source of uncertainty is presented in Section 7.6.

7.6 Scale factors

The shape calibration SFs, obtained using the iterative fit method for DeeplJet-based ¢ taggers
using the datasets corresponding to the 2017 data-taking conditions, are shown in Fig. 22. The
set of SFs obtained using CvsB as the fixed axis and CvsL as the variable axis is shown in Fig.
22a. These set of SFs capture rapid variations along the CvsL axis. On the other hand, the
set of SFs obtained using CvsL as the fixed axis and CvsB as the variable axis capture rapid
variations along the CvsB axis, and have been shown in Fig. 22b. The effect is visible, for
example, in the high-CvsL, low-CvsB regions (lower-right corner) of the b flavour SFs (middle
plot of Figs. 22a and 22b). Using the interpolation scheme described in Section 7.4, these two
sets of SFs are merged into one set, as shown in Fig. 22c. Additional plots showing the AF
results across the three data-taking years are provided in Appendix B.

The plots in Fig. 22, however, do not show the magnitude of uncertainties associated with
the SFs at different parts of the plane. The effect of each source of systematic uncertainty in
these SFs, when projected onto each of the 1D CvsL and CvsB distributions, is demonstrated
by applying the nominal SFs separately to ¢, b, and light-flavour jets taken from a simulated
hadronically decaying tt sample, and then measuring the relative changes in the jet yield dis-
tributions by applying each systematic variation of the SFs. The relative contributions of all
systematic uncertainty sources thus projected for both the taggers and shown in Fig. 23, again
for the DeeplJet algorithm and the datasets corresponding to the 2017 data-taking conditions.
Interpolation and extrapolation uncertainties have the highest contribution in the SFs in case
of ¢ jets. This is a result of the sparse binning of the nodal points in the ¢ jet SFs all over
the 2D plane, which, in turn, is a result of high statistical uncertainties in the W+c OS-SS
selection that predominantly constrains the c¢ jet SFs. Uncertainties in the factorisation scale
alone dominate among the light-flavour SF uncertainties, especially in parts of the phase space
having low yields for the corresponding flavour of jets. The uncertainties in the ISR and FSR in
the PS have the highest contribution to the SF uncertainties for b jets, since these variations are
relatively larger in the tt selections from which the SFs for b jets are predominantly constrained.
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Figure 22: The shape calibration SF values as a function of CvsL (x-axis) and CvsB (y-axis)
for the DeeplJet-based ¢ taggers, for c jets (left), b jets (middle), and udsg jets (right), taken
from the datasets corresponding to the 2017 data-taking conditions, are shown as heat maps.
The lower-left box represents the SF for jets with the default discriminator values.
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(middle), and light (lower) flavours, for the datasets corresponding to the 2017 data-taking

SF
in bold text, for reference. The bin corresponding to a tagger value of —1 is plotted at —1.

Statistical uncertainties are not shown.

2
conditions. The effective total relative uncertainty values (y/>° (m) ) per bin are also shown
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7.7 Adjusted charm tagging performance in data

The c tagging shape calibration SFs are used to adjust the tagger discriminator distributions of
simulated jets of each flavour to obtain an estimate of the corresponding distributions of jets
in data. This is performed using an independent sample of jets taken from simulated hadron-
ically decaying tt events and the adjusted distributions are then used to plot the ROC curves
to estimate ¢ tagging performance in data. Furthermore, the statistical and systematic uncer-
tainties in the SFs are suitably propagated to the ROC curves. The adjusted ROC curves for
CvsL and CvsB discrimination along with their variations because of statistical and systematic
uncertainties are shown in Fig. 24. In a similar fashion, the adjusted c¢ tagging efficiencies, as
functions of the adjusted b and light-flavour jet misidentification rates are shown in Fig. 25.
A comparison with DeepCSV ¢ taggers has also been shown in the same figures. DeepJet out-
performs DeepCSV in both CvsL and CvsB performances in the adjusted ROCs in data. This
motivates the use of DeeplJet as the preferred charm tagging algorithm in the analyses presented
in the following sections. Additional plots comparing the simulation-only and SF-adjusted ROC
curves across the three data-taking years are provided in Appendix B.
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Figure 24: The ROC curves showing the individual performance of the CvsL (left) and CvsB
(right) discriminators for the DeepCSV (blue) and DeeplJet (red) algorithms for simulated jets
(the dashed lines) and the estimation of the same for jets in data (the solid lines), for the
datasets corresponding to the 2017 data-taking conditions. The solid uncertainty bands around

the solid lines represent statistical uncertainties only, and the hatched semi-transparent bands
represent statistical and systematic uncertainties added in quadrature.

Individual contributions from each source of uncertainty are also quantified by the change in the
area under the ROC curve from that of the central ROC. The relative contributions, including
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that of statistical uncertainties, evaluated using the ROC curve variations as described here
are presented graphically in Fig. 26. The approach of presenting uncertainties as a function
of discriminator values in Fig. 23 is essentially different from this interpretation, because the
former disregards the relative abundance of jets at different discriminator values, whereas the
latter includes the absolute change in the jet yields in different parts of the phase space and
could therefore be more representative of the corresponding effect in a physics analysis. In
this approach, uncertainties in the factorisation scale are the dominant contributions to the
overall uncertainties in CvsL discrimination, whereas uncertainties in b fragmentation and in
the ISR and FSR in the PS are among the highest contributors to the uncertainties in the CvsB
discriminator, owing to their large contributions to the b jet SFs.
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Figure 26: Relative contributions of each source of uncertainty to the total uncertainty (statis-
tical + systematic) for both CvsL and CvsB discrimination and for both DeepCSV and DeepJet
taggers, quantified by the square of the change in area under ROC curves.

7.8 Validation
7.8.1 Closure test

A closure test is performed by applying the derived shape calibration SFs to the CvsL and CvsB
distributions of the same jet selections for which the SFs were derived. The effect of applying
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Figure 27: Post-calibration DeepJet CvsL (left) and CvsB (right) distributions of jet samples
selected from W+c (upper), tt semi- and dileptonic (middle), and DY+jet (lower) events from
the datasets corresponding to the 2017 data-taking conditions, after application of DeeplJet c
tagger shape calibration SFs. The bin corresponding to a tagger value of —1 is plotted at —0.1.
Vertical error bars in data represent statistical uncertainties in data.
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the DeepJet SFs on the DeeplJet ¢ tagger distributions in the selections with the datasets
corresponding to the 2017 data-taking conditions is shown in Fig. 27. A good agreement between
the ¢ tagging discriminator distributions of simulated jets and those of jets in data establishes
the closure of this method. Additional plots showing the post-calibration distributions of the
CvsL and CvsB values in the selections across the three data-taking years are provided in
Appendix B.

7.8.2 Validation on jets not biased with muons

Two additional tests are performed to demonstrate applicability of the SFs, which have been
derived using b and c¢ jets containing a soft muon inside them, when applied to jet samples
that do not necessarily contain a soft muon. To construct a sample of jets enriched in b jets
without using soft muons to identify them, the same tt dileptonic selection is used, where the
jet with the highest pr that was not tagged with a soft muon in it is treated as the “second” b
jet candidate.

Similarly, a second sample relatively enriched in c jets is constructed from the tt semileptonic
selection. All possible triplets of jets in the events are considered to reconstruct the hadronically
decaying W boson candidate, and hence, the top quark candidate. For each combination, the
first two jets are considered as the ¢ and s candidates to reconstruct the W boson, whereas the
third jet is considered as the b jet candidate. All combinations where the jet tagged with a
soft muon is selected as the ¢ jet or s jet candidate are rejected. For all other combinations, a
mass-based y? is defined as

) mw — 80.3>2 (mt — 172.5)2
_ 172.5 1
X < 20 * 30 ! (61)

with mw and my as the invariant masses of the reconstructed W boson and top quark candidates,
respectively, in GeV. The combination of jets that yields the lowest value of x? for a given event
is considered the best combination, and the highest-pr jet assigned to the hadronically decaying
W boson candidate is considered the ¢ jet candidate.

Each jet in both these samples may or may not contain a soft muon, and the proportion of jets
with and without a soft muon should be distributed as it would be in any inclusive selection
of jets with similar event selections and flavour composition. The first sample is expected to
contain mainly b jets and light-flavour jets. Since light-flavour jet SFs are already known to be
free from any bias from soft muons, a validation for this sample would demonstrate applicability
of the derived SFs on b jets that are selected without any requirement related to the presence of
a soft muon. The second sample, on the other hand, is expected to contain c jets with significant
contamination from b and light-flavour jets. A validation using this sample, in combination with
the conclusion from the aforementioned validation on b jets, would demonstrate the applicability
of the SFs for all ¢ jets as well.
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Figure 28: DeepJet CvsL (upper) and CvsB (lower) discriminators of dileptonic tt jets not
biased with soft muons, before (left) and after (right) application of SFs. The bin corresponding
to a tagger value of —1 is plotted at —0.1. Vertical error bars in data represent statistical
uncertainties in data.
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The pre- and post-calibration distributions of the DeepJet ¢ tagging discriminator values of the
two samples of jets thus selected from the datasets corresponding to the 2017 data-taking period
are shown in Figs. 28 (dileptonic tt) and 29 (semileptonic tt). A much flatter data-to-simulation
ratio is achieved after the corrections are applied, compatible with unity within a few percent
for most of the discriminator values.

7.8.3 Fit validation with pseudodata

A test is performed to validate the accuracy of the SF values from the iterative convergence. A
set of distributions of “pseudodata” is created by applying artificial, handcrafted SF maps to
simulated jet distributions. To mimic the statistical independence of data from simulation, the
central value of every bin of the pseudodata is set by sampling a random number from a normal
distribution, whose mean is equal to the central value of the corresponding bin in the rescaled
simulation and standard deviation is equal to the statistical uncertainty in the same bin. The
relative uncertainty of every bin in the pseudodata, in turn, is set to the relative uncertainty
in the corresponding bin of data. The iterative fit algorithm is now allowed to run on the same
selections replacing data with pseudodata.

The artificial SFs are generated as an arbitrary, continuous 2D function of DeepCSV CvsL and
CvsB values, individually for each jet flavour. A single arbitrary number is assigned as the SF
for jets with the default DeepCSV discriminator value for each flavour. Subsequently, the SF
map of a given flavour is normalised in such a way that the total jet yield of an independent
selection of simulated jets of that flavour taken from a hadronically decaying tt sample remains
unchanged upon application of the SF map under consideration.

Two such maps of artificial SFs are designed, the first (second) of which consists of “mild”
(“strong”) SFs, that is, SFs that are close to (far from) 1, with values in the range 0.5-1.4
(0.1-3.0). For each map, a total of 50 pseudodata models are created injecting the same set
of artificial SFs but using a different random number seed in each model. For each map, the
difference between the injected SFs and the extracted SFs (“SF pull”) is plotted in Fig. 30. The
differences are measured in units of the statistical uncertainty of the extracted SFs across all
bins, weighted by the relative jet abundance in each bin in the CvsL.—CvsB plane. The figure
shows the cumulative results from all 50 models for ¢, b, and light favours separately. A mean of
around 0 of the SF pulls illustrates a correct convergence of the method. A standard deviation
of around 1 illustrates an optimal estimation of the SF statistical uncertainties in most cases. A
standard deviation smaller than 1 for b jets in case of the “mild” map illustrates a conservative
estimation of SF' statistical uncertainties in case of “mild” deviations from data in simulation.

Whereas these studies show that the statistical uncertainties might be somewhat conservative
in regions of the phase space where SFs for b jets are close to 1, this might not be the case for
other regions where SFs show larger deviations. Since the SFs that map simulated b jets to b
jet candidates in collision data (Fig. 22) are measured to have high central values close to 2 at
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some parts of the phase space, no a posteriori reduction of the uncertainties has been applied
in the analyses in the following section.

7.9 Summary of the calibration

This section presents a novel method to calibrate the full differential shape of the discriminator
distributions used for charm jet identification at CMS, closely following Ref. [33]. The method
uses three different sets of event selection criteria, targeting topologies enriched in W+-c, top
quark pairs, and DY +jet events. These topologies are highly enriched in ¢, b and light-flavour
jets, respectively, resulting in purities of a given jet flavour that range between 81 and 93%. By
employing an iterative fitting approach in each of these three regions, scale factors (SFs) are
derived to match the simulated discriminator distributions to those observed in data. Since the
¢ tagging algorithm is composed of two discriminators, one to discriminate ¢ from b jets (CvsB)
and another to discriminate ¢ from light-flavour and gluon jets (CvsL), the SFs are derived as
functions of CvsL and CvsB discriminator values. An adaptive binning is used to optimise the
granularity of the provided calibration with respect to the statistical uncertainty in each bin.
Finally, an interpolation is performed to obtain more representative corrections over the entire
two-dimensional plane.

Validation and closure tests confirm the robustness of the method. Although this section reports
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calibration results of the DeepJet ¢ taggers with only data and simulated samples corresponding
to the 2017 data-taking conditions, similar calibrations are obtained with those corresponding
to the 2016 and 2018 data-taking conditions separately and are used for the analysis of data
collected in the respective years, and are reported in Appendix B. The calibration of the full
differential discriminator shape allows the use of the ¢ tagging discriminators as inputs to
multivariate techniques (based on machine learning) or by fitting the discriminator shapes to
data to extract observables that are sensitive to the jet flavour. The shape calibration extends
the use of ¢ tagging algorithms beyond the application of discrete working points, and facilitates
more advanced uses for ¢ jet identification in physics analyses, as has been demonstrated in the
analyses presented in the following sections.
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8 Analysis strategy

This thesis discusses three physics analyses performed using pp collision data collected by the
CMS experiment at a centre of mass energy (y/s) of 13TeV, between 2016 and 2018. The
analyses are:

1. VHcc search: a search for the Higgs boson decaying to a charm quark-antiquark pair in
events where the Higgs boson is produced in association with a vector (W or Z) boson

2. VZcc search: a search for the Z boson decaying to a charm quark-antiquark pair in
diboson (WZ and ZZ) events

3. VWcq search: a search for the W boson decaying to a pair of quarks of which one is a
charm quark, in diboson (WW and WZ) events. Such processes are dominated by W — cs
decays

The signal processes for each of these searches are discussed in Sections 2.3 and 2.4. All three
searches make use of charm (c) tagging and the novel calibration method, discussed in Sections
6 and 7, respectively. This section discusses the overall analysis strategy used in these three
searches.

8.1 Search strategy

The general strategy in each of the three analyses is to reconstruct a leptonically-decaying vector
boson (W or Z boson) recoiling against a Higgs, Z, or W boson that undergoes a charmed decay.
The hadronically-decaying boson is reconstructed based on its decay into a pair of AK4 jets
that are likely to have been initiated by ¢ quark(s). Depending on the type and decay mode of
the leptonically-decaying vector boson, events are classified into three categories:

« 0 lepton channel (0L), to reconstruct the Z boson decaying into a pair of neutrinos
(Z — vv), i.e. no charged leptons in the final state

e 1 lepton channel (1L), to reconstruct the W boson decaying into a charged lepton
(electron or muon) and a neutrino (W — ev), i.e. one charged lepton in the final state

« 2 lepton channel (2L), to reconstruct Z boson decaying into a pair of oppositely charged
electrons or muons (Z — eTe™ /utp™), i.e. two same-flavour charged leptons in the final
state

Each of the channels is defined by the presence of the requisite number of reconstructed charged
leptons. The 2L and 1L channels are further divided in two, depending on the flavour of the
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lepton (electron and muon channels). In the VHee and VZcc searches, the 2L channel is further
split into high-py (2LH) and low-pr (2LL) regions, depending on the pr of the reconstructed
leptonically-decaying vector boson candidate. This is done to model the major backgrounds
more accurately in each of these two channels individually, independent of each other.

