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ABSTRACT

The Standard Model (SM) is a framework which describes the fundamental particles and
their interactions at the most fundamental level. The Large Hadron Collider (LHC) is a
superconducting proton-proton collider designed to test the SM at high energies, to search
for the SM Higgs boson (H) and also to search for any possible physics beyond the SM.
In this Thesis, a search has been presented for the SM Higgs boson in H — ZZ — ({1,
(¢ = electron or muon) decay mode using the data collected by the Compact Muon
Solenoid experiment from proton-proton collisions in the LHC at European Center for
Nuclear Research (CERN), Geneva, Switzerland. The analysed data is collected over two
years, 2011 and 2012, which correspond to an integrated luminosity of 5.0 fb~'at center
of mass energy of 7 TeV and 19.7 fb~'at center of mass energy of 8 TeV, i.e. the full data
recorded by the CMS experiment till the LHC stopped for its first long shutdown in 2013.
This decay mode is mostly sensitive in high Higgs mass (My) range from 200 GeV to
1000 GeV. Two most dominant production modes of the Higgs boson, gluon-gluon fusion
and vector boson fusion (VBF), are considered. Main backgrounds to this analysis come
from Z + jets, tt + jets, WW, WZ and ZZ. Selection criteria is based on the properties
of the signal final state, which is high transverse missing energy (E7*) arising from two
undetected neutrinos and two same flavor leptons (electrons or muons) consistent with Z
boson decay. The selection procedure is divided into preselection, event categorization and
final selection. Preselection includes the kinematical selection of leptons and topological
selection based on minimum azimuthal separation of jets and E7***. To reduce top quark
related backgrounds, events having jets arising from b-quarks are rejected. To enhance
the sensitivity of the search, the events are categorized on the basis of jet multiplicity. A
separate selection is applied to identify VBF type events and then rest of the events are
divided into exclusive 0-jet and inclusive 1-jet (> 1-jet) categories. Finally, Higgs mass
dependent selection is applied based on E#** and transverse mass of the Higgs (Mrt). All
the major backgrounds like Z + jets, tt + jets and WW are estimated using data-driven
techniques. All sources of the systematic uncertainties are also considered.

No significant excess is observed over the SM background prediction over the entire Higgs
mass range. A statistical analysis is carried out to set upper limits on the Higgs bo-
son production cross-section. The baseline approach is the shape analysis based on final
discriminant (M for non-VBF category and EF** for VBF category) in which the full
distribution of the final discriminant is used to impose limits. A cross-check has also been
made by imposing a selection requirement on final discriminant (instead of using the full
distribution), commonly referred to as the cut-and-count analysis.

In order to explore the possible improvements in the analysis sensitivity and to cross-check

the baseline analysis using an independent technique, a multivariate analysis is introduced



based on the Boosted Decision Tree (BDT) technique. Training of BDT is performed for
each Higgs mass hypothesis and is done separately for ete v.v, and ptpu v,v, decay
modes. The optimization of BDT parameters is done keeping the best expected limit on
ratio of measured Higgs boson production cross-section to the SM cross-section. Back-
ground estimation techniques are same as used in baseline analysis and all systematic
sources are also considered. A similar statistical analysis is carried out and exclusion

limits are imposed on Mp.

vi
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Chapter 1

Introduction

The notion that a fundamental simplicity lies beneath the observed diversity of the uni-
verse has carried physics far. Mankind has pursued this quest from time immemorial that
what are the ultimate constituents of matter and what holds them together. Elementary
particle physics tries to answer these questions at the very fundamental level. The era of
particle physics started with the discovery of electron by J.J. Thomson in 1897. Thomson
showed that electron was about 2,000 times lighter than hydrogen ion, which was the
lightest thing around. In 1911, the amazing results of the existence of atomic nucleus
came up from the a-particle scattering experiment by Ernest Rutherford. In 1913, Niels
Bohr came up with atomic model, where electrons move about the nucleus in circular
orbits, separated from each other like rungs in a ladder. Historically, the list of particles
and forces considered to be elementary has changed continually as closer scrutiny of mat-
ter and its interactions revealed microcosms within microcosms: atoms within molecules,
nuclei and electrons within atoms, and successively deeper levels of structure within the
nucleus. With the rise of high energy experiments, modern science has helped us to un-
derstand several phenomena but has also posed various questions. What is the origin of
mass? Why are some particles light but some massive? What happened at the time of
the Big Bang, and where did all the anti-matter go?, to name a few. To answer these

basic questions, by the 1970s, a model was emerged capturing all the theoretical and



Chapter 1. Introduction

experimental information available in particle physics, known as the ‘Standard Model’
(SM) [1-3]. The SM is a theoretical framework which describes the fundamental particles
and the interactions that act between them. It has withstood close to four decades of
experimental tests and has provided a very good description of all currently observed
phenomena. Predictions associated with the SM have been confirmed by many exper-
iments to a spectacular degree of precision [4]. It is used as a basis for building more
exotic models which tries to find solutions to other problems like dark matter particles,
hierarchy and unification of strong and electroweak forces etc. The SM is essentially a
gauge theory and the notion of symmetry is central to gauge theories.

The development of particle physics is closely associated with the development in technol-
ogy for accelerating particles to higher and higher energies and detecting them with more
and more sophisticated detectors. To probe deeper into matter one needs high energy
probes according to the de Broglie’s wave-particle duality relation A = h/p, where, h =
planck’s constant, p is momentum of particle and A is the wavelength of the associated
wave with particle. Thus, if p is higher then A is smaller and since resolution is directly
proportional to wavelength so one can probe more with shorter wavelength. Another mo-
tivation to go for higher energy comes from Einstein’s famous £ = mc? equation. This
has been used as a basis for creation of new particles, i.e. if particles are accelerated to
very high energies, making the head on collisions with each other, the energy of their
motion can transform and result into production of new particles which do not exist in
nature in ordinary conditions. The modern accelerators called ‘Synchrotron’ takes par-
ticle bunches at a time, and accelerates these bunches. The first major synchrotron was
built at Brookhaven in the USA and CERN in Geneva, with energies up to 30 GeV by
1960. With the idea of quarks came in 1960s, more effort was put to reach energies up
to 100 GeV. Improvements in technology led to more powerful magnets, and by plac-
ing them in an almost circular ring with a diameter of over a kilometre, by the middle
of the 1970s, Fermilab (near Chicago in USA) and CERN (near Swiss-French border in

Geneva, Switzerland) had achieved proton energies of some 500 GeV. By 1982, Fermilab



had achieved 1,000 GeV, or ‘1 TeV’, and became known as the ‘T'evatron’. Today super-
conducting magnets enable even more powerful magnetic fields to be achieved. The latest
of them is Large Hadron Collider (LHC), at CERN, Geneva.