The charmed decay of the Higgs/Z /W boson is reconstructed using two well-defined AK4 jets.
Charm tagging criteria are used to suppress major backgrounds and enrich the signal selec-
tion (Signal Region or SR) with more events containing charmed decays. A BDT is trained to
discriminate VHcc signal from background processes in the VHce search, and VZcc processes
from backgrounds in the VZcc search. The BDT uses the reconstructed mass and kinematic
properties of the Higgs/Z boson, as well as the charm tagging scores of the two jets, as inputs.
While the Higgs (Z) boson mass reconstructed from the two jets provides a strong discrimination
against non-resonant backgrounds and dijet resonances at other masses, the ¢ tagging scores
provide a discrimination against H — bb (Z — bb and Z— ¢g, where ¢ is a light quark) pro-
cesses. This information along with other kinematics of the events helps the BDT discriminate
signal from the backgrounds.

The VWeq search, instead, uses the invariant mass (m;;) of the reconstructed charmed W boson
as the discriminating variable. A BDT based on the ¢ tagging scores of the jets is used a priori
to discard events that are likely to contain two c¢ jets (VZcc backgrounds in this search, for
example), as discussed in Section 8.2.

Depending on the channel, Z-+jets, W+jets, and tt processes form major, irreducible back-
grounds. Such major background processes are estimated in a data-driven way using dedicated
Control Regions (CRs) enriched with such processes. Furthermore, each of the simulated V+jets
processes is separated into b, ¢, and light components, depending on the flavour of the selected
jets, and the contribution of each component of simulation is estimated individually from data.
This ensures that any mismodelling in the flavour composition of simulated V+jets events does
not affect the results. Further details are provided in Section 9.6.

Minor backgrounds like single-top (ST) are estimated from the simulation. All diboson pro-
cesses, along with the Higgs boson decaying to bottom quarks, form a minor background in the
VHce search. These are also estimated from simulation. In the VZcc and VWeq search, the
diboson processes that do not include charmed decays constitute minor backgrounds and are
estimated from simulation.

Finally, a binned maximum likelihood fit is performed using the distributions of the respective
BDTs (mj;) in the SR for the VHce and VZce (VWeq) search, simultaneously with charm
tagging scores of jets in the CRs to extract the respective signal. While the CLg metric is used
to set an upper limit to the signal strength in the VHcc search, the significances of the signals
are calculated in the VZcc and VWecq search. These statistical methods have been discussed in
Section 4.7.2.
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8.2 Correlated charm-strange tagging for W decays

As discussed in Section 6, c¢ jets are identified by simultaneously discriminating them against
light-flavour and b jets. Light-flavour jets, in turn, are defined as a combination of u, d, s,
and gluon-initiated jets. The current multiclassification-based taggers in CMS classify strange-
quark initiated jets under the udsg (DeepCSV) or uds (DeepJet) category. While it is possible
to split the output classes to introduce an additional “s” class for dedicated strange tagging,
such a discriminator has been seen to have a poor separation against udg jets. Moreover, a pure
selection of strange jets in data needed for strange tagger calibration is also difficult to obtain.
Hence, this thesis utilises the charm tagging scores to indirectly tag s jets.

Although the udsg output node of DeepJet is meant to include strange jets as well, true strange
jets are expected to have a different CvsL (and CvsB) distribution compared to true udg jets
as well as true charm jets, owing to their expected properties being intermediate to that of
lighter ud and heavier ¢ jets. Thus, the jet with the second-highest probability of being a ¢ jet
(“subleading jet”) in VWeq events is a good candidate for an s jet. One could, in principle,
use the CvsL score of this subleading jet as a parameter to discriminate VZcc against VWeq.
However, since the true s jet (or other light-flavour jets in the event) may also have a CvsL score
higher than that of the true ¢ jet in VWecq processes, the CvsL and CvsB scores of both the
leading and subleading jets have different distributions for VZcc and VWcq processes, as seen
in simulated events shown in Fig. 31. Therefore, a BDT has been trained using the four scores
(CvsL and CvsB scores of the leading and subleading jets) as inputs to discriminate VWeq
events against VZcc events in the VWeq analysis.

Although this approach does not involve a direct s tagging algorithm (or a calibration of the
same, thereafter), it is able to exploit the correlations between the calibrated ¢ tagging scores
of the ¢ and s jet candidates of VWcq events to distinguish them from those of VZcc events.
This indirect approach of “cs” tagging using c tagging scores of jet pairs has been referred to
as correlated charm-strange (cs) tagging in this thesis and has been implemented in the VWeq
analysis.

8.3 The merged-jet approach

The focus of this thesis is the reconstruction of the charmed Higgs/Z/W boson decay using
two distinct AK4 jets. This approach is referred to as the resolved-jet approach. Another
complementary approach to search for dicharm decays is to use a single, large-radius AK jet
that contains both the charm quark decays within the jet cone. In particular, AK jets with a
distance parameter of AR = 1.5, known as AK15 jets, have been used in Refs. [34] and [2§]
to reconstruct the Higgs and Z boson decay. Such an approach is referred to as the merged-
jet approach. While the merged-jet approach is not the focus of this thesis, a brief summary
of the methods and results from the approach is presented in this and following sections for
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Figure 31: DeeplJet CvsL (upper) and CvsB (lower) distributions of the jet with the highest
CvsL score in the event (leading jet, left) and the jet with the second-highest CvsL score in the
event (subleading jet, right) for the VZcc process (blue) and VWeq process (red, hatched) in the
OL channel of the samples simulated using 2017 data-taking conditions. All four distributions
provide some discrimination between the two processes. A BDT combining all this information
further allows exploiting correlations between these distributions.

90



completeness.

In the merged-jet approach, the state-of-the-art ParticleNet (PN) jet flavour tagging algorithm
[153, 154] has been used to tag large-radius dicharm jets and distinguish them from light-
flavour jets. The new PN tagger considers a jet as an unordered set of its constituent particles,
effectively a "particle cloud". A customized neural network architecture using Dynamic Graph
Convolutional Neural Network (DGCNN) is trained to distinguish dicharm AKI15 jets in sim-
ulated H — cc events from light-flavour AK15 jets in simulated QCD multijet events. Such a
tagger is able to exploit kinematic correlations between the constituents of two ¢ quarks and
thereby provide a stronger discrimination against backgrounds, compared to separately tagging
two AKA4 jets each of which contains information about one ¢ quark. The PN tagger cc tagging
efficiency is calibrated at fixed working points (WPs) using the so-called sfBDT method [155],
that uses a BDT to select a subset of g — cc AK15 jets that mimic H — cc AK15 jets in terms
of the PN cc tagger score distribution, as a proxy for H — cc jets. Comparing the distributions
of such proxy jets in data and simulation, the efficiencies of cc tagging at different WPs in
data and simulation are evaluated. Their ratios give a cc tagger SF that can be used to rescale
simulated cc events to match those in data.

The merged-jet approach also considers leptonic decays of vector bosons in three channels
(OL, 1L, and 2L). The Higgs/Z boson decay is reconstructed using one AK15 jet. Both the
SRs and CRs are defined by requiring a stringent selection criteria on the PN cc-tagger score.
Thereafter, a kinematic BDT is trained to distinguish signal events from background ones.
Based on the BDT outputs of events, more signal-like events are assigned to the SR, while
others are assigned to the CR. The BDT uses only kinematic variables of the reconstructed jets
and vector bosons, without using the flavour tagging information or the invariant mass of the
AK15 jet. Therefore, the SR and CR have comparable flavour compositions in each channel.
Furthermore, an additional tt CR. is defined by requiring additional AK4 jets in the event. The
cc signal events are rescaled based on the SFs obtained from the sfBDT method.

The mass of jets is usually quantified using the so-called “Soft Drop” mass [156], mgsp, which
in this case would quantify the mass of the Higgs/Z boson candidate. However, an additional
AK15 jet mass regression [157] is performed, in order to assign a mass, m..,, that is closer to the
true mass of the particle that initiated the jet. This regression is performed using a DGCNN
with the same architecture and inputs as the PN algorithm, and is trained in a “regression”
mode with the generated particle mass as the target, using simulated events containing pseudo-
Higgs bosons with a flat spectrum of masses between 15-250 GeV. Finally, the AK15 jet myeq
is used as the fit variable in a binned maximum likelihood fit to extract the VHcc or VZcc
signal. As the PN tagger score, the kinematic BDT score, and the AK15 m,e, values contain
more-or-less orthogonal information, the m,e, value provides additional discrimination against
backgrounds even after the selection criteria on the tagger score and the kinematic BDT, and
is therefore a suitable choice as the fit variable. The notations m,e, and makis have been used
interchangeably in the following sections.
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The merged-jet approach is best suited for events where the charmed Higgs/Z boson candidate
has a high Lorentz boost; in such cases, the angular separation between the two charm quarks
is smaller and hence the entire Higgs/Z boson decay can be reconstructed within a cone of
radius AR = 1.5. In such events, the merged-jet approach has a very high signal reconstruction
efficiency. However, such highly boosted events form a small part of the signal phase space
(~5%). On the other hand, the resolved-jet approach can reconstruct cc events with well-
separated c jets and hence has access to a larger part of the signal phase space. Therefore, the
resolved-jet approach has been used at lower Lorentz boosts (or equivalently, lower p values) of
the Higgs/Z boson candidates, while the merged-jet approach has been implemented at higher
pr values of the VHee and VZcc searches.

It can be noted that the VWcq search in the merged-jet approach would require a dedicated
cs tagger. Calibrating such a di-quark jet flavour tagger, in turn, would require a pure sample
of cs jets in data which is difficult to obtain. Therefore, the VWcq search has been performed
with two separately-reconstructed and individually-tagged AK4 jets for the entire pr range of
the reconstructed W boson.
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9 The VHcc, VZcc, and VWcq analyses

This section presents the event selections used to perform the VHce, VZce, and VWeq anal-
yses, along with short discussions on background estimation, corrections to simulations, and
uncertainty analysis.

9.1 Data samples

The Run-2 of the LHC began in 2015 and ended in 2018. During this period, the LHC delivered
proton-proton collisions at a center-of-mass energy of 13 TeV. The amount of data collected in
2015 by the CMS experiment is an order of magnitude smaller than the amount of data collected
in each of the years 2016, 2017, and 2018. Of the recorded data, some “runs” not passing the
requisite criteria of data quality are not used in analyses. The other portion of the data that is
certified as “good” has been used in the presented analyses. A summary of the corresponding
integrated luminosities is provided in Table 5.

Table 5: Integrated luminosities of data collected during LHC Run-2 [158, 159, 160, 161].

Integrated luminosity (fb™')
Year Uncertainty
LHC delivered CMS recorded Used in analyses

2015 4.31 3.86 0.00 2.7"%
2016 41.6 38.2 36.3 2.5%
2017 49.8 45.0 41.5 2.3%
2018 67.9 63.7 59.7 2.5%
Run-2 164 151 138 -

As discussed in Section 3.2.6, all recorded events are grouped into “primary datasets”; that are
not mutually exclusive, depending on which HLT path(s) the events have passed. For each of
the analysis channels defined in Section 8.1, only events passing one or more HLT paths are
analysed. Therefore, choosing only the primary dataset that contains all events passing the HLT
path(s) used in a particular channel, ensures all triggered events necessary for that channel are
processed, without the need to process the entire data collected by CMS. The datasets used thus
depend on the channel being analysed. The list of primary datasets used for various channels
across various data-taking years is presented in Table 6. The HLT paths that are used for each
channel in each year are listed in Table 7.
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Table 6: Names of the primary datasets used for various channels across various data-taking
years. The definition of the electron datasets changed in the 2018 data-taking year. The
reconstruction algorithms used for the datasets collected in 2016, 2017, and 2018 correspond to
the CMSSW version 9 4 X, 9 4 X and 10_2 X, respectively, and are generally referred to
as “re-reco” or “pre-legacy” datasets.

Channel Dataset
2016 2017 2018
OL MET MET MET
1L 7 SingleMuon SingleMuon SingleMuon
e SingleElectron SingleElectron EGamma
oL, L DoubleMuon DoubleMuon DoubleMuon
ee DoubleEG DoubleEG EGamma

Table 7: The HLT paths used for various channels across various data-taking years. Wherever
multiple HLT paths are indicated, an event is considered “passed” if it passes any one of the
HLT paths.

Channel 2016 2017 2018
PFMET110_PFMHT110_IDTight
PFMET120_PFMHT120_IDTight PFMET120_PFMHT120_IDTight
OL PFMET170_NoiseCleaned PFMET120_PFMHT120_IDTight
PFMET170_BeamHaloCleaned PFMET120_PFMHT120_IDTight_PFHT60
PFMET170_HBHECleaned
IsoMu24
/JL IsoMu27 IsoMu24
1 L IsoTkMu24
(& Ele27_eta2pl WPTight_Gsf Ele32_WPTight_Gsf_L1DoubleEG Ele32_WPTight_Gsf
Mu17_TrkIsoVVL_Mu8_TrkIsoVVL(_DZ) Mul7_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_Mass3p8
Hp Mu17_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_Mass3p8
2L Mul7_TrkIsoVVL_TkMu8_TrkIsoVVL(_DZ) Mul7_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_Mass8
ee Ele23_Elel2_CaloIdL_TrackIdL_IsoVL_DZ Ele23_Elel2_CaloIdL_TrackIdL_IsoVL Ele23_Elel2_CaloIdL_TrackIdL_IsoVL

9.1.1 HEM15/16 issue in 2018

In part of the dataset collected in 2018, namely from run 319077 onward, two sectors of HCAL
Endcap Minus (HEM15 and HEM16) were not operational. This results in lower jet energy
response in regions “—1.57 < ¢ < —0.87, —2.5 < n < —1.3”7 and “—1.57 < ¢ < —0.87,
—3.0 < n < —2.57, as well as higher probabilities for jets to be misidentified as electrons.
Therefore, in the analysis of the data collected in 2018, events are rejected if jets used for the
Higgs/Z/W boson reconstruction lie in the affected regions. Additionally, events in the 1L
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channel are rejected if the selected electron lies in the affected regions. Overall, the effect of this
issue is found to be small for the 1L and 2L channels and additional uncertainties are assessed
according to the recipe provided by the JETMET POG.

However, this issue has a much more significant impact in the OL channel. The lower jet energy
response in the HEM failure regions leads to a momentum imbalance for dijet events, thus
creating a large fake MET aligned with the HEM failure region, back-to-back with a high-pr
jet opposite to the HEM failure region. This mimics the signature of the Z(vv)H signal events.
Therefore, these mismeasured dijet events can pass the event selection of the OL channel, leading
to large discrepancy between simulation and the observed data. To veto these mismeasured dijet
events, events with —1.7 < ¢mer < —0.6 for run > 319077 in the data collected in 2018 are
rejected, and then the MC simulation is scaled down accordingly by a factor of 0.3529 for events
with —1.7 < ¢yer < —0.6. This leads to ~ 10% loss of events in the OL channel of the 2018
data-taking year.

9.2 Simulated samples

The signal and background processes relevant to the analyses are simulated using standard
Monte Carlo methods as discussed in Section 4.2. The quark-induced WH and ZH processes are
generated at NLO accuracy in QCD using POWHEG (v2) extended with the MiNLO procedure
[162, 163]. The gluon-induced ZH processes, on the other hand, are generated at LO accuracy
with POWHEG. The signal samples for the VHcce search further involve a decay of the generated
Higgs boson to a charm quark-antiquark pair. These signal samples along with their theoretical
cross sections are listed in Table 23 in Appendix C. Similarly, the VHbb process, which is a
background, involves the Higgs boson decaying to a pair of b quarks, and have been listed in
Table 24 in Appendix C. All these samples have been generated with a Higgs boson mass of
125 GeV. The theoretical cross sections and branching ratios are provided by the LHC Higgs
Cross Section Working Group [164].