With the increase in energy and rate of particles there was a need to develop the detec-
tion system to detect the scattered particles. There has been a significant technological
advancement in the particle detectors, starting from cloud chambers to bubble chambers
to the usage of silicon detectors. Modern day detectors collect various individual pieces of
detectors and combine them in cylindrical detectors that surround the interaction point
at a collider. The collision happens on the central axis of the detector. As many parti-
cles streams out, it encounters a series of different pieces of detector, each with its own
speciality in recognizing particles.

The Large Hadron Collider (LHC) has been designed and built with the purpose of ex-
ploring energies which have never been probed before this in a laboratory. It aims to
search for the Higgs boson and for new physics beyond the SM, and also to provide pre-
cision measurements of processes predicted by the SM. The LHC is a superconducting
proton-proton collider, designed to produce collisions at a centre of mass energy up to
14 TeV. The LHC recorded the first proton-proton collisions at a center of mass energy
of 7 TeV on March 30th, 2010 and it continued to deliver data at 7 TeV in 2011, which
correspond to integrated luminosity of 6.13 fb~!. In 2012, the center of mass energy was
increased to 8 TeV and the total delivered luminosity by the LHC was 23.3 fb=!. Along
with the proton-proton collisions, the LHC also collides lead (Pb) ions for searches related
to quark-gluon plasma. The “Higgs hunting” has been one of the main objectives of the
physics program at the LHC. The collisions produced are recorded by four major detec-
tors, A Toroidal LHC ApparatuS (ATLAS), Compact Muon Solenoid (CMS), A Large
Ion Collider Experiment (ALICE) and Large Hadron Collider beauty (LHCb). The Higgs
boson search is the central part of the physics programs of the two general purpose exper-
iments, CMS and ATLAS. On 4% July 2012, the first observation of a Higgs boson like

particle has been announced by the two experiments CMS and ATLAS, with a mass of
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about 125 GeV [5,6]. After the discovery of this boson, the Nobel Prize in Physics 2013
was awarded jointly to Francois Englert and Peter Higgs for the theoretical discovery of
a mechanism that contributes to our understanding of the origin of mass of subatomic
particles.

In this Thesis, a search for the SM Higgs boson is described in H — ZZ — ({0 v,
decay channel. This decay channel! is sensitive to higher Higgs boson masses (> 200
GeV).

In this chapter, a short overview of the SM (Section 1.1) and its representation as gauge
theory (Section 1.2) is given with focus on the ElectroWeak Symmetry Breaking (EWSB),
the Higgs mechanism and the Higgs boson properties (Section 1.3). In Sections 1.4 and
1.5, theoretical and experimental constraints on the Higgs boson mass are presented.
In Sections 1.6-1.8, a brief description is given for Higgs phenomenology at the LHC.

Section 1.9 presents the organization of this Thesis.

1.1 The Standard Model

The fundamental constituents of matter and their interactions are accurately described
by the Standard Model (SM) of Particle Physics. The SM passes all the precision tests
conducted so far by many high energy physics experiments through out the years. The SM
includes fermionic fundamental particles called ‘matter particles’ and bosonic particles
called ‘vector bosons’ which are the carriers of fundamental interactions. Figure 1.1 lists
all these particles of the SM along with their properties like charge, mass and spin. Certain
patterns are observed among the known elementary particles that allow us to group them
into three families or generations; each generation is made up of a quark doublet, a charged
lepton and its associated neutrino. The only difference between three generations is that
of “mass”, i.e. as we go to higher generation the masses of particles increase with respect

to their counterparts in lower generation.

Ldecay channel corresponds to a particular decay mode of the Higgs boson
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Figure 1.1: Schematic diagram of the particles in the SM and their associated symbols
and groupings.

1.1.1 Matter Particles

All the matter particles are divided into quarks and leptons. Quarks carry fractional
electric charge of +2/3 times charge of electron or -1/3 times charge of electron. Leptons
carry either integral electric charge in units of electron charge or they do not carry any
electric charge. Each quark and lepton has an associated anti-quark and anti-lepton with
same mass, same spin but opposite electric charge (and other quantum numbers).

Quarks: As mentioned earlier, three generations of matter particles exist. Quarks are
arranged in three doublets: up and down, (u, d), stable constituents of the atomic nuclei,
with masses of a few MeV; charm and strange, (¢, s), with masses of about 1.3 and 0.1
GeV; top and bottom (t, b), with masses of about 172 and 4.2 GeV [7]. Quarks carry a new
kind of charge called ‘color charge’, on which the strong force acts. Each quark can carry
one of the three kinds of color charge: red, green and blue. The color charge of quarks
is completely unrelated to visual perception of color. Hadrons which are combinations of

quarks or anti-quarks must be color neutral. Therefore, the only allowable combinations
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are those of quark and its antiquark, giving rise to mesons, and of a red, a green and
a blue quark or anti-quarks with anti-colors yielding baryons or anti-baryons. Colored
states are never seen in isolation.

Leptons: The three generations of leptons are the electron e, the muon y and the tau 7
along with their associated neutrinos v., v, and v;. Masses of e, i, and 7 are about 0.5
MeV, 0.1 GeV and 1.8 GeV respectively. Mass limit on three neutrinos v, v,, v, are; <
2 eV, < 0.19 MeV and < 18.2 MeV [7] respectively. While only the electron is stable the
muon decays to electron and neutrinos with a long lifetime about 2.2 us. Because of the
shorter tau lepton lifetime, about 2.9 x 107!3s, s are observed only through their decay

products.

1.1.2 Fundamental Interactions

The description of the structure of matter can not be complete without considering the
interactions (forces) that “join” the particles and more generally that regulate the inter-
actions between them. Four fundamental interactions along with their mediators ‘vector
bosons’ are discussed below:

Strong interactions are responsible for binding the quarks in the hadrons like neutron and
proton. The inter-quark force is mediated by gluon. In total, there are 8 gluons in the SM.
Electromagnetic interactions are responsible for almost all the extra-nuclear phenomena.
These interactions bind the electrons with the nuclei to form atoms and molecules. These
interactions are mediated by exchange of photon. They are long range forces. Weak inter-
actions are typified by nuclear 3-decay. These interactions are mediated by massive W+
and Z° bosons. Since, the force carriers are massive so these are short range forces (fm)
are active only within nuclear dimensions. Gravitational interactions act between all kind
of particles. But since, in particle physics one deals with particles with very low masses
(compared to macroscopic objects), gravitational interactions are too small and are not
included in the SM. Leptons interact via electromagnetic and weak interactions, whereas

quarks, along with these two interactions, also interact via strong interactions. Table 1.1
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Force | Mediating | Electric | Spin | Mass (GeV) | Range | Relative
boson Charge Strength
Strong | 8 gluons(g) 0 1 0 00 1
EM | Photon(y) 0 1 0 o T
W= +1 1 80.4034+0.029 | 10~ ®m 107°
Weak
A 0 1 91.187£0.002