Diboson samples form the signals for both the VZcc and VWcq analyses, and form a minor
background in the VHcc analysis. In particular, only the events in simulated diboson gq samples
that contain charm decays of the vector boson of interest at the generator level are considered
to be signal. All other events in the gq samples, as well as other non-gg samples, are considered
backgrounds. Diboson samples are simulated using either POWHEG and PyTHIA at LO, or
MADGRAPH5 AMCQ@NLO at NLO. Their cross sections are normalised to those calculated
at NLO for WZ and ZZ [141], and NNLO for WW [142]. Some samples have different cross
sections for datasets corresponding to the 2016 and 2017-18 data-taking conditions owing to
different underlying event tunes and PDFs. The diboson samples and their cross sections used
along with the different datasets are listed in Tables 25 and 26 in Appendix C.

The V+jets samples (including DY +jets, W+jets, and Z(vv)+jets) form the major backgrounds
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of all three analyses. They are generated at NLO precision with MADGRAPHS5 _AMC@NLO,
with FXFX jet matching. Their cross sections have been rescaled to NNLO accuracy [137]. To
optimise the available statistics of simulated samples all over the V pr spectrum, samples are
generated with various ranges of V pr at the generator level. Furthermore, in datasets simulated
using 2017 and 2018 data-taking conditions, V+jet samples have been split by the number of
additional partons at the generator level. The masses of the Z bosons simulated in the DY and
Z(vv) samples are 50 GeV and above. The V+jets samples and their cross sections used along
with the different datasets are listed in Tables 28 and 29 in Appendix C.

The tt and Single Top (ST) processes are backgrounds in all analyses. The ME generation of
the tt simulation is performed with POWHEG (Vv2) at next-to-leading order (NLO) accuracy
in QCD, and its cross section is scaled to a theoretical prediction at NNLO in QCD, including
resummation of next-to-next-to-leading logarithmic soft-gluon terms. The single top quark
production in the s-channel is also simulated using MADGRAPH5 AMC@NLO in the four-
flavour scheme (four lightest quarks as the initial-state partons) in datasets corresponding to
the 2016 data-taking conditions. The single top quark production in the t-channel in all data-
taking years, and in the s-channel in datasets corresponding to the 2017 and 2018 data-taking
conditions, is simulated using POWHEG also in the four-flavour scheme. The tW channel is
simulated using POWHEG in the five-flavour scheme [138, 139], with its cross section normalised
to the NLO calculations [140]. The tt and ST samples along with their cross sections have been
listed in Table 27 in Appendix C.

9.3 Event reconstruction

Event reconstruction refers to the process of the reconstructing intermediate particles that are
expected in signal events using reconstructed final state objects. As discussed in Section 8.1,
events with a leptonically-decaying vector boson along with two jets that are likely to be charm
jets from a vector boson decay, are selected for the so-called Signal Regions (SRs) of the three
analyses. Depending on the channel under consideration (0L, 1L, or 2L), different numbers of
charged leptons and different magnitudes of MET are required to describe the vector boson
decay. The following subsections describe the reconstruction of the leptonically-decaying vector
boson and the Higgs/Z/W boson candidate decaying into charm quark(s).

9.3.1 Leptonically-decaying vector boson reconstruction

Depending on the channel, the leptonically-decaying vector boson (V), either W or Z, is re-
constructed using either a pair of charged leptons, a combination of charged lepton and MET,
or MET alone. Unless specifically mentioned, the vector boson reconstruction strategy is the
same across the VHce, VZcc, and VWeq analyses. The following requirements are used for each
channel:
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e 2L (Z — ptp~/ete™) channel: Two muons (electrons) of opposite charge satisfying the
criteria for “isolated, prompt muons (electrons) in 2L channel”; as defined in Section 5.1
(5.2), are required in each event. The Z boson candidate is reconstructed by adding the
four momenta of the two muons (electrons). Only events in which the invariant mass of the
reconstructed Z boson candidate (my;) lies between 75 and 150 GeV are considered. In the
VHce and VZcce analyses, this channel is further divided into two categories depending on
the pr of the reconstructed Z (p4): (i) 2-lepton-low (2LL), when 60 GeV < p4 < 150 GeV,
and (ii) 2-lepton-high (2LH), when p% > 150 GeV.

e« 1L (W — puv/ev) channel: One muon (electron) satisfying the criteria for “isolated,
prompt muons (electrons) in 1L channel”, as defined in Section 5.1 (5.2), is required in
each event. It is then combined with the MET of the event to define the pr of the W
boson candidate,

2
py = \/ (MET, + p.)* + (MET, +pl,)", (62)

where MET, (MET,) and p. (p}) are the x (y) components of the MET and lepton,
respectively. Only events with pi > 100 GeV are considered. If the event contains one or

more additional muons (electrons) satisfying the criteria of “veto muons (electrons) in OL
and 1L channels”, defined in Section 5.1 (5.2), the event is discarded.

e OL (Z — vv) channel: Events with MET > 170 GeV are considered. If the event contains
one or more muons (electrons) satisfying the criteria of “veto muons (electrons) in 0L and
1L channels”, defined in Section 5.1 (5.2), the event is discarded. The MET represents
the pr of the reconstructed Z boson candidate.

A graphical representation of the three channels with the vector boson pr thresholds is presented
in Fig. 32. The mass (applicable in 2L channel only) and pr of the reconstructed vector boson
are denoted by my and pry respectively.

9.3.2 Hadronically-decaying boson reconstruction

This subsection discusses the reconstruction of the Higgs boson, Z boson, and W boson that
decay into charm quark(s) in the VHece, VZce, and VWeq analyses, respectively.

All selected events are required to have at least 2 well-reconstructed AK4 jets satisfying tight
JetID and loose PileupJetID (for jets with pr < 50GeV), as discussed in Section 5.3. The
selected jets are then sorted by their DeepJet CvsL scores. The jets with the highest (j;) and
second-highest (js) scores are considered to be the two charm jet candidates for the VHce and
VZcc analyses, and charm and strange jet candidates, respectively, in the VWecq analysis. A
graphical representation of the same is shown in Fig. 33. Sorting by other parameters of jets,
such as jet pr and jet CvsB score, was also tested, but sorting by CvsL score led to identification
of correct Higgs boson decay products with the highest efficiency.
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Figure 32: A graphical representation of the three channels with the vector boson pr thresholds
used in the VHee and VZcc analyses (not to scale). The 2L channel is not split in the VWeq
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Figure 33: A graphical representation of charm jet candidate selection in a hypothetical event.
The leading and subleading jets are selected as the decay products of the boson (Higgs/Z/W).

Additional jets may or may not be present.
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An alternate approach to perform the jet-pair selection using a BDT was also tested, with the
CvsL, CvsB, pr of the two jets, alongside angular separations between the jets, as inputs to the
BDT, using simulated VHcc samples. However, using the BDT introduced a so-called “mass
sculpting” in the background events, which means the BDT preferentially selected jet pairs with
invariant masses (m;;) close to the Higgs boson mass, even in background events. This indicates
that the BDT learns information about the Higgs boson mass by exploiting correlations among
the provided inputs. This is detrimental to the signal-background separation to be performed
in the next step by making use of the m;; information of the signal and background events.
Therefore, this approach was finally not implemented, even though using the BDT expectedly
improves the efficiency of identifying the correct Higgs-boson-decay jet pair. However, this
approach can be improved in the future by training the BDT with simulated pseudo-Higgs
boson samples with Higgs boson masses varying in a flat spectrum.

Channel  Correct jet-pair selection efficiency (%)

pr CvsL CvsB BDT

0L 73.5 73.2 71.4 74.3
i1 L 59.3 66.9 51.9 70.5
e 58.6 66.5 51.2 70.2

oL, o 59.8 66.6 50.1 70.9
ee 59.7 66.5 50.8 70.8

Table 8: The efficiency of selecting the correct jet pair in the VHce search using various jet
variables to sort jets. While using the BDT expectedly improves the efficiency of identifying the
correct Higgs-boson-decay jet pair, its mass sculpting effect diminishes the signal-background
discrimination in the next steps. Hence, CvsL-sorting of jets is used instead.

A comparison of the jet-pair selection efficiencies using the different approaches is presented in
Table 8. The four momenta of the selected jets are then added to obtain that of the Higgs/Z/W
boson candidate. The mass and pr of the Higgs/Z/W boson candidate are denoted by m;; and
P55, Tespectively.

9.3.3 Top quark candidate in 1L channel

Semileptonic tt events form a major background in the 1L channel due to a final state similar
to that of VHee/VZcc/VWeq signal events with 1 charged lepton. An additional handle to
discriminate the signal against tt events is introduced by explicitly reconstructing a top quark
candidate in this channel from the final state decay products. The mass and kinematics of this
reconstructed top candidate is expected to be different in tt events (a true top quark) than in
signal events (a non-physical combination of observables).

The top quark candidate is reconstructed using the isolated prompt charged lepton selected in

99



the 1L channel combined with a b jet candidate and a neutrino candidate. The b jet from the
leptonic branch of tt is identified by using a loose b tagging criterion (a selection criterion on
the DeepJet BvsC/L score) and selecting the jet closest to the charged lepton (in terms of AR)
among all the jets that pass this b tagging criterion. The neutrino and the charged lepton in a
true semileptonic tt event would arise from a W boson, and therefore the invariant mass of the
two is expected be close to the W boson mass (my). Constraining the invariant mass of the
two to mw = 80.38 GeV, the following equation is obtained,

m%v = (El + Eu)2 - (px,l + px,u)2 - (py,l _'_py,l/>2 - (pz,l +pz,u)2 ) (63)

where Ej is the energy of the lepton, p,;, py, and p.; Pz, Py, and p,,) are the x-, y-, and
z-components, respectively, of the lepton (neutrino) momentum, and E, = \/ P, +0h,t D2,

is the energy of the neutrino. As p,, and p,, can be estimated from the x- and y-components
of the MET, p, , is the only unknown quantity in eq. 63. The equation is quadratic in p,, and
can be solved to obtain two possible values for this quantity. The z-component of the neutrino
momentum is defined as the lower of the two solutions for p,,. Thereafter, the four-momenta
of the charged lepton, the b jet candidate, and the neutrino are combined to reconstruct a top
candidate.

A number of kinematic variables related to the top candidate along with flavour tagging variables
associated with the b jet candidate are used in the signal extraction in the 1L channel, as
described in Section 10.1. The distribution of the mass of the reconstructed top quark candidate
is shown in Fig. 34.
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Figure 34: The normalised distribution of the mass of the reconstructed top quark candidate in
the simulated VHce signal (red) and tt background (blue), plotted upto 350 GeV. The simulated
samples correspond to the 2018 data-taking conditions. The blue plot exhibits a sharper peak
around the top quark mass (~172 GeV) compared to the red plot.
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9.3.4 Other event parameters

Some additional event-level variables are defined to select signal events and reject background.
They are defined as follows:

« Additional jets, N,;: The number of additional jets is defined as the number of jets
with pr > 30 GeV and |n| < 2.5, passing the tight JetID and loose PileupJetID, in excess
of the two selected jets and the FSR-recovered jets (cf. Section 9.4.1).

« Additional leptons, N,: The number of charged leptons in the event satisfying the
criteria of “veto muons/electrons in OL and 1L channels” (cf. Sections 5.1 and 5.2), in
addition to the one(s) selected for vector boson reconstruction.

o A¢npr,: The difference in the azimuthal angle (in radians) between the MET and the
selected lepton in the 1L channel.

o A¢y,;: The difference in the azimuthal angle (in radians) between the reconstructed
leptonically-decaying vector boson and the reconstructed Higgs/Z/W boson.

« MET significance: It is defined as the ratio of the MET to the square-root of the scalar
sum of the hadronic transverse energy of all jets with pr > 30 GeV.

9.4 Refinement of dijet invariant mass

A number of novel advanced analysis techniques have been implemented to further refine the
dijet invariant mass (m;;). This mass is of particular interest as it helps in distinguishing the
resonant Higgs/Z/W boson signal from the backgrounds, and from each other. Hence, any
improvements to its accuracy and/or resolution is expected to improve the signal sensitivity of
the analyses. The following subsections discuss the techniques used in the presented analyses.

9.4.1 FSR jet recovery

In addition to the two jets selected as the Higgs/Z/W boson decay candidates, an FSR jet
recovery is performed whenever a suitable candidate is present. A final-state radiation of a soft
gluon is a common process occurring during jet hadronisation. The angle of the emitted gluon
can be large enough to lie outside the clustering cone of the main jet. Additional jets arising
from FSRs can be added back to the main jet, improving the measurement of its pr. Such
a procedure is implemented in the analyses by adding additional jets with pr > 20 GeV and
In| < 3.0 which are reconstructed within AR < 0.8 of either of the two selected jets. Recovering
the FSR jets improves the mass resolution of the Higgs/Z/W boson by a few percent, without
sculpting the background shape. A comparison of the dijet mass and mass resolution before
and after FSR-recovery in simulated VHcc events is presented in Table 9.
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Channel Without FSR With FSR Improvement (%)
1 o 7/ L o o/ | Resolution Accuracy
OL 125.69 13.1 0.105 | 125.73 129 0.103 +1.9 -5.8
1L 12295 14.1 0.115 | 123.75 14.1 0.114 +0.9 +39.0
2LL 116.87 17.3 0.148 | 118.73 16.2 0.136 +8.1 +22.9
2LH 121.30 14.3 0.118 | 122.66 14.1 0.115 +2.5 +36.8

Table 9: Table showing the relative improvement due to the FSR recovery in the dijet invariant
mass distribution. For each channel, the mean (p) and standard deviation (o) in GeVs resulting
from a double-sided Crystal-Ball fit on the dijet mass are shown. Improvement in accuracy is
defined as the relative change in the quantity |u — 125| after FSR recovery, while improvement
in resolution is defined as the negative of the relative change in 7/u.

9.4.2 Charm jet energy regression

Jet energy corrections, as explained in Section 5.3, are implemented to adjust energy measure-
ments of jets to reflect the kinematics of the originating particle more accurately. However,
these energy corrections have a dependence on the flavour of the jets. Energies of bottom and
charm jets, for example, are usually mismeasured to a greater extent compared to light-flavour
jets, due to various factors, such as, the jet cone not containing all products of the heavy hadron
decay, and presence of unmeasured neutrinos arising from a semileptonic decay of the b or ¢
hadron. The latter happens in about ~ 20% of b jets and ~ 10% of ¢ jets. The phase spaces
where the JECs are measured centrally by the CMS JetMET POG are usually dominated by
light-flavour jets, and hence there is room for improving the energy measurements in analyses
dominated by b and c jets.

In this context, a dedicated method [165] to estimate the energy and resolution of b jets was
developed for use in the VHbb analysis [20]. The method used a dedicated multivariate DNN-
based regression algorithm to obtain point and dispersion estimates for the energies of b jets. A
similar algorithm has been adopted for ¢ jets to estimate the energy and per-jet energy resolution
of ¢ jets using a DNN that uses composition and shape information of simulated c jets, and the
properties of reconstructed secondary vertices associated with the jet.

The application of ¢ jet energy regression to the selected leading and subleading jets of the
analyses results in an improvement in the mj; resolution of about 20% in simulated VHcc
events. Figure 35 shows an example of the improvement in the 2L channel of the VHcc analysis
with simulations corresponding to the 2018 data-taking conditions. A similar improvement is
expected in the Z and W boson mass in the VZcc and VWcq analyses.
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Figure 35: Invariant mass distribution (m;;) of the reconstructed Higgs boson candidate ob-
tained in the 2LL (left) and 2LH (right) channels in simulations corresponding to the 2018
data-taking conditions. Distributions using jets with and without c jet energy regression ap-
plied are shown, together with the results of a double-sided Crystal-Ball fit.

9.4.3 Kinematic fit in 2L channels

Particularly in the 2L channels, the resolution of the pr of the selected jets can be additionally
improved with a kinematic fit (kinfit) procedure. The principle behind this method is that the
total momenta of all the final-state reconstructed objects must be zero in the transverse plane,
as there is no “true” missing energy in the VHcc final state in the 2L channel. This constraint
can be used in a maximum-likelihood fit, where the momenta of the jets are allowed to vary
within their uncertainties obtained from the energy measurement.

In addition to pr conservation, one can also exploit the fact that leptons in the final state are the
decay products of a Z boson, which has a well-known mass and natural width. This constraint
is also used in the kinematic fit. Although this alone does not have a great impact on the
m;; distribution, when combined with the momentum conservation it results in an improved
measurement, of the lepton momenta and related variables. More details about the kinematic
fit method implemented in the VHce analysis can be found in Ref. [166].

The resolution of the Higgs boson candidate mass in VHcc signal events improves significantly
after application of the kinematic fit procedure, as seen in Fig. 36. The improvement is higher
in the 2LH channel compared to that in 2LL channel. The effect of kinfit alone on the m;;
resolution amounts to 36% improvement for the 2LH and 14% for the 2LL channel. The c jet
energy regression and kinfit used together result in a 40% improvement in the m;; resolution
for the 2LH channel and 22% for the 2LL channel.

The kinfit has not been applied in the VWeq search as the W mass peak is expected to be far
away from the Higgs boson peak, for which the kinfit algorithm was set up.
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Figure 36: Invariant mass distribution of the reconstructed Higgs boson candidate obtained
from a VHce signal sample, simulated using the 2017 data-taking conditions, in the 2LL (left)
and 2LH (right) channels, together with the results of a double-sided Crystal-Ball fit. The red
histograms show the distribution without applying c jet energy regression or kinematic fit. The
yellow histograms are obtained after applying kinematic fit, using jets without regression. The
green histograms are with regression, but without kinematic fit. Finally, the blue histograms
show the distribution when both the regression and the kinematic fit are applied.

9.5 Event selection criteria

Applying selection criteria (“cuts”) for event selection refers to the process of identifying a
subset of the pp collision events recorded by the CMS experiment in a way such that the subset
retains as many signal events as possible while suppressing background processes. The criteria
The
general idea in the presented analyses is to require a well-reconstructed leptonically-decaying
vector boson, and a well-reconstructed Higgs/W /Z boson, each with sufficient Lorentz boost,
to get rid of the main backgrounds. Moreover, as the two bosons are expected to recoil against

are usually chosen in a physics-motivated way and by making use of simulated events.

each other, they are required to be well-separated in the ¢ axis.

In all three analyses, the leading jet (leading in CvsL score) is required to pass a charm jet
selection criteria. This criteria has been optimised to approximately maximise the signal signif-
icance, by scanning the Asimov significance® of the VHce signal at various pairs of (CvsL,CvsB)
values of the leading jet. The final selection criteria chosen for the leading jet is CvsL > 0.225
and CvsB > 0.400. This ¢ tagging selection corresponds to approximately 30-40% charm jet
efficiency, with a 4% light-flavour jet mistag rate and 16% b jet mistag rate, for the leading
jet. The b and light-flavour mistag rates are lower in the 2017-18 data-taking conditions com-
pared to those in 2016 due to the tracker upgrade. The ¢ tagging ROC contours along with
the working point used for the leading jet for the datasets corresponding to the 2016 and 2018

5The Asimov significance can be approximated using S/vEB, where S is the signal yield and B is the background
yield.
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Figure 37: The ROC contours showing ¢ tagging efficiencies as functions of b and light-flavour
jet misidentification rates, for the DeepJet algorithms for simulated jets (the blue lines) and
the estimation of the same for jets in data (the red lines), for the datasets corresponding to the
2016 (left) and 2018 (right) data-taking conditions. Each line represents points in the plane
that correspond to a fixed value of the ¢ tagging efficiency, which is shown as a number at the
centre of each line. The black cross denotes the working point used for the leading jet selected
in the three analyses.
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data-taking conditions are shown in Fig. 37. A similar ROC contour for the 2017 data-taking
condition was shown in Fig. 25 (right) in the context of charm tagger calibration.

Variable 0L 1L 2LL 2LH
Y > 170 > 100 (60,150] > 150
my (my) — - [75,105]
Lepton pr - >25 (u), >30 (e), > 20
Leading jet pr > 60 > 25 > 20
Subleading jet pr > 35 > 25 > 20
DT.jj > 120 > 100 -
m;j [50,200] (VHce, VZce) or [50,120] (VWeq)
Leading jet CvsL > 0.225
Leading jet CvsB > 0.400
Ny - <2 -
Na =0 =0 -
MET > 170 -
MET significance - > 4.0 -
Ady j; > 2.0 > 25 > 25
ApmeT, - <20 -

Table 10: The various selection criteria used across the three channels. All prs and masses are
in GeV and all angles are in radians. Variables are defined in Section 9.3.

The exact selection criteria on the various reconstructed objects and event parameters depend
on the channel and are listed in Table 10. Application of these selection criteria on the entire
dataset yields the so-called Signal Region (SR) of the analyses. SRs are defined for each channel,
in each year of data-taking.

9.5.1 Extra selection criteria in the VWcq analysis

In addition to the above mentioned selections, certain additional steps are performed in the
VWeq analysis. One of them is the implementation of a BDT that has been discussed in
Section 8.2 in the context of correlated charm-strange tagging. The BDT, as discussed, is
trained to discriminate simulated VWeq signal events against simulated VZcc events, which
form a background for this analysis. The BDT makes use of the CvsL and CvsB scores of the 2
selected jets as inputs. A separate BDT is trained per channel, per data-taking year. Finally, a
selection criterion on this BDT is applied to select only VWecq-like events, rejecting a majority
of VZcc events. This makes VZcc contribution in the SR negligible and discards the need to

perform a data-driven estimation of this background.
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Another step taken for the VWeq analysis is the introduction of an additional low-CvsL signal
region in the OL channel. This additional SR is defined by inverting the CvsL criterion mentioned
in Table 10, and applying all the other criteria as mentioned. It has been tested that using this
additional SR in conjunction with the high-CvsL SR recovers more signal events compared to
extracting signal from the high-CvsL SR alone, and the difference in expected significance of
the VWecq signal among the two approaches is significant in the OL channel. While the same
additional SR has been defined in 1L and 2L channels too, they have not been used in the final
signal extraction fit owing to an insignificant increase in expected significance.

9.6 Data-driven background estimation

Background events which remain in the SRs after application of the selection criteria (irreducible
backgrounds) need to be modelled accurately to perform a hypothesis testing of the S+B hy-
pothesis against the B-only hypothesis. Since simulations are often prone to mismodellings and
theoretical cross sections of processes may be inaccurate, a data-driven approach is adopted to
estimate the event yields of the major backgrounds in the SR. These corrections need to be
specific to the selection phase space and therefore any selection of events used to estimate these
backgrounds needs to be as close to the SR as possible. This leads to the definition of so-called
Control Regions (CRs), each of which is enriched with a specific background process so that
correction to that process may be derived accurately using this CR.

9.6.1 Background definitions

The major backgrounds in this analysis are V+jets and tt. The relative flavour compositions of
the selected jets in the V-+jet selections are also prone to mismodellings in the simulation and
hence are estimated separately in separate CRs. Therefore, the simulated V-+jets processes are
further split by the flavour of the selected jets, where the flavour definition of a jet is the same
as used in jet flavour tagging algorithms (cf. Section 6). The definitions of V+jets sample split
by flavour are as follows:

e« V+b jet: At least one of the jets in the V+jets event is a b jet.

e V+c jet: At least one of the jets in the V+jets event is a ¢ jet, but none of the jets are
b jets.

e Vlight jet: V+jets event that does not come under any of the above categories.

In this way, any V+jet event comes under exactly one of the above categories.

In the VWeq search, simulated tt events are categorised as well, but only for informational
purposes; each category is not estimated separately from data. The definition of this splitting
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is as follows:

o tt(cs): Semileptonic tt events with at least one jet containing a ¢ hadron arising from a
generated W boson.

o tt(ud): Semileptonic tt events which does not follow the above criterion.

« tt: Dileptonic and fully hadronic tt events.

9.6.2 Control region definitions

The motivation to model four distinct major backgrounds in a data-driven way, separately for
each channel and each year of data-taking, leads to the definition of four CRs in each channel, in
each year of data-taking: V-+light jet CR, V+b jet CR, V+c jet CR, and tt CR, each of which
aims to contain a significant number of events of the respective process. A brief description of
the CR selections is as follows:

o V-+light jet (V4LF) CR: This CR is defined by inverting the CvsL criterion mentioned
in Table 10. This enriches the CR in V+4udsg jet events. In the VWcq analysis, a further

requirement of m;; > 120 GeV is imposed to keep this CR orthogonal to the low-CvsL
SR.

e V+b jet (V+HF) CR: This CR is defined by inverting the CvsB criterion mentioned in
Table 10. In the 2L channel, a stricter criterion on the my; value (85 GeV < my; < 97 GeV)
is additionally required. This enriches this CR in V+b jet events.

e V+4c jet (V4CC) CR: This CR is defined by inverting the m;; criterion, that is, by
requiring 10 GeV < m;; < 50GeV or 200 GeV < m;; < 250 GeV. The second criterion is
changed to 120 GeV < m;; < 250 GeV in the VWcq analysis. In the 2L channel, a stricter
criterion on the my value (85 GeV < my < 97 GeV) is additionally required. The flavour
composition of this CR is similar to the SR, but it does not include the W/Z/Higgs boson
resonances, and therefore is suited to estimate non-resonant charm jet productions.

o tt (TT) CR: The definition of the tt CR is dependent on the channel. Firstly, the CvsB
criterion mentioned in Table 10 is inverted (in the same fashion as in the V+HF CR),
and the Agy ;; criterion is relaxed. However, in addition, (i) in the 2L channel, the my
and N, criteria are inverted, that is, my (GeV) ¢ [75,120], my > 10GeV, and N,; > 2
requirements are imposed, (ii) in the 1L channel, at least two additional jets are required
(Naj > 2) and MET is required to be less than 170 GeV to keep this CR orthogonal to
the TT CR of the OL channel, and (iii) in the OL channel, at least one additional lepton
and at least two additional jets are required (No; > 2, Ny > 1).
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Figure 38: A graphical representation of the SR and the CRs for each channel of the VHce and
VZcc analyses in the CvsL-CvsB 2D plane (not to scale). Detailed selection criteria explained

in text.
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Figure 39: A graphical representation of the SR and the CRs for each channel of the VWcq
analysis in the CvsL-CvsB 2D plane (not to scale). Detailed selection criteria explained in text.
The low-CvsL SR has been used only in the OL fit.
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Figure 40: Pre-fit charm tagger distributions in the 0L HF CR (upper-left), 1L(u) CC CR
(upper-right), 2LL(pp) LF CR (lower-left), and 2LH(ee) TT CR (lower-right) of the VHcc
analysis with the datasets corresponding to the 2017 data-taking conditions. The bottom panel
in each plot shows the ratio of data to the total simulation, with the uncertainty in simulation
indicated by gray hatching. The bins in the LF and TT CRs are merged before the fit is

performed.
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The m;; requirements are relaxed for all CRs except for the V4-CC CR, to increase the event
yields of the background processes. Graphical representations of the SR and CRs in the CvsL—
CvsB plane are shown in Figs. 38 and 39 for the VHee/VZce and VWeq analyses, respectively.
Some distributions in the CRs of the VHcc analysis with the datasets corresponding to the 2017
data-taking conditions are shown in Fig. 40.

The CRs thus defined, are used simultaneously with the SRs in the binned maximum likelihood
fit, allowing the yield of each of the defined major-backgrounds (cf. Section 9.6.1) to float
freely. The factor, by which each freely-floating simulated process is scaled, is known as the
rate parameter (RP) or normalisation factor for that process. In this context, it can be noted
that the fit variables were seen to have similar distributions for V+b jet and V+-c jet events in
the 1L channel. This is why a common RP was used for these two processes specifically in the
1L channel. To account for this approximation, an additional 50% log-normal uncertainty was
assigned to the V+b jet template in this channel.

9.7 Corrections to simulation

Simulations are often prone to mismodellings. These limitations can potentially manifest them-
selves in the distributions of the variables used in the final fit. Therefore, it is necessary to
resolve any discrepancies observed between the simulation and data in the relevant phase space.
In the same spirit as in the discussion in Section 6.3, these discrepancies can arise from a num-
ber of mismodellings in the simulation chain—starting from the MC generators and parton
showering to the detector simulation and reconstruction. The effects of these discrepancies are
usually adjusted for by reweighting simulated events with scale factors (SFs). These corrections
are derived by comparing data and simulation in independent selections. An example of such
a correction is the charm tagging SF, which has been discussed in detail in Section 7 and Ref.
[33]. Other major corrections are discussed in the following subsections. These corrections are
generally considered independent and multiplied on a per-event basis to assign a net weight to
every simulated event.

9.7.1 Standard corrections

This subsection lists the corrections that are applicable to a broad phase space of selections
and are usually applied to all analyses of pp collision data in CMS. These are usually derived
centrally by various POGs of the CMS collaboration for use across the collaboration.

Number of pileup vertices: The effect of pileup is simulated using PYTHIA in each simulated
pp collision event by including the final-state products of a number of minimum-bias events
within the event. The number of pileup vertices per simulated event is sampled from a Poisson
distribution, which is modelled based on the observed number of pileup vertices in a limited
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amount of data. However, this number depends on the instantaneous luminosity delivered by
the LHC and other factors and varies over the period of data collection. Therefore, correction
weights are derived as a function of the number of interaction vertices, comparing its distribution
in data to that in simulation.

Trigger efficiencies: Trigger paths are usually designed in a way to select events containing
at least one electron, muon, or MET above a certain pr threshold. While ideally all events
above (below) this threshold should be accepted (rejected) by the triggers, practically there is
a “turn-on” of the trigger acceptance around this threshold. This means some events with an
object pr lower (higher) than the threshold are also accepted (rejected) and the frequency of
such occurrences decreases at prs further away from the threshold. This effect is accounted for
by applying the efficiency of the trigger as an event weight. The same efficiencies that were
derived and used in the CMS VHbb analysis [20] have been used for the analyses presented in
this thesis. For leptonic triggers, the efficiencies are evaluated as a function of lepton pr and n
exploiting DY (Z/v* — p"u~/ete™) events selected in data. For MET triggers, the efficiency
is evaluated as a function of MET using W-jets and tt events, collected using a single lepton
trigger and containing a lepton with pr well above the pp-threshold of the single lepton trigger.

Lepton efficiencies: Efficiencies of the selected electrons and muons are generally different
in data and simulation after all the object selection criteria (Sections 5.1 and 5.2) are applied.
The differences are measured centrally by the EGamma and Muon POGs of the CMS Collabo-
ration, comparing simulation and data in DY event selections. The corrections thus derived are
factorised into reco and ID SFs for electrons, corresponding to the data-to-simulation efficiency
ratios in the electron reconstruction and MVA-based electron ID, respectively. For muons, the
SFs are factorised into reco, ID, and isolation SFs. While the reco and ID SFs derived centrally
by the Muon POG have been used in the presented analyses, the isolation SFs for a tighter
working point (< 0.06) derived for the CMS VHbb analysis [20] have been used in certain
selections, in conjunction with the centrally-derived looser isolation criteria in others.

Jet energy corrections: As already discussed in Section 5.3, jet energies are subjected to
corrections in both data and simulations. Simulations need to be additionally smeared with JER
corrections to reflect the correct energy resolution in data. However, the usual JER corrections
derived by the JETMET POG in CMS are not used in this analysis.