Table 1.1: Fundamental interactions included in the SM and their properties.

shows a list of forces, various properties of the mediating bosons, range and their relative
strength. Besides the ultimate fermionic constituents and vector bosons that mediate the
fundamental interactions, the SM, via Higgs mechanism [8-10] predicts the existence of
the scalar Higgs boson, with spin zero, which is necessary for the spontaneous symmetry
breaking mechanism through which fermions and W+ and Z bosons acquire mass. The
SM Higgs boson also interacts with a fermion-antifermion pair, giving them masses. In
total, there are 61 fundamental particles: 24 fermions + 24 anti-fermions + 12 vector

bosons + 1 Higgs boson.

1.2 Standard Model as gauge theory

The term gauge refers to redundant degrees of freedom that exist in the Lagrangian.
The transformations between possible gauges, called gauge transformations, form a group
known as the symmetry group or the gauge group of the theory. These transformations
can be global or local depending on the choice of gauge. Global transformations are
continuous transformations and according to Noether’s theorem there exists a conserved
quantity for every continuous global symmetry.

A gauge theory is a type of field theory in which the Lagrangian is invariant under a
continuous group of local transformations. In this process of local gauge transformations,
a new field is introduced (the gauge field) which has its own dynamics and couples to the
particles/fields which have the symmetry. Those particles are then said to be charged

under the gauge field. On the same steps, the SM of particle physics is a gauge theory

7
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based on unified framework to describe electroweak (EW) interactions between quarks
and leptons together with strong interactions between quarks. It is a Yang-Mills? theory
based on the EW symmetry group SU(2);, x U(1)y? proposed by Glashow, Weinberg and
Salam and SU(3)¢ group of QCD [11]. The Lagrangian Lgys of the SM can be divided

into following different parts [12]:
Lsyv = Ly + Lerm + Ly + Lyuk (1.1)

The Yang-Mills part Lyj; describes the dynamics of the gauge fields, i.e. their free

propagation as well as their self-interactions,

1
~Ge G (1.2)

1 a v 1 v
Lyny = —ZWWW;‘ - —B,,B" — 1 G

4

where

W, = 0W.—=0,W,+ e WIW), i j k=123
B, = 0,B,—0,B,,

Go = 0,6 0,G% + g fGEGE,  abe=1,..8 (1.3)

are the field strength tensors of the gauge fields W/i for the SU(2)y, group of weak isospin,
B, for U(1)y of weak hypercharge and G¢, for the SU(3)¢ of color. The respective gauge
couplings are denoted as go, g1 (described later) and g, and the structure constants of the
groups SU(2) and SU(3) are €® and f respectively.

The interaction of the gauge fields with the fermions is encoded in the term £ ferm‘*,
Lferm = VriDuy"br + e i Dy e, +0qi Duy* i +Yugi Dpy by +Yag i Dy day, (1.4)

where L = (v, ,01)" are left-handed SU(2) doublets of charged leptons ¢ = e, u, 7 and

neutrinos vy = v, vy, vr; Q = (ur,dr)” are the left-handed SU(2) doublets of up-type

2YangMills theory is a gauge theory based on the SU(N) group.
3where, L represents left-handedness, Y is weak hypercharge and C is color charge
43 and 1) are Dirac-fields (matter fields) and v* are Dirac matrices for relativistic fermions.
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quarks u = u, ¢, t and down-type quarks d = d, s, b; and (g, ur, dr are the respective
right-handed SU(2) singlets.

This part of the Lagrangian Ly + L ferm is invariant under local SU(3)¢ x SU(2), x
U(1)y gauge transformations for fermion and gauge fields. The matter fields ¢ couple to
the gauge fields through the covariant derivative

I Y
Dy = (0, —igs TGy, — g TiW), — 291§Bu)1/1 (1.5)

which leads to unique couplings between the fermion and gauge fields — gi@EV,ﬁ“q/). Here,
T;, Y and T, are the generators of the respective gauge groups in the representation of
the fermions they act on, i.e. T; = 0;/2 (0; are the Pauli matrices) for the left-handed
SU(2) doublets and T; = 0 for the right-handed singlets. T, = A*/2 (A are the Gell-Mann
matrices) for SU(3) quark triplets and T, = 0 for the leptons. The weak hyper charge Y

is related to electric charge @) by Gell-Mann-Nishijima relation:

Q:%+§ (1.6)

The Lagrangian described so far does not include any mass term and hence the gauge
and fermion fields have been kept massless. However, if one adds standard mass term
for the gauge bosons, MZ W, W* to the Lagrangian, one immediately violates the local
SU(2) x U(1) gauge invariance. Also, for fermions if one includes explicitly the mass term
—mibsiby for the SM fermion f in the Lagrangian then, for instance, one would have for
the electron

—meee = —m.(€grer + €Ler) (1.7)

which is non-invariant under the weak isospin symmetry transformations, since ey, is a
member of SU(2) doublet, while eg is the SU(2) singlet and therefore they change under
transformations in a different manner.

Therefore, the mass terms for gauge bosons and fermions induced “by-hand” lead to an

obvious breakdown of the local SU(2) x U(1) gauge invariance. The unbroken symmetry
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means that all fundamental particles have to be massless. But we know experimentally
that the weak gauge bosons are massive and also fermions have masses. So, the mass
generation mechanism for an elementary particle in the SM is strongly connected with
symmetry violation. The introduction of particle masses, while still maintaining the gauge

invariance of the dynamics of the model, requires extensions of the theory.

1.3 Electroweak symmetry breaking and the Higgs

mechanism

In the SU(2) x U(1) case of the SM one needs to generate masses for the three gauge
bosons W* and Z but the photon should remain massless. Therefore, one needs at least
three degrees of freedom for the scalar fields. So, the simplest choice is to use an iso-
vector state with exactly three scalar fields, but in this case one lacks for massless field
and it is impossible to generate all above mentioned masses in the SM. Hence, the Higgs
mechanism is implemented in the SM by introducing a complex scalar field ¢, doublet of

SU(2) with hypercharge Y = 1/2,

+ 1 .
®— ¢0 _ L (o Fie (1.8)
¢ V2 \ ¢5 + iy
where, ¢; are 4 real scalar fields (4 degrees of freedom). The relevant scalar Lagrangian

has the form

Ly = (D, @) (D"®) — V(@) (1.9)

The self-interaction of the field ® is given by potential V(®)

V(®) = p20Td + \(dT0)? (1.10)

Where, u is a parameter related to mass and A is the self-coupling constant.