9.7.2 Charm tagger reshaping

A full reshaping of the DeepJet CvsL and CvsB scores of all selected jets is performed using the
SFs derived, as described in Section 7. The set of SFs are separately derived for the datasets
corresponding to the 2016, 2017, and 2018 data-taking conditions. Each SF value, in turn, is a
function of a simulated jet’s flavour, CvsL, and CvsB value. The event weight assigned to each
event is the product of the SF values of all selected jets in the event. Thus, the c tagging weight
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of an event is given by
We tag — H SFZ (ﬂavz-, CVSLZ‘, CVSBi), (64)

i€jets

where flav stands for the flavour of the jet.

9.7.3 Smearing of regressed charm jet energy

Simulated jets are often reconstructed with a better energy resolution than what is observed in
data. Hence, the energies of the simulated jets are smeared so that they match the resolution
in data. However, since a dedicated charm energy regression (cf. Section 9.4.2) has been used
on the selected jet candidates in the presented analyses, the usual JER corrections derived by
the JETMET POG in CMS are not applicable. Instead, these analyses make use of the same
smearing that was developed for regressed b jet energies [165] in the VHbb analysis [20]. The
smearing is applied only to the VH and diboson samples as they are the only samples containing
resonances that can be altered by the effect of the smearing.

The energy resolutions of jets can generally be measured in events where a jet recoils off a Z
boson decaying into charged leptons. The Z boson and the jet are expected to have opposite
momenta in the transverse plane. As the Z boson’s pr is well-reconstructed from the final-state
leptons, the ratio of the jet’s reconstructed pr to that of the Z boson’s allows an estimate of
the jet pr resolution. The method yields a smearing of 5% for samples simulated using 2017
data-taking conditions, and 15% for those with 2018 data-taking conditions. No smearing was
found necessary for those with 2016 data-taking conditions.

9.7.4 7Z boson pr reweighting in Z-jets

The pr spectra of the reconstructed Z bosons in simulations at NLO in QCD were found to
have a disagreement with that in data, at low values of the pr (<~ 150 GeV). This effect was
observed only in the 2LL channel (or 2L channel of the VWeq analysis), as the OL channel uses
only highly boosted Z boson candidates (> 170 GeV). Corrections were derived by performing a
linear fit to the data-simulation ratio of the distribution of the vector boson pr in the 2L LF CR,
as this region is particularly enriched in DY+jet events. Separate corrections for data-taking
conditions in 2016, 2017, and 2018 were derived. An illustration of the effect of this correction
is shown in Fig. 41 (left).

9.7.5 Jet-angular-separation dependent reweighting

A disagreement between data and simulations of V+jets events at low angular separation of the
two jets (ARj;) was observed in the CRs. This effect was found more prominent in the NLO
samples used in the analyses compared to LO samples. In particular, the disagreement is visible
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in regions with AR;; < 1.0. It can be attributed to the mismodelling in gluon splitting events
with small opening angles. An example of the disagreement is shown in Fig. 41 (right).

The disagreement is mitigated by a dedicated reweighting of simulated V+jets events containing
two jets with AR;; < 1.0. The reweightings are derived from the LF CRs of the 2L, 1L, and
OL channels separately, by fitting 1st, 1st, and 3rd order polynomials respectively to the data-
simulation ratios of the V+jet events after other minor backgrounds are subtracted off. Different
corrections were derived for the three years. Additionally, a small flavour dependence of these
corrections was observed at very low values of AR;; (< 0.55). Inflated uncertainties are used
for events with 0.4 < AR;; < 0.55 containing heavy-flavour jets to account for this. The AR;;

cannot be lower than 0.4 as the jets are reconstructed with a radius of 0.4.
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Figure 41: Illustrations of Z boson pr reweighting in Z+jets simulated samples in the 2L channel
(left) and disagreement between data and simulation at low angular separation of two jets in
the OL channel (right).

9.7.6 Electroweak corrections in VH signal

The simulated signal sample for the qqVH process is produced with POWHEG+MiNLO and then
rescaled to the production cross section calculated at NNLO in QCD. The total cross section
for WH and ZH productions are given by

oM = Ul%?\lvgginQCD(l + 0BW) + Otloop + Oy (65)
o™ = Ul%cll\%IE{OinQCD(l + 0W) + Otloop + 0y + ot (66)

where dgw is an electroweak correction and can be applied as a function of the vector boson
pr. Their values have been derived by the LHC Higgs Cross Section Working Group [164] and
used in the VHce analysis.

114



9.8 Uncertainty estimation

Several sources of uncertainties (nuisance parameters) have been considered in the analyses. A
brief description of each source is provided as follows.

« Jet energy scale: Uncertainties from the jet energy scale (JES) [127, 167] are assessed
by varying up and down the energy scale of each jet within one standard deviation, in-
dividually for each of the 11 sources of uncertainties assessed by the JETMET group.
Effects of the variation are propagated to MET as well. These uncertainties are applied to
the selected jets after ¢ jet energy regression. Some of these 11 sources are considered cor-
related across years and others are considered decorrelated, following official prescription

of the JETMET POG.

« Jet energy resolution: Uncertainties from the jet energy resolution [127, 167] are as-
sessed by varying the resolution scale factors within their uncertainties in the smearing
of the reconstructed jets in simulation. A single source of the uncertainty is considered,
including both the statistical and systematic uncertainties of the measured resolution scale
factors (cf. Section 9.7.3). Effects of the variation are also propagated to MET. The un-
certainty is applied to selected jets after regression, only in the VH and diboson samples.
It is treated as uncorrelated between years.

« MET unclustered energy: Uncertainty on the MET related to unclustered energy [167]
is assessed by varying each particle type by its own resolution as recommended by the
JETMET group. This uncertainty is treated as uncorrelated between years.

« HEM15/16 issue: The data collected in 2018 is partially affected by the failure of
HEM15/16. In addition to the mitigation measures described in Section 9.1.1, an addi-
tional uncertainty on the JES is assigned for datasets simulated using 2018 conditions by
scaling down the jet energy by 20% for jets with —1.57 < ¢ < —0.87 and —2.5 < n < —1.3,
and 35% for jets with —1.57 < ¢ < —0.87 and —3.0 < n < —2.5, and also propagating it
to the MET.

» Lepton efficiency: Corrections are applied to the efficiency of the muon and electron
trigger, reconstruction, identification, and isolation requirements using data-to-simulation
SFs [120, 123, 152]. Uncertainties on the measured SFs are evaluated from the statistical
uncertainties of the measurement and efficiency differences using alternative samples and
selections, and are propagated to the analysis. This uncertainty is treated as uncorrelated
between years.

« MET trigger efficiency: The efficiency of the MET triggers affects the expected yields
of the signals and background processes that are predicted directly from simulated samples
in the OL channel. An uncertainty of 2%, as estimated in the VHbb analysis [20], is applied
in the OL channel. This uncertainty is treated as uncorrelated between years.
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Pileup reweighting: Effects due to the uncertainty in the distribution of the number of
pileup interactions are evaluated by varying the cross section used to predict the number
of pileup interactions in simulation by 4.6% from its nominal value. This uncertainty is
treated as uncorrelated between years.

Pileup jet identification efficiency: The efficiencies and misidentification rates of the
pileup jet identification algorithm [129] applied to the AK4 jets are corrected by data-to-
simulation SFs provided by the JETMET POG. Uncertainties on these SFs are propagated
in this analysis. This uncertainty is treated as uncorrelated between years.

V pr reweighting: NLO electroweak correction parametrised in pr of V are applied
on the V+4jets samples. Uncertainty on this NLO electroweak correction is estimated by
comparing the shapes with and without applying the correction, for W+jets and Z+jets
processes separately. The overall yields are normalized after the baseline selection to
factor out the moderate effect on the normalization, as the normalization of the V+jets
processes is determined from the fit. This uncertainty is treated as uncorrelated for Z+jets
and W+jets processes, but correlated across years.

Parton distribution function (PDF): Effects of the uncertainty on the PDF is assessed
by reweighting each event according to the 30 (100 depending on the sample) replicas of
the NNPDF set, and taking the standard deviation of the 30 (100) variations, following
the prescription in Ref. [168]. The uncertainty is treated as uncorrelated between different
processes, but correlated across years. Depending on the process the uncertainty varies
between 1 and 3%.

Renormalisation and factorisation scales: Uncertainties due to the renormalisation
scale ugr and the factorisation scale up are assessed by varying the scales independently
by a factor of 0.5 or 2. The effects of such variations are implemented as weights in the
event generators. Only effects on the shapes of the final fit variables are considered, i.e.
the weights are rescaled to preserve the cross section of each process. The uncertainty is
treated as uncorrelated between different processes, but correlated across years.

Size of simulated samples: Uncertainties due to limited size of the simulated samples
are taken into account via the Barlow-Beeston method [113]. These are treated as bin-
by-bin uncertainties in the fit.

Statistical uncertainty of control regions in data: The limited event yield in the CRs
results in an uncertainty on the normalization of the V+jets and tt process measured from
the CRs. The uncertainty is taken into account by suitably propagating the uncertainties
on the corresponding rate parameters.

Cross section of the diboson and SingleTop processes: The diboson backgrounds
are predicted directly from simulation. An uncertainty of 15% is assigned for the diboson
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processes based on the CMS cross section measurements [169, 170, 171]. Similarly an
uncertainty of 15% is assigned for the SingleTop processes as well.

Luminosity: A 2.5%, 2.3% and 2.5% uncertainty is assigned on the integrated luminos-
ity measured by CMS for the 2016, 2017, and 2018 data-taking periods [159, 160, 161],
respectively.

Charm tagger reshaping: The uncertainties derived on the ¢ tagger SFs in Section
7.5 have been propagated to the analyses as uncertainties in event weights, for each sys-
tematic source. These contribute to several additional sources of uncertainties, each of
which is correlated across years. Only the statistical uncertainty in the SFs is considered
uncorrelated across years.

pr spectra of DY process: As described in Section 9.7.4, V pr dependent corrections
were derived for DY+jets events using a linear fit in the LF CR. An uncertainty in the
correction factor is obtained by varying the fit parameters up/down by their relative
uncertainties and replacing the nominal correction factor with its corresponding up/down
value. The uncertainty is considered uncorrelated between years.

AR;; reweighting of V4-jets processes: As described in Section 9.7.5, AR;;-dependent
corrections are applied to V+jets events for events with AR;; < 1.0. An uncertainty on the
fit used to derive the correction factors is obtained by varying the fit parameters up/down
by their uncertainties. The nominal AR;; correction factor is then replaced with a value
calculated based on the up/down fit parameters. The uncertainty is uncorrelated between
years and between simulated processes (including processes split by flavour compositions).

Flavour dependence of AR,;; reweighting: A small flavour dependence of the AR;;
corrections was observed at very low values of AR;; (< 0.55). To account for this, flat
uncertainties corresponding to twice the maximum relative differences in flavour yields are
associated to heavy flavour V-+jet components in regions AR;; < 0.55. These uncertainties
are uncorrelated between years and between simulated processes (including processes split
by flavour compositions). The uncertainties used are:

o Z+c: 20%
Z+b: 35%
W-+e: 30%
W+b: 30%

o

(@)

O

Theoretical uncertainties on the VH cross sections: Uncertainties on the VH
production cross section due to uncertainty of PDF and the choice of the renormalisation
and factorization scales are evaluated in Ref. [164] and are taken into account in the VHce
analysis.
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» pr spectra of VH processes: The simulated VH samples used in the VHcc analysis
are generated at NLO QCD precision. Higher order NLO electroweak and NNLO QCD
corrections, parametrised in V pr, are used to reweight the simulated samples [164]. Un-
certainties due to this reweighting are taken into account as a shape uncertainty.

o Theoretical uncertainties on the H — cc branching ratio: An uncertainty of

+5.5% and —2.0% is used on signal normalization [164] . This uncertainty is treated as
uncorrelated between years.
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10 Signal extraction

The signals of the VHce, VZcc, and VWeq analyses are extracted using separate binned max-
imum likelihood fits (cf. Section 4.7.2). The variable that is used in each fit is one that has
different distributions in the signal and in the background. For the VHce and VZcc analyses, a
multivariate analysis technique is implemented by training BDTs (cf. Section 4.4) to separate
the respective signals from the backgrounds. The output of the BDT is used as the fit variable
in the SRs. On the other hand, the invariant mass of the dijet system (m;;) is used as the fit
variable in the VWcq analysis. The former approach usually yields a stronger discrimination
against the background and is used when the signal strength is expected to be weak, to obtain
more statistically significant results. However, employing a BDT also requires careful scrutiny
and calibrations of the input variables. The latter approach provides more interpretable results
visualised in terms of intuitive physical observables, at the cost of overall sensitivity.

In the CRs of all the analyses, the calibrated ¢ tagger output (CvsL or CvsB, depending on
the region) is used as the fit variable. These variables also provide a separation (in terms
of the variable distribution templates) between the background being constrained in each CR
and the other major backgrounds in that CR. A good separation allows for a more accurate
determination of the rate parameters for the respective backgrounds.

10.1 BDT training and performance

Separate BDTs are trained for the VHce and VZcc analyses, and for different channels and
different data-taking years. In the VZcc analysis, only one BDT is trained for the 2LH and 2LL
SRs using an inclusive selection criterion, due to the lack of enough simulated signal events.
Therefore, the VHce analysis requires the training of 12 BDTs, while the VZcc requires 9.
50% of the available simulated signal and background events are used in the training, with the
exception of V+jets in the simulations of the dataset corresponding to the 2017 data-taking
conditions, where approximately 35% is used. Only the remaining simulated events are used in
the construction of the SRs used in the fit, to avoid any overlap with the training dataset.

The input variables used in each BDT depends on the channel, as listed in Table 11. The same
variables are used in the same channel across different years of data-taking. The simulated
events that pass the selection criteria (cf. Section 10) of each of the SRs are used in the
trainings of the BDTs for the respective SRs, with the exception of 2LL and 2LH being merged
in the VZcc analysis. Each event is weighted by the cross section of the process (cf. eq. 47) and
the correction weights (cf. Section 9.7) so that the relative yields of the different background
processes are representative of the SR contributions in the training samples.

The performance of the trained BDTs can be examined by plotting the ROC curves of the
discriminators. The distributions of the signal and background samples as a function of the
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Table 11: Variables used as inputs to the BDT used for each channel of the VHcc and VZce
analyses for 2016, 2017, and 2018 data-taking periods. The 2LL and 2LH channels in the VHcc
analysis have separate BDT trainings, but the BDTs have the same input variables, as listed in
the 2L column.

Used in...?7
Variable Description oL 1L oL
mjj Dijet invariant mass v v
pr,jj Dijet PrT v v
V pr Vector boson pr v v
V mr Vector boson transverse mass v
MET Missing transverse energy v
Vor/pr Ratio of V pr to prj; v vV
Jet 1 CvsL CvsL of leading jet v v Y
Jet 1 CvsB CvsB of leading jet v vV
Jet 2 CvsL CvsL of subleading jet v v oV
Jet 2 CvsB CvsB of subleading jet v v
Jet 1 pr pr of leading jet v v oV
Jet 2 pr pr of subleading jet v v oV
A¢y jj Azimuthal angle between V and dijet v vV
ARj, j, AR between leading and subleading jets v v
A s A¢ between leading and subleading jets v Vv
A, s An between leading and subleading jets v v oV
Ady, 1, A¢ between selected prompt leptons v
Any, 1, An between selected prompt leptons v
Aoy, 4 A¢ between higher-pr lepton and leading jet v
Aoy, 4, A¢ between lower-pr lepton and leading jet v
A, js A¢ between lower-pr lepton and subleading jet v
Ay, MET A¢ between higher-pr lepton and MET v
AN, top An between higher-pr lepton and top candidate v
Ay, top A¢ between higher-pr lepton and top candidate v
ARy, top AR between higher-pr lepton and top candidate v
CvsLiop CvsL score of b jet candidate in the top reco v
CvsBtop CvsB score of b jet candidate in the top reco v
Biop BvsC/L score of b jet candidate in the top reco v
Miop Mass of the reconstructed top candidate v
Ng; Number of additional jets in the event v
0j1 cReg 71 energy resolution from c jet energy regression v© vV
Oy .cReg Jjo energy resolution from c jet energy regression v vV
M kinfit m;; after kinematic fit v
PT,jj kinfit pr,;; after kinematic fit v
A¢y jilkinat  Adv j; after kinematic fit v
ANy jijlkinfit An between V and dijet after kinematic fit v
Jet 1 prlkinat  Leading jet pr after kinematic fit v
Jet 2 prlkinas  Subleading jet pr after kinematic fit v
O, |kinfit Resolution in m; after kinematic fit v
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Figure 42: Distributions of VHcc signal (blue) and background (red, hatched) events in the BDT
output (right) and the corresponding ROC curves (right) for the VHce analysis with samples
simulated using the 2018 data-taking conditions, in the OL (first row), 1L (second row), 2LL
(third row), and 2LH (fourth row) channels. BDTG stands for “BDT (Gradient-boosted)”. The
default range of BDT outputs in TMVA is from —1 to 41, but has been transformed to 0—1 in
the analysis using BDT =
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Figure 43: Distributions of VZcc signal (blue) and background (red, hatched) events in the BDT
output (right) and the corresponding ROC curves (right) for the VZcc analysis with samples
simulated using the 2018 data-taking conditions, in the OL (first row), 1L (second row), and 2L
(third row) channels. BDTG stands for “BDT (Gradient-boosted)”. The default range of BDT
outputs in TMVA is from —1 to +1, but has been transformed to 0—1 in the analysis using
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BDT output, as well as the corresponding ROC curves for the four (three) BDTs used in the
VHce (VZcc) analysis are shown in Fig. 42 (43). These figures show that the distributions of the
BDT output scores are very different for the signal and the background events in all channels.

10.2 VHcc signal extraction

This section summarises the results of the binned maximum likelihood fit with the CLg method
(cf. Section 4.7.2) using the VHce process as the signal. The signal extraction is performed with
a simultaneous fit of the CRs and the SRs in 4 channels, using data from the three data-taking
years. The BDT outputs are used as the fit variable in the SRs. The CvsB discriminator is
used in the HF and CC CRs and a single bin is used in the TT and LF CRs. This is because
while the TT and LF CRs are dominated respectively by tt and V4light jet processes, the
HF and CC CRs have significant contaminations from processes other than V+b and V+-c jets
and therefore the different templates for b-enriched and c-enriched processes provided by the
CvsB discriminator in each CR help in constraining the rate parameters of the processes more
efficiently.

The cross section of the VHbb process in the fit is set to the value expected from the SM. It has
been verified that varying the cross section of the VHbb process changes the expected sensitivity
of the VHce measurement by ~ 5%.

The upper limit on the signal strength p for the production of the VHce process is extracted at
95% CL based on the CLg method under the asymptotic approximation for the profile likelihood
test statistic. The same measurement is repeated with a pr requirement of < 300GeV on an
AK15 jet (p£%'%) in the event, if reconstructed. The second approach enables combining the
results with the complementary merged-jet approach. The results are discussed separately in
the following paragraphs.

o pr-inclusive VHcc analysis: The rate parameters of each background constrained by
the fit are listed in Table 12. The expected (“blinded”; cf. Section 4.7.2) upper limits on
the signal strength modifier for the pr-inclusive topology per channel and year of data-
taking along with the combined upper limit are presented in Table 13. The combined
upper limit using the full Run-2 data is 13.9 (expected) at the 95% CL. These results are
not unblinded as the final strategy of the analysis is to combine this topology with the
merged-jet approach. However, these numbers give an estimate of the sensitivity of the
analysis using the resolved-jet topology alone.

¢ VHcc analysis with p¥1® < 300 GeV: The expected and observed upper limits on the

signal strength modifier for the p£X¥'® < 300 GeV topology per channel and year of data-
taking along with the combined upper limits are presented in Table 14. The observed
(expected) combined upper limit using the full Run-2 data is 14 (19) at the 95% CL. The
BDT distribution in some of the SRs are shown in Fig. 44. These plots show a good

123



agreement between post-fit simulation and data. The simulated background event yield

falls sharply with increasing BDT score, thereby making the event yields corresponding

to high BDT scores sensitive to the signal strength.

Table 12: Background normalization rate parameters determined from the fit across all data-
taking years and all channels of VHcc analysis, inclusively in AK15 pp. The same RPs were
used for W+jet events in OL and 1L channels.

Applicable to...

Process 2016 2017 2018
OL 1L 2LL 2LH
Z(vv)+c 0.924+0.20 1.11+£0.12 1.10+0.21 VvV
Z(vv)+b 0.87+0.18 1.12+0.21 0.80+021 VvV
Z(vv)+light 1.10£0.14 1.674+0.11 0.70+0.12 V
W+-c v v
0.80+0.10 0.98+0.22 1.17+0.17
W+b v v
W+light 1.05+£0.07 1.054+0.12 0.84+0.10 v V
Z(ll)4c (2LL) 0.84+0.11 0.77£0.09 0.804+0.26
Z(l)+b (2LL) 0.80 £0.05 0.89£0.06 0.97=+0.08
Z(l)+light (2LL) 1.00£0.06 0.95+0.06 0.96 +0.09
Z(ll)+c (2LH) 0.70£0.10 0.70£0.11 0.76 £0.13 v
Z(l1)+b (2LH) 0.894+0.07 1.01+0.12 1.08+0.12 v
Z(ll)+light (2LH) 1.02+0.06 0.834+0.08 0.88 4+ 0.09 v
tt (OL) 0.79£0.07 0.96 £0.07 0.88+£0.08 Vv
tt (1L) 0.85£0.06 1.00£0.06 0.98=+0.07 v
tt (2LL) 0.85+£0.05 0.86+£0.05 0.884+0.05
tt (2LH) 0.80 £0.07 0.85£0.06 0.884+0.07 v

Table 13: Expected upper limits at the 95% CL on the signal strength modifier u for the VHce
process with the pr-inclusive topology.

Year 0L 1L 2L Combined
2016 45.0 62.0 33.4 24.6
2017 46.5 53.4 35.1 24.7
2018 43.9 42.1 34.1 22.6
Full Run-2 26.9 30.3 19.1 13.9

The rate parameters of the background processes in the pA¥ < 300 GeV case were observed to
be close to those of the pr-inclusive case, well-compatible within uncertainties.
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Figure 44: Post-fit BDT distributions in the SRs of the OL (upper-left), 1L(x) (upper-right),
2LL(pp) (lower-left), and 2LH(pup) (lower-right) channels of the VHce analysis in the ppE® <
300 GeV topology with the dataset collected in 2018.
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Table 14: Expected and observed upper limits at the 95% CL on the signal strength modifier y
for the VHce process with the pAX < 300 GeV topology.

Year Type OL 1L 2L Combined
Expected 72 87 41 34
2016
Observed 58 63 46 28
Expected 63 73 40 33
2017
Observed 39 71 40 24
Expected 65 67 43 33
2018
Observed 56 50 46 27
Expected 38 43 23 19
Full Run-2
Observed 25 33 23 14

10.3 VZcc signal extraction

The VZcc signal extraction is also performed with a binned maximum likelihood fit. However,
instead of using the CLg method, the significance of the signal is evaluated in this case. Just like
in the case of the VHcc analysis, the significances in the VZcc analysis are evaluated separately
for the pr-inclusive topology and for the p£X'® < 300 GeV case. The results are reported in the
following paragraphs.

« pr-inclusive VZcc analysis: The expected (blinded) significances of the VZcc signal
over the background-only prediction for the pr-inclusive topology per channel and year of
data-taking along with the combined significance are presented in Table 15. The combined
significance using the full Run-2 data is 3.8¢.

¢ VZcc analysis with pp¥!® < 300 GeV: The expected and observed significances of the
VZce signal over the background-only prediction for the p£X!® < 300 GeV topology per
channel and year of data-taking along with the combined significances are presented in
Table 16. The observed (expected) combined significance using the full Run-2 data is 3.1¢
(3.30) over the background-only prediction.

The rate parameters of the background processes in the VZcc analysis were identical to those
in the VHce ones in most cases, and well-compatible within uncertainties.
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Table 15: Expected significances in units of o of the VZcc process over the background-only
prediction with the pr-inclusive topology.

Year 0L 1L 2L Combined
2016 0.8 0.6 1.6 1.6
2017 1.5 0.9 1.8 2.6
2018 1.4 0.9 1.3 2.3
Full Run-2 2.2 1.3 2.7 3.8

Table 16: Expected and observed significances in units of o of the VZcc process over the
background-only prediction with the p3¥15 < 300 GeV topology.

Year Type OL 1L 2L Combined
Expected 0.7 0.5 1.6 1.7
2016
Observed 2.0 0.0 1.0 1.8
Expected 1.2 0.7 1.8 2.2
2017
Observed 0.6 0.2 1.5 1.7
Expected 0.8 0.6 1.3 1.7
2018
Observed 0.0 1.6 0.6 1.9
Expected 1.6 1.1 2.7 3.3
Full Run-2
Observed 1.3 1.4 1.8 3.1
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10.4 Merged-jet analysis and combination
10.4.1 Merged-jet results

The merged-jet analysis strategy has been briefly discussed in Section 8.3. However, this thesis
does not discuss the details of the methodologies adopted in it. More details can be found in
Refs. [34] and [172]. This subsection discusses the fit results obtained in the merged-jet VHcc

and VZcc analyses.

The expected and observed upper limits on the VHcce signal strength modifier in the merged-
jet topology with a requirement of p£X!® > 300 GeV, per year of data-taking are presented
in Table 17. The same table also shows the expected and observed significances of the VZcc
signal over the background-only prediction in the merged-jet topology with a requirement of
p¥ > 300 GeV, per year of data-taking. The observed (expected) upper limit on the VHce
signal strength modifier using the full Run-2 data is 17 (8.8) at the 95% CL, while the observed
(expected) significance of the VZcc process using the full Run-2 data is 4.40 (4.70) over the
background-only prediction.

Table 17: Expected and observed upper limits to the signal strength modifier p of the VHcc
process at the 95% CL, and the significances of the VZcc process (in units of o) over the
background-only prediction with the merged-jet toplogy with a requirement of p2¥1® > 300 GeV.

o VZcc
Year Type VHce limits o
significances

Expected 19 2.4
2016

Observed 20 2.0

Expected 17 2.9
2017

Observed 24 2.6

Expected 14 3.0
2018

Observed 26 3.1

Expected 8.8 4.7

Full Run-2
Observed 17 4.4

10.4.2 Combination

Results from the resolved-jet and merged-jet topologies are statistically combined to further
improve the signal sensitivity. This subsection discusses the combination of the resolved-jet
and merged-jet topologies, closely following the results published in Ref. [34]. The sets of
events selected by the two topologies are kept mutually exclusive by assigning complementary

requirements on the pr of an AK15 jet (pp%'®), if reconstructed. If multiple AK15 jets are
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reconstructed in an event, the pr of the one with the highest pr is considered for the categorisa-
tion. If no AK15 jet is reconstructed in an event, the event is considered as a candidate for the
resolved-jet topology. The event categorisation scheme is illustrated in Fig. 45. The criterion
of 300 GeV for p£¥!® was optimised to maximise the sensitivity of the VHcc and VZce searches
while keeping the fit robust and stable.

Is AK15 jet p; >
300 GeV?

Has an AK15 jet been
reconstructed?

Resolved

Resolved

Figure 45: A flowchart showing the categorisation of an event as a candidate for the resolved-jet
or merged-jet topology.

The correlation scheme followed for the treatment of the systematic uncertainties between the
two topologies is summarized as follows:

o The theoretical uncertainties are treated as fully correlated between the resolved-jet and
merged-jet topologies.

o The rate parameters scaling the V-+jets and tt backgrounds are treated as uncorrelated
between the two topologies. This is because the two topologies probe mutually-exclusive
phase spaces and have different approaches towards estimating the flavour compositions
of the major backgrounds.

o Uncertainties related to the c tagging SFs are treated as uncorrelated, as the procedures
followed for the calibration of the two algorithms (DeepJet AK4 and ParticleNet AK15)
are significantly different, and also probe very different phase spaces.

o Experimental uncertainties related to JES, JER, MET), pileup, and lepton efficiencies are
treated as correlated between the two topologies as they encapsulate the same effects.
Results

The final expected and observed upper limits on the VHce signal strength modifier at the 95%
CL after combining the resolved-jet and merged-jet topologies, along with the best-fit value of
the signal strength modifier () per channel and per data-taking year are shown in Table 18.
The combined observed (expected) upper limit is 14 (7.6) and the corresponding best-fit signal
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strength is 7.7738 (1.0737). The observed upper limit is compatible with the SM expectation
of 4 = 1 within a 20 uncertainty. The expected and observed upper limits along with the
uncertainties in the expected upper limits are summarised in Fig. 46.

Table 18: Expected and observed upper limits on the signal strength modifier x4 at the 95% CL
along with the best-fit value of u for the VHce process after the combination of the resolved-jet
and merged-jet topologies.

Year Type 0L 1L 2L Combined | Best-fit u
Expected 26 25 30 16 1.0+7¢
2016 74
Observed 21 43 21 18 3.271%3
Expected 24 25 26 15 1.045Y
2017 6.9
Observed 29 26 31 18 4.37%%
Expected 20 18 24 12 1.035
2018 6.1
Observed 34 18 42 21 9.97%4
Expected 13 12 14 7.6 1.0137
Full Run-2 3.8
Observed 18 19 20 14 77155

The final expected and observed significances of the VZcc process over the background-only
expectation after combining the resolved-jet and merged-jet topologies, along with the best-fit
values of the signal strength modifier (1) per channel and per year are shown in Table 19.
The combined observed (expected) significance is 5.70 (5.90) and the best-fit signal strength
is 1.017937 (1.007033). This corresponds to an observation of the VZcc process with 5.7¢

significance.

Table 19: Expected and observed significances (in units of o) over the background-only predic-
tion, along with the best-fit value of the signal strength modifier (u), for the VZcc analysis after
the combination of the resolved-jet and merged-jet topologies.

Year Type OL 1L 2L Combined | Best-fit u
oo Expected |25 1.0 1.9 3.0 1.00%5:35
Observed 3.6 1.0 0.4 2.9 1.02705;
ooy Expected | 2.9 1.3 2.6 3.7 1.00%5:3
Observed 1.3 0.0 4.0 3.2 0.847032
ooig  Dxpected | 3.1 1.4 2.0 3.6 1.005:35
Observed 4.0 1.4 1.2 3.8 123705
Expected | 4.8 2.1 3.7 5.9 1.005:33
Full Run-2
Observed 4.9 1.3 3.3 5.7 1014557
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Figure 46: The 95% CL upper limits on the signal strength modifier pivum—cs) of the VHce
process across various channels, the two topologies, and the combined result. Green and yellow
bands indicate the expected 68% and 95% CL regions, respectively, under the background-only
prediction. The vertical red line indicates the SM value pivim—ce) = 1. [34]

Discussion

It is interesting to note from the expected limits/significances in Tables 14, 16, and 17, that
the merged-jet topology is more sensitive to the VHece and VZcc processes compared to the
resolved-jet topology in the respective phase spaces. This can be attributed to the fact that the
merged-jet approach efficiently exploits correlations between the hadronisation products of the
two ¢ quarks, and that the signal reconstruction efficiency is high and background contamination
is low at high Lorentz boosts of the Higgs/Z boson candidate. The novel ParticleNet algorithm
also helps maximally exploit flavour-related information in jets to reject most light-flavour and
bottom jets in the signal regions of the merged-jet topology. However, the observed upper
limit on the VHcc signal is more stringent in the resolved-jet topology. This is a result of a
downward (upward) statistical fluctuation of ~ 1o (~ 20) of the observed limit with respect to
the expected limit in the resolved-jet (merged-jet) topology of the analysis, as evident in Fig.
46.