Both the product ®'® and the potential V(®) are invariant under the local gauge

10
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Re(4)

Figure 1.2: The Higgs potential V(®) for A > 0 and p? < 0 condition.

transformations

(z) = D () = ¥ @7/2p (1), (1.11)

where o; are Pauli matrices and «;(z) are transformation parameters.
When A > 0 and p? > 0, one gets a unique minima. When X > 0 and 2 < 0 one

obtains a continuous set of minima for the potential. The fields satisfy the condition:

2

0= (03 + 05+ 0f +0f) = —Eoa=? (1.12)

1
2
The shape of the potential for this case looks like a Mexican hat in the space described by
various components of ® shown in Figure 1.2. Choosing the ground state of the theory to
be a particular ® among the many satisfying the equation of the minima, and expanding
the potential in the vicinity of the chosen minimum, transforms the Lagrangian in such a
way that the original gauge symmetry is now hidden or spontaneously broken. We choose
a minimum like: ¢; = 0, ¢ = 0, ¢4 = 0, and ¢2 is given by, ¢2 = —“—; = v%. We now

expand ®(x) about this particular vacuum:

1 (o
O, = NG (U) (1.13)

Using the pattern of the gauge symmetry of Equation (1.11) we can write the field ® in

11
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the exponential form via four fields 6, 5 3(z) and h(x):

o) = L ibu@)r @)/ 0
e <U + h(@) (1.14)

Moving to the unitary gauge by means of a proper gauge transformation of the field, one
“gauges away” three 0, fields, chooses only one direction, violates three global symmetries

of the Lagrangian and leaves only one invariant.

1 @@ [0 (0
V2 (v " h(x)) V2 (v " h@:)) (1)

1.3.1 Masses of the Gauge Bosons

In the Lagrangian the mass terms are given by representations like M2®®. By inserting
the vacuum expectation value into the Lagrangian of Equation (1.9) one is able to study
its structure. The covariant derivative for the EW part is defined as:

: T Y
D,® = (8“ - zg2Wl’L? — 291§Bu) o (1.16)

Using Equation (1.15) and Equation (1.16) in Equation (1.9), the kinetic term
(D,®) (DH®) = |D,®|? is given as:

2

. T Y
‘Du®|2 = ’(au—ZQQWME —7,917HB#) (b (117)
1 2 1
= S(0h)? + L+ h2WE W (W — iW?) = (v + h) (g WE — gy Yy BY)?
2 8 ’ " 8
Q%UQ b TR 1 2 v? u )2 1 2

The first term in Equation (1.18) is proportional to the mass term MI%VW: W~=F for the

charged gauge boson field

1

W:I:
V2

1
(W, FiW7)  with My = 5vg, (1.19)

In particular, the last relation allows one to fix the vacuum expectation value v in terms

of the W boson mass My, and coupling g». Also, it can be shown in terms of the Fermi

12
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constant (G = 1.667 x 107°GeV ?) as:

2
292 M 1
My, =222 = V263\ g =M ~ 246 GeV.  (1.20)
8G g2 (\/§G}?)1/2

The second term in Equation (1.18) mixes two neutral components of the gauge fields W4

and B*" in such a way that the physical states (mass eigenstates) are:

W3 —gB W3+ gB
g, =8 I g, B T (1.21)
V93t 91 V93t 91
This mixing can also be represented as:
A, = Bjcosby + Wj’ sin Oy, massless — vy
Z, = —DB,sinfy + Wj’ cos Oy massive — Z° (1.22)

Here 6y, is the Weinberg or weak mixing angle. Its value is found experimentally as

sin” @y = 0.231 [7]. So, the mass term 3MZZZ~* can be interpreted as:

1 7

Using above expressions one can show that the mass of W and Z bosons are connected
through the following relation:
cos by = —— (1.24)

No mass term appears for neutral field A,, which is orthogonal to field Z, and thus the

photon field (A,) remains massless.

1.3.2 Fermion mass generation

The arrangement of scalar Higgs field ® in the complex SU(2) doublet Equation (1.8) al-
lows one to construct SU(2) x U(1) invariant interaction of the Higgs fields with fermions,

being only the SU(2) doublets or singlets. The most general form of these interactions is:
Lyur = =NV 100,® — N1, ® — MU0, ® + h.c. (1.25)

13
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where “h.c.” means hermitian conjugate; and ® = io?®* = ((¢")", —qﬁ_)T denotes the
charge-conjugate Higgs doublet with quantum numbers opposite to ® and N's are the
coupling strengths of fermions with Higgs field. The terms are only shown for electron, u
quark and d quark. Other leptons have same kind of terms as first term, and u-type and
d-type quarks have similar terms as second and third terms respectively. Therefore, after
the EWSB when the Higgs field has obtained the non zero vacuum expectation value one
can generate masses for all fermions of the SM through the interaction Lagrangian shown
in Equation (1.25). Consider the case of electron, i.e. the first term and its complex
conjugate in Equation (1.25). With the Higgs field in the unitary gauge Equation (1.15),

we get

Ee = —)\e(éLegRCI)+CI>T64ReL)

)\8 )\e _ _
= __U(éLeR + eérer) — —=(€rer + €rer)h (1.26)

V2 V2

The first term in Equation (1.26) looks exactly as a mass term for fermions —m ¢, with

the electron mass (and in complete analogy for u-quark and d-quark)

A AU B M

V2’ BN

e (1.27)

It is evident from Equation (1.27) that the mass of the fermion depends on the strength

of interaction with the Higgs field.

1.4 Higgs Boson mass

The kinetic part of the Higgs field, %(6ﬂh)2, comes from the covariant derivative |D,®|?
(the last term in Equation (1.18)), while the Higgs mass and Higgs self-interaction parts,
come from the scalar potential V(®) = ;2®T® + X\(®T®)? which, after EWSB, takes the

form °

V(h) = %2(U+h)2+%(v+h)4 (1.28)

Sas defined earlier, \ is self coupling constant taking care of the self-interaction of the Higgs field.

14
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Finally, with the relation pu? = —v?)\ the pure SM Higgs Lagrangian is given by

2 2 4
2 A s %h“ 42 (1.29)

1
= — H
Ly 2(8 h) 1

From this equation we can see that
M3 = 2\0? (1.30)

The strength of the Higgs self-interaction is proportional to the square of the Higgs mass
M2 A M?