131



These results can be compared with those from ATLAS [27]. The ATLAS VHcc search using
full Run-2 data yields an observed (expected) upper limit of 26 (31) times the SM expectation
at the 95% CL. Thus the observed (expected) upper limit reported by CMS is about 2 (4)
times as strong as the one reported by ATLAS. Similarly, while the ATLAS VZcc search yields
an observed (expected) VZcc significance of 2.60 (2.20) above the background-only prediction,
the CMS search yields a significance that is about 2 (2.7) times as strong. The difference in
sensitivities between the two experiments can be attributed to a number of factors, such as:

» The CMS search splits the topology into two parts (resolved- and merged-jet) and utilises
optimised hadronically-decaying Higgs/Z boson reconstruction strategies in the respective
toplogies.

o The resolved-jet approach in the CMS analysis utilises a full discriminator calibration
approach (cf. Section 7), which helps in maximally exploiting the outputs of the charm
tagging algorithms compared to traditional calibration techniques implemented in the
ATLAS search.

o The resolved-jet approach in the CMS analysis utilises a BDT, that separates signal and
background, as the variable used in the signal extraction fit. This helps enhance the sepa-
ration between the signal and background processes compared to using the dijet invariant
mass, as done in the ATLAS search.

o The merged-jet approach in the CMS analysis implements the ParticleNet flavour tagging
algorithm (cf. Section 8.3), which uses state-of-the-art DGCNN architectures, to identify
charm jets more efficiently than algorithms used in the ATLAS search.

o Several novel analysis techniques (cf. Sections 8.3 and 9.4), namely charm jet energy
regression, DGCNN-based mass regression, etc., are implemented in the CMS search to
further improve the mass resolution of the reconstructed Higgs/Z boson candidate.

o The ATLAS search also simultaneously combines [27] the results of the VHce search with
the ATLAS VHbb search [173], and, therefore, vetoes parts of the phase space in the
VHce analysis that overlap with that of the VHbb analysis. Such a combination is not
performed in the CMS search and hence the CMS search probes a slightly larger part of
the signal phase space.

The results of the presented VHcc search can also be compared with the expected sensitivity of
such a search at the future High-Luminosity Large Hadron Collider (HL-LHC) [174]. Assuming
an integrated luminosity of 3000 fb™! of pp collision data at /s = 14 TeV at the HL-LHC, results
from the previous ATLAS VHce searches [26, 27] can be extrapolated to obtain an expected
upper limit of around 6 times the SM expectation [175, 176] at the 95% CL at the HL-LHC. A
comparable expected upper limit (7.6 times the SM expectation) is obtained with the present
search at CMS with 138 fb™! of pp collision data, attesting to the significant improvements in
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charm tagging capabilities and the successful deployment of modern analysis techniques in the
presented analysis.

Combined plots

As the resolved-jet and merged-jet approaches use different fit variables (BDT and makis,
respectively), combined SR plots are generated by plotting event yields as a function of S/B,
where S and B are the post-fit signal and background yields, respectively, in each bin of the
fitted mak15 or BDT discriminant distributions in the respective approach. Figure 47 shows
the combined results across all channels in all data-taking years for both the VHce and VZcc

analyses.
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Figure 47: Distribution of events as a function of S/B in the VHce (left) and VZce (right)
searches, where S and B are the post-fit signal and background yields, respectively, in each
bin of the fitted mak15 or BDT distributions after combining the resolved-jet and merged-jet
topologies. The red line in the lower panel represents background plus SM signal divided by
background.

The plot in Fig. 47 corresponding to the VHcc analysis shows a good agreement of the observed
data with both the B-only and S+B hypothesis (cf. Section 4.7.2), within the uncertainties
in the data and simulations. This demonstrates that the analysis is not sensitive enough to
discard the B-only hypothesis with the data currently available. The plot corresponding to the
VZcc analysis, on the other hand, shows a good agreement of the observed data with the S+B
hypothesis, and a stark difference of the data from the B-only simulation that is not covered by
the uncertainties. This lets us discard the B-only hypothesis in favour of the S+B hypothesis
with a 5.70 confidence, as measured with statistical methods.
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Uncertainties

A breakdown of the uncertainties is presented in Table 20 by evaluating the relative impact
of each uncertainty on the fitted p in the VHce search. The largest contribution is from the
statistical uncertainties (~85%) because of the limited number of events in each bin of the fitted
SRs (~77%) as well as the limited number of events in the CRs used to extract the background
normalisations (~37%). The experimental uncertainties are dominated by the limited number
of simulated events (~37%) and charm jet identification uncertainties (~23%). Theoretical
uncertainties include the uncertainties in the cross sections, pr spectra, PDFs, renormalisation
and factorisation scales of both the signal and background samples. These represent ~22% of the
total uncertainty. The individual impacts and pulls (cf. Section 4.7.2) of the most prominent
nuisance parameters are presented in Appendix E.

Table 20: The relative contributions to the total uncertainty on the signal strength modifier u
for the VHce process.

Uncertainty source A Apioral

Background normalisations 37%

Statistical ~ Bin-by-bin uncertainties in the SR 77%
Total 85%

Sizes of simulated samples 37%

Charm identification 23%

JES and JER 15%
Experimental Simulation modeling 11%
Luminosity 6%

Lepton identification 4%

Total 48%

Backgrounds 17%

Theory Signal 15%

Total 22%

10.5 VWcq signal extraction

The signal of the VWeq analysis is extracted using a binned maximum likelihood fit and the
significance is reported. Unlike the VHce and VZcc analyses, the VWeq analysis is not split into
pr ranges, and only the resolved-jet approach is used. As explained in Section 8.3, difficulties
in calibrating a hypothetical AK15 “cs”-tagger makes the AK4 resolved-jet approach a suitable
choice for the VWecq analysis in the entire pr spectrum.
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Table 21: Expected and observed significances (in units of o) over the background-only predic-
tion, along with the best-fit value of the signal strength modifier (1), for the VWeq analysis.

Year Type OL 1L 2L Combined | Best-fit u
oo xpected | 2.0 1.8 0.8 2.9 1004535
Observed 1.1 0.2 0.0 1.3 0.447033
ooy Expected |23 2.2 0.9 3.3 1.00%5:33
Observed 2.5 0.8 1.6 3.1 1.014033
ooy Expected |28 1.7 0.8 3.6 1.00%5:3
Observed 5.0 1.9 0.6 5.1 1494031
Expected | 4.3 3.2 1.5 5.7 1.00557
Full Run-2
Observed 5.4 1.7 1.0 5.6 1.02%939

Figure 48 shows the SRs across all the channels of the VWecq analysis with the dataset collected
in 2018. Additional plots showing the SRs in the datasets collected in 2016 and 2017, as well the
CRs in all three data-taking years, are shown in Appendix D. The final expected and observed
significances of the VWeq process over the background-only expectation, along with the best-fit
value of the signal strength modifier (u) per channel and per year are shown in Table 21. The
observed (expected) significance is 5.60 (5.70) and the corresponding best-fit signal strength
is 1.021539 (1.001539). This corresponds to an observation of the VWeq process with 5.60
significance.

The plots in Fig. 48 show a good agreement of the observed data with the S+B hypothesis.
While individual plots may not be sufficient to rule out the B-only hypothesis with the associated
uncertainties, a statistical measurement after combining all the SRs across the three years of
data-taking results in a 5.60 difference of the observed data from the B-only hypothesis, as
presented in Table 21. Furthermore, the signal is seen to peak at m;; ~ 80 GeV, corresponding
to the mass of the W boson.

This result can be compared with the corresponding result from the ATLAS experiment [27].
The ATLAS search yields an observed (expected) VWeq significance of 3.8¢ (4.60) above the
background-only prediction at the 95% CL, while the presented search with CMS data yields
a significance that is about 1.5 (1.2) times as strong. In this case, the hadronically-decaying
W boson reconstruction strategy is similar (resolved-jet topology only) and the fit variable in
the SRs are the same (m;;). However, the use of full discriminator calibration approach (cf.
Section 7) and the several improved analysis techniques (cf. Section 9.4) used in the presented
VWecq analysis help achieve a stronger significance compared to the ATLAS search. Moreover,
the ATLAS search explicitly excludes parts of the phase space in the analysis that overlap with
the ATLAS VHbb analysis [173].

While the ATLAS search provides an evidence for the VWecq process with a 3.8¢ significance,
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the presented search provides the first observation of the VWecq process at a hadron collider
experiment. This result attests to the advancements in charm tagging capabilities and the
unprecedented sensitivities achievable at the CMS experiment.

The correlated charm-strange (cs) tagging approach (cf. Section 8.2) used in this search may
also be extended to other searches in the future, such as those for hypothetical charged Higgs
bosons decaying to charm and strange quarks. The same cs tagging strategy can also be used to
precisely measure the charm decay fraction of the W boson, or the ratio RY = % of
the charmed W decay width to the total hadronic decay width of the W boson [177, 178]. Such
a measurement at hadron colliders is expected to be more sensitive in other channels, such as tt,
than the low-sensitivity diboson channel that this thesis discusses. Measurement of this ratio
also allows for a precise measurement of the SM Cabibbo-Kobayashi-Maskawa (CKM) matrix

parameter, |Vl
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11 Conclusion

In this thesis, direct searches for the Standard Model (SM) Higgs boson, Z boson, and W boson
decaying to charm (c) quark(s) have been presented. The searches use proton-proton (pp)
collision data at a centre-of-mass energy of 13 TeV collected with the CMS detector in 2016—
2018 and corresponding to an integrated luminosity of 138 fb~!. The search is carried out in two
topologies: the resolved-jet topology and the merged-jet topology. The former is the focus of
the thesis and employs a new calibration method for ¢ quark identification, which has also been
discussed here in detail. The Higgs boson search (VHcce) is carried out in the vector-boson (V)
associated production of the Higgs boson, where the V decays leptonically. The Z boson (VZcc)
and W boson (VWeq) searches are carried out in diboson events with a final state similar to
that of the VHcc search.

A statistical combination of the results from the resolved-jet approach, that has been discussed
in detail, with those from the complementary merged-jet approach, allows us to set the strongest
observed (expected) upper limits on the VHce process: 14 (7.6) times the SM expectation at
the 95% Confidence Level (CL). The corresponding observed (expected) best-fit signal strength
is 7.773% (1.0%37), compatible with the SM expectation within 2. The sensitivity achieved in
the presented search with 138fb™! pp collision data is comparable with the past expectations
of sensitivities achievable with 3000 fb~" of collision data to be available in the future with the
HL-LHC upgrade.

In a similar fashion, the combination of the two topologies yields an observed (expected) VZcc
significance of 5.7¢ (5.90) over the background-only prediction, with a corresponding best-fit
signal strength of 1.01703% (1.007322) at the 95% CL. This corresponds to an observation of
the VZcc process with 5.70 significance. The resolved-jet topology alone is suitable for the
VWeq search and results in an observed (expected) VWecq significance of 5.60 (5.70) over the
background-only prediction, with a corresponding best-fit signal strength of 1.027075 (1.007032).
This corresponds to an observation of the VWcq process with 5.60 significance.

The VHcc search is motivated by the fact that it allows for a direct measurement of the Higgs-
charm coupling, which in turn helps verify or exclude Beyond the SM (BSM) couplings of the
Higgs boson to second-generation quarks. The current search excludes BSM scenarios that
predict more than 14 times the SM production rate of the VHcc process, at the 95% CL. The
analogous VZcc search serves as a validation of the novel tools and analysis techniques used in
the VHce search. The VZcc and VWeq searches also provide first observations of the respective
processes at hadron collider experiments, attesting to the unprecedented sensitivities currently
achievable at the CMS experiment, in general, and advancements in charm tagging capabilities,
in particular.

The sensitivity of the VHce search is limited by the statistical uncertainties in the selected
events. Stronger limits can be obtained in the future by combining the results of the present
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search with results from the data collected in the Run-3 of the LHC. Complementary constraints
on the Higgs-charm coupling can also be obtained through searches of the Higgs boson produced
in association with a charm quark. Such future searches will also benefit from more advanced
flavour tagging algorithms that are currently under development. The measurement of the
Higgs-charm coupling will remain an important goal of the LHC physics programme in the
coming decade.

This thesis also presents a novel method to calibrate the full differential shape of the discrim-
inator distributions used for ¢ jet identification at CMS. The method uses three different sets
of event selection criteria, targeting topologies enriched in W+c, top quark pairs, and Drell-
Yan+jet events. By employing an iterative fitting approach in each of these three regions, scale
factors (SFs) are derived to match the simulated discriminator distributions to those observed
in data. The calibration of the full differential discriminator shape allows the use of the ¢ tag-
ging discriminator scores as inputs to multivariate techniques (based on machine learning). The
shape calibration extends the use of ¢ tagging algorithms beyond the application of discrete
working points, and facilitates more advanced uses for ¢ jet identification in physics analyses.
Furthermore, this approach is extended to utilise calibrated ¢ tagger scores of two jets to per-
form a correlated charm-strange (cs) tagging. This approach is successfully implemented in the
context of the VWeq search in this thesis, and can be extended to hypothetical charged Higgs
boson (H* — cs) searches and measurement of the charmed W decay fraction in the future.
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A Appendix A: Charm tagging

Normalised 2D distributions of jets with their CvsL and CvsB discriminators on the x and y
axes, respectively, are shown in Fig. 16 in Section 6 of the thesis. These plots are remade by
plotting all three flavours in one plot and are shown in Fig. 49.
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Figure 49: Jets of various flavours in the CvsL-CvsB plane for the DeepCSV- (upper) and
DeeplJet- (lower) based charm taggers taken from a hadronic tt sample simulated with 2017
data-taking conditions. Each pixel in the plane is assigned a colour using the RGB scheme, such
that the values of red, green, and blue components each depends on the relative proportions of
b, ¢, and udsg jets, respectively, in that point on the plane.

XV



B Appendix B: Charm tagger calibration

This appendix summarises the results of the DeepCSV and DeepJet charm tagger calibration in

all three data-taking years of Run-2, including pre-calibration and post-calibration distributions

and ROC curves, extending the results discussed in Section 7. The list of figures are displayed

in Table 22.

Table 22: Table displaying the figure numbers containing the c tagger SF results, pre-calibration
and post-calibration distributions, and ROC curves for the DeepCSV and DeeplJet taggers in

the three data-taking years. Some figures are in Section 7.
Distributions
Dataset ~ Tagger  SF results ROCs
CvsL CvsB
DeepCSV  Fig. 50  Fig. 58 Fig. 59
2016 Fig. 56
DeepJet Fig. 51  Fig. 60 Fig. 61
DeepCSV  Fig. 52 Fig. 62 Fig. 63
2017 Fig. 24
DeeplJet  Fig. 22¢  Fig. 64 Fig. 65
DeepCSV  Fig. 54  Fig. 66 Fig. 67
2018 Fig. 57
DeeplJet Fig. 55  Fig. 68 Fig. 69
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Figure 50: The shape calibration SF values as a function of CvsL (x-axis) and CvsB (y-axis)
for the DeepCSV-based c taggers, for ¢ jets (left), b jets (middle), and udsg jets (right), taken
from the datasets corresponding to the 2016 data-taking conditions, are shown as heat maps.
The lower-left box represents the SF for jets with the default discriminator values.
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Figure 51: The shape calibration SF values as a function of CvsL (x-axis) and CvsB (y-axis)
for the DeeplJet-based ¢ taggers, for ¢ jets (left), b jets (middle), and udsg jets (right), taken
from the datasets corresponding to the 2016 data-taking conditions, are shown as heat maps.
The lower-left box represents the SF for jets with the default discriminator values.
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Figure 52: The shape calibration SF values as a function of CvsL (x-axis) and CvsB (y-axis)
for the DeepCSV-based ¢ taggers, for ¢ jets (left), b jets (middle), and udsg jets (right), taken
from the datasets corresponding to the 2017 data-taking conditions, are shown as heat maps.
The lower-left box represents the SF for jets with the default discriminator values.
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Figure 55: The shape calibration SF values as a function of CvsL (x-axis) and CvsB (y-axis)
for the DeeplJet-based ¢ taggers, for ¢ jets (left), b jets (middle), and udsg jets (right), taken
from the datasets corresponding to the 2018 data-taking conditions, are shown as heat maps.
The lower-left box represents the SF for jets with the default discriminator values.
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Figure 58: Pre- (left) and post- (right) calibration distributions of CvsL obtained from the
DeepCSV tagger for jets selected in the W+c (OS-SS) (upper), merged semi- and dileptonic
tt (middle), and DY+jet (lower) selections with the dataset collected in 2016. The bin corre-
sponding to a tagger value of —1 is plotted at —0.1.
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Figure 59: Pre- (left) and post- (right) calibration distributions of CvsB obtained from the
DeepCSV tagger for jets selected in the W+c (OS-SS) (upper), merged semi- and dileptonic
tt (middle), and DY +jet (lower) selections with the dataset collected in 2016. The bin corre-
sponding to a tagger value of —1 is plotted at —0.1.
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Figure 60: Pre- (left) and post- (right) calibration distributions of CvsL obtained from the
DeeplJet tagger for jets selected in the W+c (OS-SS) (upper), merged semi- and dileptonic tt
(middle), and DY +jet (lower) selections with the dataset collected in 2016. The bin correspond-
ing to a tagger value of —1 is plotted at —0.1.
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Figure 61: Pre- (left) and post- (right) calibration distributions of CvsB obtained from the
DeeplJet tagger for jets selected in the W+c (OS-SS) (upper), merged semi- and dileptonic tt
(middle), and DY +jet (lower) selections with the dataset collected in 2016. The bin correspond-
ing to a tagger value of —1 is plotted at —0.1.
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Figure 62: Pre- (left) and post- (right) calibration distributions of CvsL obtained from the
DeepCSV tagger for jets selected in the W+c (OS-SS) (upper), merged semi- and dileptonic
tt (middle), and DY+jet (lower) selections with the dataset collected in 2017. The bin corre-
sponding to a tagger value of —1 is plotted at —0.1.
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Figure 63: Pre- (left) and post- (right) calibration distributions of CvsB obtained from the
DeepCSV tagger for jets selected in the W+c (OS-SS) (upper), merged semi- and dileptonic
tt (middle), and DY +jet (lower) selections with the dataset collected in 2017. The bin corre-
sponding to a tagger value of —1 is plotted at —0.1.
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Figure 64: Pre- (left) and post- (right) calibration distributions of CvsL obtained from the
DeeplJet tagger for jets selected in the W+c (OS-SS) (upper), merged semi- and dileptonic tt
(middle), and DY +jet (lower) selections with the dataset collected in 2017. The bin correspond-
ing to a tagger value of —1 is plotted at —0.1.
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Figure 65: Pre- (left) and post- (right) calibration distributions of CvsB obtained from the
DeeplJet tagger for jets selected in the W+c (OS-SS) (upper), merged semi- and dileptonic tt
(middle), and DY +jet (lower) selections with the dataset collected in 2017. The bin correspond-
ing to a tagger value of —1 is plotted at —0.1.
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Figure 66: Pre- (left) and post- (right) calibration distributions of CvsL obtained from the
DeepCSV tagger for jets selected in the W+c (OS-SS) (upper), merged semi- and dileptonic
tt (middle), and DY+jet (lower) selections with the dataset collected in 2018. The bin corre-
sponding to a tagger value of —1 is plotted at —0.1.
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Figure 67: Pre- (left) and post- (right) calibration distributions of CvsB obtained from the
DeepCSV tagger for jets selected in the W+c (OS-SS) (upper), merged semi- and dileptonic
tt (middle), and DY+jet (lower) selections with the dataset collected in 2018. The bin corre-
sponding to a tagger value of —1 is plotted at —0.1.
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Figure 68: Pre- (left) and post- (right) calibration distributions of CvsL obtained from the
DeeplJet tagger for jets selected in the W+c (OS-SS) (upper), merged semi- and dileptonic tt
(middle), and DY +jet (lower) selections with the dataset collected in 2018. The bin correspond-
ing to a tagger value of —1 is plotted at —0.1.
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Figure 69: Pre- (left) and post- (right) calibration distributions of CvsB obtained from the
DeeplJet tagger for jets selected in the W+c (OS-SS) (upper), merged semi- and dileptonic tt
(middle), and DY +jet (lower) selections with the dataset collected in 2018. The bin correspond-
ing to a tagger value of —1 is plotted at —0.1.
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C Appendix C: Simulated samples

This appendix summarises the simulated samples used in the VHce, VZcc, and VWeq analyses,
in Tables 23, 24, 25, 26, 27, 28, and 29. The description of the samples can be found in Section
9.2.

Table 23: The simulated VHce signal samples with their cross sections (XSec) used in the
analyses.

Used in analysis?

Process Samples Generator XSec (pb)
VHee VZcee VWeq

WH(ITv)+H(cc v v 0.008540

WH(cc) () (Cf) PowHEG
W~ (I=v)+H(cc) v v 0.005411
qq —Z(1T17)+H(cc) v v 0.002342
—Z(I17)+H(cc v v 0.000357

ZH(cc) ggi () ((ic) PowHEG
qq —Z(vv)+H(cc) v v 0.004628
gg —Z(vv)+H(cc) v v 0.000713

Table 24: The simulated VHbb background samples with their cross sections (XSec) used in
the analyses.

Used in analysis?

Process Samples Generator XSec (pb)
VHce VZce VWeq

W (I*v)+H(bb) v v 0.17202

WH(bb) _ PowHEG
W~ (I"v)+H(bb) v v 0.10899
qq —Z(I'*17)+H(bb) v v 0.04718
—Z(IT17)+H(bb v v 0.00720

ZH(bb) 88 () (7 ) POwWHEG
qq —Z(vv)+H(bb) v v 0.09322
gg —Z(vv)+H(bb) v v 0.01437
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Table 25: The simulated diboson samples with their cross sections (XSec) used with datasets
corresponding to the 2016 data-taking conditions. The VWcq signal cross sections have been
reported at NLO accuracy, while others have been evaluated at LO accuracy and rescaled to
NLO by multiplying a so-called k-factor. WW cross sections have been rescaled to NNLO.
AMCQNLO refers to MADGRAPHS AMCQ@NLO run in NLO mode.

Process Samples Generator  Signal of... XSec (pb) k-factor
W(lv)+W(lv) - 12.178 1.227
WW PowHEG

W(lv)+W(qq) VWeq 43.547 -
W(lv)+7Z(qq) VZcc 10.71 1.056
W(lv)+Z(vv) - 3.06 1.056

WZ W(qq)+Z(ll) AMC@NLO VWeq 5.595 -

W(qq)+Z(vv) VWeq 6.317 -
W(lv)+Z(1l) = 4.692 1.056
Z(I)+Z(vv) POwHEG - 0.564 1.208
77 Z(I)+Z(qq) AMCQ@NLO VZcc 3.22 1.208
Z(qq)+Z(vv) AMCQNLO VZcc 4.04 1.208
Z(I)+7Z(1l) PowHEG - 1.256 1.208

Table 26: The simulated diboson samples with their cross sections (XSec) used with datasets
corresponding to the 2017 and 2018 data-taking conditions. Cross sections have been evaluated
at LO accuracy and rescaled to NLO by multiplying a so-called k-factor. AMCQNLO refers
to MADGRAPHS AMCQNLO run in NLO mode.

Process Samples Generator  Signal of... XSec (pb) k-factor

W(lv)+W(lv) - 11.08 1.162

WW POWHEG
W(lv)+W(qq) VWeq 45.99 1.162
W(lv)+Z(qq) VZcc 11.66 0.978
W(lv)+Z(vv) - 3.294 0.978
WZ W(qq)+Z(ll) AMCQNLO VWeq 6.351 0.978
W(qq)+Z(vv) VWeq 6.317 0.978
W(lv)+Z(1l) - 5.062 0.978
Z(I)+Z(vv) PowHEG - 0.6008 1.134
77 Z(l)+Z(¢qq) AMC@NLO VZcc 3.693 1.134
7(q9)+Z(vv) AMC@NLO  VZcc 4.554 1.134
Z(I)+7Z(1l) PowHEG - 1.325 1.134
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Table 27: The simulated tt and ST samples with their cross sections (XSec).

Process Samples Generator  Year(s) XSec (pb)

Dilep. tt 88.29
tt Semilep. tt POWHEG all 365.34
Hadronic tt 377.96
s-channel AMCQNLO 2016 3.36
s-channel t 2017-18 2.0688
s-channel t 2017-18 1.2934
SingleTop  t-channel t all 136.02
t-channel t PowHEG all 80.95
tW all 35.85
tW all 35.85

Table 28: The simulated V+jets samples with their cross sections (XSec) used with datasets
corresponding to the 2016 data-taking conditions. Cross sections have been evaluated at NNLO
accuracy.

Process  V pr (GeV) XSec (pb)

Inclusive 6508.0

50-100 363.81

100-250 84.015

250400 3.2283

400-650 0.43604

65000 0.04098

50-100 3298.37

100-250 689.75

W(lv)+tjets 250400  24.507

400-600 3.1101

60000 0.46832

50-100 688.92

100-250 159.95

Z(vw)tjets 250400  6.0386
400-650 0.81127

65000 0.075855

DY (Il)+jets
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Table 29: The simulated V+jets samples with their cross sections (XSec) used with datasets
corresponding to the 2017 and 2018 data-taking conditions. Cross sections have been evaluated
at NNLO accuracy. Number of additional partons at the generator level is indicated in the “#
add. partons” column. The W(lv)+jets with V pr € [50, 150] samples have been used with an
addition criterion of V pp < 100 GeV at the generator level.

Process # add. partons V pr (GeV) XSec (pb)

04 Inclusive 6508.0

50-150 316.6

. 150-250 9.543

250-400 1.098

DY (Il)+jets 40000 0.1193
50-150 169.6

5 150-250 15.65

250-400 2.737

40000 0.447
50-150 2661.0

100-150 286.1

1 150-250 71.9

250-400 8.05

W (lw)+jots 40000 0.885
50-150 1331.0

100-150 277.7

2 150-250 105.9

250-400 18.67

40000 3.037

50-150 596.3

. 150-250 17.98

250-400 2.057

40000 0.224

Z(vv)+jets

50-150 325.7

150-250 29.76

. 250-400 5.166
40000 0.8457
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D Appendix D: VWcq analysis selection plots

The post-fit signal region (SR) plots of the VWcq analysis are shown in Figs. 70 and 71 for the
datasets collected in 2016 and 2017, respectively. The SRs with the dataset collected in 2018
are shown in Fig. 48 in Section 10.5 of the thesis. The control regions of the datasets collected
in 2016, 2017, and 2018 are shown respectively in Figs. 72, 73, and 74.
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Figure 70: Post-fit m;; distributions in the OL SR (upper-left), OL low-CvsL SR (upper-right),
1L(p) SR (middle-left), 1L(e) SR (middle-right), 2L(uu) SR (lower-left), and 2L(ee) SR (lower-
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Figure 72:

Post-fit

charm tagger distributions in the various CRs of the OL (first row), 1L(u)

(second row), 1L(e) (third row), 2L(uu) (fourth row), and 2L(ee) (fifth row) channels of the
VWeq analysis with the dataset collected in 2016.
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Figure 73:

Post-fit charm tagger distributions in the various CRs of the OL (first row), 1L(u)
(second row), 1L(e) (third row), 2L(uu) (fourth row), and 2L(ee) (fifth row) channels of the
VWeq analysis with the dataset collected in 2017.
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Figure 74:

Post-fit charm tagger distributions in the various CRs of the OL (first row), 1L(u)
(second row), 1L(e) (third row), 2L(uu) (fourth row), and 2L(ee) (fifth row) channels of the
VWeq analysis with the dataset collected in 2018.
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E Appendix E: Impacts of nuisance parameters in VHcc
analysis

The impacts and pulls (cf. Section 4.7.2) of the 60 most prominent nuisance parameters affecting
the signal strength modifier 4 of the signal in the VHcc analysis are shown in Fig. 75.
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Figure 75: The impacts and pulls of the top 60 nuisance parameters in the VHcc analysis.
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F Contributions to previous publications

This thesis is primarily based on three previous publications by the CMS experiment [28, 33, 34].
This thesis also includes an unpublished analysis, namely, the observation of charmed decays of
the W boson in diboson events. My contributions to the above projects are summarised in this
section of the appendix.

In the first search for the Higgs boson decaying to charm quarks (VHcc) [28] using CMS 2016
data, I contributed by developing the first version of the novel charm tagger calibration method,
which is slightly different from the final version reported in this thesis. The first version was
successfully implemented in the resolved-jet analysis part of the said publication. I also devel-
oped the novel SHAPEMAKER framework from scratch by implementing the then experimental
TDataFrame (later released as RDataFrame) library in ROOT, making it one of the first exten-
sive implementations of this state-of-the-art analysis technology. The SHAPEMAKER framework
enabled evaluation of the systematically-shifted templates of the VHcec fit variables by dramat-
ically reducing disk access and processing times compared to traditional methods, reducing the
runtime of the shape generation workflow from the order of ~a week to the order of ~a few
hours, with a fraction of the CPU usage. This development helped us perform and publish
the resolved-jet part of the analysis on time. I also helped in writing the CMS internal anal-
ysis note for the resolved-jet analysis, and designed some of the plots of the final paper. The
SHAPEMAKER framework has since then also been implemented in other CMS analyses.

I developed a more advanced version of the charm tagger calibration method after the publi-
cation of Ref. [28]. This advanced version was implemented for all three data-taking years of
Run-2. As a novel method, this calibration technique was published as a dedicated paper [33]
by CMS. I contributed to this publication by assuming the role of the CMS analysis contact
and writing the internal analysis note as well as most of the paper, including making all the
plots that were published. The same method has been presented in this thesis as well. This
calibration method was then used in the resolved-jet part of the VHcc analysis using full Run-2
data [34].

For the VHee Run-2 publication [34], I again performed several tasks for the resolved-jet part.
This included post-processing NanoAOD samples, running the ANALYSISTOOLS framework
over a large amount of data, retraining signal-background discriminating BDTs, and dynami-
cally updating the SHAPEMAKER framework to reevaluate certain observables, apply additional
selections and corrections, and reevaluate retrained BDTs on the run, as necessary. I also per-
formed several other relevant studies along the way, such as optimising jet selection strategies,
evaluating effect of pileup on the ¢ tagger calibration in the analysis phase space, etc. I also
contributed towards making some of the plots in the final paper (supplementary material of
Ref. [34]) and writing parts of the internal CMS analysis note.

Finally, I took on the project of extending the VHcc analysis to study charmed W decays (VWeq)
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for the purpose of this thesis. I designed and carried out every aspect of this analysis, including
exploring several event selection and fit strategies to determine the most stable and robust fit,
as reported in this thesis. Although this analysis has not been published by CMS in its current
form, it contributes to the completeness of this thesis, and demonstrates the extension of the
usage of the charm tagger calibration method to novel use cases.
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