Ghs = Av = E’ 9hy = Z = W (1‘31)

The mass of the Higgs boson is generated by the Higgs self-interaction and is defined by
the parameter A\. There is no clear idea within the SM concerning the source of A\, and
its value stays, in principle, undefined (and hence also the Higgs boson mass). However,
there are constraints on the Higgs mass from theory and experimental searches which are

described in the next section.

1.4.1 Theoretical Constraints on Higgs Mass

The mass of the Higgs boson is not a prediction of the SM, but rather a free parameter of
the theory. It depends on v and on A. The former has already been calculated in terms of
the Fermi coupling constant but the latter is characteristic of the scalar ®-field and cannot
be determined other than measuring the Higgs mass itself. However, both theoretical
and experimental constraints exist, including those from direct searches at colliders, in
particular at Large Electron-Positron (LEP) and Tevatron colliders. The recent results on
Higgs mass which are given by the LHC, after the first observation of Higgs boson at the
LHC, are given in Section 1.8. In this Section the most important theoretical constraints
that are imposed on the mass of the SM Higgs boson by the consistency of the theory
up to a given energy scale A (new physics scale) are explained. These constraints are:

unitarity, triviality and vacuum stability. More details about the theoretical constraints

15
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can be found in Ref. [13].

Unitarity Constraint

The scattering amplitudes for longitudinal gauge bosons grow as the square of the Higgs
boson mass (V,Vy, — VL V;) where V' is W/Z boson. This can be calculated using the EW
equivalence theorem [14], which is valid in the high energy limit (at very high energies
(s = Q? >> M2)); where My is the mass of vector boson and Q? is the square of four-
momentum transfer in a process. Using a partial wave decomposition, one can write the

Scattering Amplitude A as:

A =167 i(% + 1)P,(cosh)a, (1.32)

1=0
where q; is the partial wave amplitude for orbital angular momentum [ partial wave and
P(cosB) are the Legendre polynomials. In terms of a;, one can write the scattering cross-

section (o) as:
o= LIm A =0y = 207

S

(20 + 1)|ay|? (1.33)
=0

Using the optical theorem and applying the unitarity requirements, we can impose that:

lai)? = Re(a))? + Im(a))* = Im(a;) — |Re(a;)| < (1.34)

DO | —

My < 870 GeV. (1.35)

By considering coupled channels like W, W, — Z;Z; the bound can be lowered to
My <710 GeV. (1.36)

This means that for heavier Higgs boson masses, perturbation theory is not valid. In
this case the Higgs boson is either not heavier or another mechanism has to regulate the

WW, scattering cross-section. By studying the case that s << M% one obtains the

16
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critical scale /s, at which perturbative unitarity has to be violated:

VSe < 1.8 TeV. (1.37)
And using more constraining channels this bound can be reduced to

VSe < 1.2 TeV. (1.38)

Here one again observes a strong indication for new physics at the TeV scale.

Triviality and Vacuum Stability

The dependence of the quartic coupling A on the energy scale () is regulated by the

renormalization group equation:

ANQ) _ 3
0 = 12V@ (1.39)

This equation states that the A decreases for small energies and vice versa. Hence the cou-
pling vanishes in the low energy regime and the theory becomes trivial (non-interactive).
In the high energy regime, on the other hand, the theory becomes non-perturbative, since
A grows and it can remain perturbative only if A is set to zero, i.e. only if the theory is
made trivial. In the SM, the running of A is governed by more interactions. A increases

with increasing My as:
A= Mii
20?2

(1.40)
In the case when My becomes large, the equation for running of A(Q) can be written as:

o

- 1.41
dt  4m? ( )

where ¢ = In(Q?*/Q3) and Q) is some reference energy scale. By solving Equation(1.41)
one sees that A\(Q) becomes infinite for A — oo, the Landau pole. This is independent

of the reference scale A\(Qq). Alternatively A(Qo) — 0 for @ — 0 with A(Q) > 0. When
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requiring the quartic coupling to be finite at high scales of A:

%A) >0 (1.42)

This can be interpreted as a bound on the Higgs boson mass.

2,2
9 8T

M = Sios (2707 (1.43)

The behaviour of My and A is shown in Figure 1.3. By requiring the SM to be valid up
to the scale of grand unified theories, A ~ 10 GeV, the approximate upper bound on
the Higgs boson mass is [15]:

My < 160 GeV (1.44)

As the scale A becomes smaller the limit on the My becomes progressively weaker.

800

m, = 175 GeV
o (My) = 0.118

not allowed

200 . allowed

]

not allowed _|
0 N N N .
103 105 102 1012 1015 1018
A [GeV]

Figure 1.3: Lower and upper limits on the SM Higgs boson mass as a function of the scale
of new physics, A, relying on the theoretical arguments. The allowed region is between
the curves [15].

A is often interpreted as the scale of new physics because the SM cannot be extended
beyond that scale. Another bound can be derived from the top quark Yukawa coupling
which causes the scalar self-coupling to decrease, eventually making it negative if the

Higgs boson mass is too low. Then the value of the effective potential becomes negative,
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dropping lower than the SM vacuum. This is equivalent to the statement that A remains
positive at all scales of A, A(A) > 0 because if A becomes negative the potential has no
state of minimum energy and the vacuum is not stable any more. It can be shown that if

the SM is valid up to the scales of ~ 10'® GeV one obtains:
M (GeV) = 130 + 2(m; — 170) (1.45)

where m; is the mass of top-quark. Therefore, the mass of the Higgs boson is restricted
between 126 to 160 GeV. It should be pointed out that this is exactly the mass range

preferred by the EW precision measurements as discussed in section 1.5.2.

1.5 Experimental Searches for SM Higgs Boson

1.5.1 Direct Searches for Higgs Boson

LEP Searches

At ete™ colliders the importance of the various Higgs production mechanisms strongly
depends on the center of mass energy (/s) of the collider and to some extent, also, on the
Higgs boson mass. Up to LEP-II energies, /s < 209 GeV, ZH production via “Higgs-
strahlung” with a variety of Higgs and Z boson decays was the main search channel. The
actual Higgs-strahlung signal that was searched for at the LEP was mainly based on the

H — bb decay and various Z boson decays, Z — ff.

e LEP-I era: From autumn 1989 to summer 1995 the LEP accelerator was operated
at center of mass energies in the vicinity of the mass of the Z boson, and in to-
tal 15.5 million hadronic Z boson decays (Z — ¢g) and 1.7 million leptonic decays
(Z — (707) were collected by the four LEP experiments, ALEPH, DELPHI, L3, and
OPAL [16]. At the end of LEP1 data taking a peak luminosity of 2 x 103! ¢m=2s71
was reached, corresponding to approximately 1000 Z bosons being recorded per hour

by each experiment. Three Higgs boson mass ranges can be roughly distinguished:

(a) 0 < My < 2my,, (b) 2m, < My < 3 GeV, and (¢) My > 3GeV, where m,
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is the mass of the muon. These mass ranges differ in the dominant Higgs boson
branching ratios and the robustness of their theoretical predictions, the kinematics
and topology, the composition of the dominant backgrounds, and the search strate-
gies applied. The searches performed by the four experiments allowed to exclude all

Higgs boson mass hypotheses below 63.9 GeV at 95% CL (Confidence Level).

e LEP-II era: Starting in summer 1995 at 130/136 GeV, the center of mass energy
of the LEP collider was continuously increased over the next years up to 209 GeV in
2000. Approximately 0.5(2.5) fb~'of integrated luminosity at center of mass energies
of 206(189) GeV were collected in total by the four experiments. At LEP2 center
of mass energies the dominant production process is again Higgs-strahlung. But
in contrast to LEP1 the Z boson in the final state is dominantly produced on its
mass shell. The hadronic decays of the Z boson were utilized in the search. Searches
were performed in the “four jet channel” ZH — qqbb (ZH — q4qq), “missing energy
channel” ZH — vibb (ZH — viqq), “tau channels” ZH — qqgrt7~ and ZH —
7H77bb (ZH — 777 qq), and “lepton channels” ZH — ete~bb and ZH — pu*pu~bb
(ZH — ete qq and ZH — ptuqq).

All SM Higgs boson mass hypotheses below 114.4 GeV were excluded with at least
95% CL from the combination of the four experiments. The expected combined

limit on My was 115.3 GeV [16].

Tevatron searches

The Tevatron Run-IT started in 2001 with /s = 1.96 TeV. From spring 2002 until its
shutdown in autumn 2011 it provided proton-antiproton collisions corresponding to a
data set of up to 10 fo=! to each of the two experiments, CDF and D@. In contrast to
the searches at LEP, where the a priori signal-to-background ratio was at the level of 10*
to 10° as both signal and background processes are mediated by the EW interaction, the
huge total inelastic cross-section due to processes mediated by the strong force is more

than ten orders of magnitude higher than the cross-section for Higgs boson production.
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1.5. Experimental Searches for SM Higgs Boson

The Higgs boson mass range 100-200 GeV was investigated by both the experiments.
For My < 130 GeV, the most abundant and most sensitive search channels are H — bb
produced in association with a weak gauge boson W or Z, which decay leptonically via
W — lv, Z — (4~ or Z — vtv~. For My in the range 130-200 GeV the sensitivity
is dominated by the search for H — W*TW~ — (*vf~ b produced in gluon fusion. The
mass regions My = 100-120 GeV and My = 139-184 GeV are expected to be excluded
as shown in Figure 1.4 [17]. The observed excluded mass range are weaker and extend
over the range My = 100-103 GeV and My = 147-180 GeV. The largest deviation from
the background-only hypothesis is observed for My = 120 GeV with a local p value® of

1.5 x 1073, corresponding to a local significance of 3.0 o”.

1.5.2 Indirect searches for Higgs Boson

Once a Higgs field is introduced in the SM, its virtual excitations contribute to several
physical observables, from the mass of W boson, to various leptonic and hadronic asym-
metries to many other EW observables that are usually considered in precision tests of
the SM. Higgs mass can thus be extracted indirectly from the precision fits of all the
measured EW observables. This is an important test that illustrates the predictability
of the SM itself. Hence, precision measurements of the EW parameters can be used to
obtain constraints on the Higgs boson mass. The one-loop effects of the top quark and
Higgs boson on the W boson mass are shown in Figure 1.5.

The three main EW observables are the EW p - parameter, the weak mixing angle

sin? @y and the W/Z boson mass defined as:

M,

=2 (1 —sin®Oy) =1+ Ar (1.46)
4

p

The term Ar is sensitive to the existence of heavy particles in the SM, in particular the

top quark and the Higgs boson. These radiative corrections Ar can be written as:

6p value is the probability of the background to fluctuate at least as large as to describe the observed
excess in events under background only hypothesis.
o is the measure of significance of any excess of events observed.
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Figure 1.4: Observed and expected (median, for the background-only hypothesis) 95%
C.L. upper limits on the ratios to the SM cross-section, as function of the Higgs boson
mass for the combined CDF and D@ analyses. The limits are expressed as a multiple of the
SM prediction for test masses (every 5 GeV) for which both experiments have performed
dedicated searches in different channels. The points are joined by straight lines for better
readability. The bands indicate the 68% and 95% probability regions where the limits
can fluctuate, in the absence of signal.
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Hence one can deduce the Higgs boson mass from precision measurements of the top quark
and W boson masses. These quantities have been measured in several experiments at the
LEP, SLC and the Tevatron as shown in Figure 1.6.

The correlation between the Higgs boson mass, top quark and W boson masses is
shown in the contours in Figure 1.7. Increased precision in the measured mass of the
top quark and W boson have further reduced the uncertainty on these constraints over
the last few years. Therefore, assuming no new physics beyond the SM, all available EW

precision data favours a light Higgs boson. The actual value of Higgs mass emerging from
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Figure 1.5: The masses of top quark, W and Higgs bosons are related via radiative loop
corrections.

Top-Quark Mass [GeV] W-Boson Mass [GeV]
CDF o 1725+1.0 TEVATRON i 80.387 £ 0.016
DY - 1749+ 1.4 LEP2 80.376 + 0.033
Average & 173.2+£0.9 Average b 80.385+0.015
%?/DoF:6.1/10 %?/DoF:0.1/1
+
LEP1/SLD i 1726 13:3 NuTeV A 80.136 + 0.084
LEP1/SLD —A 80.362 = 0.032
+ 11.7
LEP1/SLD/my /Ty * 1797 a7 LEP1/SLD/m, - 80.363+0.020
1éO 1%0 1é0 1&50 éO 86.2 86.4 86.6
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Figure 1.6: World average and individual measurements of the top quark (left) and W
boson mass (right) [18] including both direct measurements of the top quark mass as well
as indirect measurements via higher order corrections to the W boson mass.

the EW precision fits strongly depends on theoretical predictions of physical observables
that include different orders of strong and EW corrections. As an example, in the contours
of Figure 1.7 (right plot), the magenta arrow shows how the yellow band will move for
one standard deviation variation in the QCD fine structure constant «(M2). The shaded
band in the Figure 1.7 (left plot) shows the SM prediction based on the value of Gp

for various values of the Higgs boson mass and fixed Aapqq(Mz). Varying the hadronic
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Figure 1.7: Combined results between m; and My,. The left plots shows the 68% C.L.
for the indirect measurements of LEP1 and SLD (dashed ellipses) and direct observations
from LEP2 and Tevatron (solid ellipses). The right plot shows the constraints from the
EW fits on a potential SM Higgs boson mass as Ax? = x* — x2,;, vs. My curve.

vacuum polarization yields an additional uncertainty on the SM prediction indicated by
the arrow labeled Aa.

In the Figure 1.7 (right plot) the solid black line is the result of the fit using high-Q?
data while the blue band represents an estimate of the theoretical error due to missing
higher order corrections. The yellow shaded area shows the direct exclusion limits by
LEP-II, Tevatron and LHC. The dotted line shows the corresponding fits using low-Q?
data and the dashed line shows the contributions of the hadronic correction from light

quark to a(M%). The SM Higgs boson mass preferred by the fit is [18]:
My = 9473 GeV (1.48)

1.6 Higgs Production at the LHC

In the SM, Higgs boson production in proton-proton collisions [19-21] can happen through
four main modes: gluon fusion gg — H; vector boson fusion qq¢ — H + 2 jets, associated
production of a Higgs boson with a W or Z boson, and associated production with a tt
pair. The hierarchy of the cross-sections and their dependence on the Higgs boson mass

is shown in Figure 1.8. In general all production cross-sections decrease with increasing
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Higgs boson mass, except for gg — H around the My ~ 2m; threshold.
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Figure 1.8: Theoretical predictions for the Higgs boson production cross-sections in
proton-proton collisions at /s = 7 TeV (left) and /s = 8 TeV (right).

1.6.1 Gluon-Gluon Fusion

The main Higgs boson production mechanism at the LHC is through gluon fusion, for
which the leading Feynman diagram involves a quark loop (Figure 1.9). A remarkable
property of the amplitude for this process at leading order is that it is zero for massless
quarks, and saturates to a constant for increasing m,/Mpy (m, is the quark mass), so that
the cross-section is proportional to the square of the number of heavy quarks. In the SM,
the amplitude is dominated by the contribution from the top quark, the only one with
mass scale comparable to the Higgs boson mass, but the production cross-section is natu-
rally sensitive to contributions from hypothetical particles with QCD interactions beyond
the SM ones at higher energy scales. Higher order QCD corrections to the process are
positive and large, increasing the cross-section by about 100% at the next-to-leading order
[INLOJ, 25% at next-to-next-to-leading order [NNLO], and a further 8% when leading loga-
rithmic corrections are resummed [NNLL]. The state of the art theoretical predictions also
include NLO corrections from EW and mixed QCD-EW terms, whose size is nonetheless

small. Because of the slow convergence of the QCD radiative corrections, the theoretical
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g

Figure 1.9: Leading diagram for gg — H production.

uncertainty on the predicted cross-section from neglected higher order terms is 8% - 12%
depending on the Higgs boson mass even for the most precise NNLO + NNLL result.
The theoretical uncertainties from the knowledge of the gluon parton density function are
likewise sizable, about 8% up to Higgs boson masses below 250 GeV and increasing up
to 10% for My = 600 GeV. As a natural consequence of the large QCD corrections, final
states with one or more hadronic jets are not uncommon, introducing complications in

the analyses performed in exclusive jet multiplicity final states.

1.6.2 Vector Boson Fusion

With a production cross-section of about one tenth of the gluon fusion one, vector boson
fusion (VBF) is the second largest production mode relevant at the LHC. The three leading
order diagrams for the process in the ¢, u and s-channels are shown in Figure 1.10. In the
first two, either or both of the incoming quarks can also be replaced by anti-quarks. From
an experimental point of view, the ¢ and u-channels are the most relevant ones, because
the momentum transfer between the two scattering quarks tends to be of order My (My
is the mass of the vector boson), small compared to /s, resulting in final states with
two jets at high rapidities. As the two outgoing quarks are not connected by any quark
or gluon line, QCD radiation in the region between the two jets is suppressed, another
experimentally viable feature, which is useful in separating qqH — qgWW — 212v+2jets
signal from the larger tt — bbBWW — 212v + 2jets background. For this process, QCD
radiative corrections are significantly smaller, O(10%) at NLO [22]. As a consequence, the

theoretical uncertainty from higher order terms on the most accurate prediction available,
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Figure 1.10: Leading order Feynman diagrams for qq — H + 2jets production through
Vector Boson Fusion. t-channel left, u-channel middle, s-channel right.

at NNLO accuracy for QCD effects and NLO for EW ones, is also smaller: below 0.5%
for Higgs boson masses up to 200 GeV, and below 2% up to 600 GeV. As the parton
density function for quarks is also known to higher accuracy than the corresponding one

for gluons, the theoretical uncertainties from this source are also smaller, ranging from

about 2.5% at low My (200 GeV) to about 7.5% at 600 GeV.

1.6.3 Associated Production

The associated production of a Higgs boson and a W or Z boson is characterized by an
even smaller production cross-section than VBF'. This mode is nonetheless experimentally
viable when considering Higgs boson decays to bottom quark pairs or to 7 pairs, since
leptons and neutrinos from the W or Z bosons decay can provide handles to select events,
while the all-hadronic final states from gg — H — bb,qq — qqH — qqbb suffer larger
backgrounds from QCD multijet production. The leading order Feynman diagrams for
this process is closely related to the VBF ones since they both rely on the WW H and ZZ H
vertices (Figure 1.11). Associated ttH (Figure 1.12) is an important channel, allowing for
a direct measurement of the Yukawa coupling between top quark and Higgs boson. But
the very low production cross-section and the complex final state with a large number of

hadronic jets make it very challenging to reconstruct properly.
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Figure 1.11: Leading order diagrams for W H and ZH associated production, and higher-
order contribution to ZH with gluons in the initial state.
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Figure 1.12: Leading order diagrams for ¢t/H associated production with gluons and quarks
in the initial state.

1.7 Higgs Decays at the LHC

The Branching Ratios (BR) of the different Higgs decay channels [23-26] are shown in
Figure 1.13 as a function of My. The Higgs decay processes are divided into the comple-
mentary low, intermediate and the high mass regions. In the low mass region (up to ~
130 GeV), the Higgs boson decaying into fermions is a dominating process, in particular,
the H — bb channel. In the intermediate region (Mpy = 130-180 GeV), the Higgs boson
decays into vector boson pairs dominate. A peak in the H — WTW ™ decay is visible
around 160 GeV, where the production of two on mass-shell W bosons become possible
and the production of a real ZZ pair is still not allowed. At high masses (My > 180
GeV), on-shell ¢t pairs (~ 350 GeV) can also be produced. Indeed, the most promising
decay channels for the Higgs discovery do not only depend on the corresponding branching
ratios, but also on the capability of experimentally detecting the signal while rejecting

the backgrounds.
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1.7.1 Low Mass Region

In the low mass range, My < 130 GeV, the channel with the highest BR is H — bb.
The search for a Higgs boson in this channel is quite challenging due to the overwhelming
amount of QCD background. In spite of its low cross-section, the channel with a Higgs
boson produced via Higgs-strahlung or in association with a tf decaying to bb, can give
interesting results because of its distinctive signature. The most relevant decay channel in
this mass region is the decay of Higgs boson into a pair of photons, H — . Despite its
low cross-section times BR the two high energy photons provide a very clear signature of
the event and a narrow peak is expected in the two photons invariant mass distribution.

It only suffers from the qg — vy and v + jets backgrounds. H — ZZ* — 4/ is also very
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Figure 1.13: The branching ratios for the different Higgs decay channels as a function of
My (a) in whole mass range (b) zoomed at low mass region.

important channel because of very less background and high resolution. In this channel,
four leptons are present in the final state which can be reconstructed and identified very

well.
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1.7.2 Intermediate Mass Region

In the mass range from 130-180 GeV, the decay of Higgs boson into a pair of W and Z
bosons are the main processes. The most interesting channels in this region are: H —
WW* — 202v and H — ZZ* — 4¢. The first one has greater cross-section, and it is very
important in the range of mass where a Higgs boson can decay into two real W bosons.
Nevertheless, due to the presence of neutrinos, the reconstruction of the Higgs boson
in this case is quite difficult. The signal event signature is two isolated high transverse
momentum (pr) leptons with a small opening angle in the transverse plane and undetected
neutrinos resulting in high missing transverse energy. The decay mode H — ZZ* — 4(
has a lower BR with respect to WW decay, but, as mentioned earlier, its final state is
very clean and almost background free and hence it is also called “Golden Channel” for
search of the Higgs boson. This decay channel allows a precise reconstruction of the Higgs

boson due to the presence of isolated charged leptons with high transverse momenta.

1.7.3 High Mass Region

This region corresponds to the Higgs mass values above the 2M, threshold, My > 180
GeV, where the Higgs boson can decay either into two real Z bosons or two real W bosons.
Since Higgs production cross-section decreases very fast at higher masses, channels with
high BR becomes more important. Hence H — ZZ — 202v, H — ZZ — 2{2q and
H — WW — fvqq are the dominant channels at high mass searches. Figure 1.14 shows
the cross-section times BR of various high mass channels studied at the LHC. Even if the
discovered new boson around mass of 125 GeV is the Higgs boson, it is still necessary to
probe the high mass region. These searches at high mass can be a good benchmark for

the other beyond the SM scenarios where SM Higgs-like resonances can appear.

1.7.4 Higgs Total Decay Width

The total decay width, I', of the Higgs boson which is given by the sum over all the

possible decay channels, is shown in Figure 1.15. The total decay width is very narrow in

30



1.7. Higgs Decays at the LHC

10 —
Ns =8TeV

WW — Ivgqq

o x BR [pb]

101

102

10°

107 100 200 300 1000

Figure 1.14: SM Higgs boson production cross-section times BR at /s= 8 TeV.

the low mass range, I' < 10 MeV, but the width becomes rapidly wider for masses larger
than 130 GeV, and reaches to about 1 GeV slightly above the ZZ threshold. The low
mass range is therefore the most challenging region for the experiments, because the total

decay width is dominated by the experimental resolution. In the high mass region, the
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Figure 1.15: The SM Higgs boson total decay width as a function of My (GeV).

total decay width comprises of the ZZ and the WW partial widths. For the higher Higgs
masses, decay width is comparable to its mass. For My ~ 1 TeV, the total decay width

of Higgs boson is I'y ~ 700 GeV that results in a very broad resonant structure.
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1.8 Recent Results of Higgs Searches at the LHC

On 4" July 2012, the first observation of Higgs boson was announced worldwide by two
experiments, CMS and ATLAS. The results were also updated with the full data from
2011 and 2012, which correspond to integrated luminosities of 5.0 fo=t at /s = 7 TeV
and up to 19.7 fb~! at /s = 8 TeV in proton-proton collisions at the LHC [27]. Five
decay modes are studied: vy, ZZ, W*W~, 777~ and bb quarks. The mass of the new
boson is measured to be 125.7 £ 0.3(stat.) + 0.3(syst.) GeV. The event yields obtained
by the different analyses targeting specific decay modes and production mechanisms are
consistent with those expected for the SM Higgs boson. The best-fit signal strength for
all channels combined, expressed in units of the SM Higgs boson cross-section (osyy), is
0.80 + 0.14 at the measured mass. The consistency of the couplings of the observed boson
with those predicted for the SM Higgs boson is tested in various ways, and no significant
deviations are found. Table 1.2 summarizes the median expected and observed local
significance (o) for a SM Higgs boson mass hypothesis of 125.7 GeV from the individual
decay modes. The expected significance is evaluated assuming the expected background

and signal rates.

Decay Mode | Expected o | Observed o
Z7 7.1 6.7
vy 3.9 3.2
WWw 5.3 3.9
bb 2.2 2.0
TT 2.6 2.8

Table 1.2: The median expected and observed significances of the excess in the combina-
tion of individual decay modes for a SM Higgs boson mass hypothesis of 125.7 GeV.

The low probability for an excess at least as large as the observed one to arise from
a statistical fluctuation of the background leads to the conclusion that the observation

of a new particle is confirmed with a mass near 125 GeV in the vy, ZZ — 4¢ and
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WW — fvly channels and that the excess is consistent with expectation in the bb and
77 channels. The vy and ZZ — 4¢ decay modes indicate that the new particle is a
boson, and the diphoton decay implies that its spin is different from unity. The mass of
the observed state is measured using the ZZ — 4¢ and 7y channels that have excellent
mass resolution. Figure 1.16 shows the values of ratio of upper limit on predicted cross-
section for Higgs boson at 95% confidence level to the SM cross-section (o/ogy) for
the combination (solid vertical line) and for sub-combinations grouped by decay mode.
The band shows the overall o/ogy, uncertainty. The horizontal bars indicate the +1
standard deviation uncertainties (both statistical and systematic) in the o/ogy values

for the individual modes.
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Figure 1.16: Values of o/0gy for the sub-combinations by decay mode.

1.9 Thesis Organization

In this Thesis, a search for the SM Higgs boson is described in H — ZZ — (T~ 1,1, decay
mode. This decay mode is sensitive to higher Higgs boson masses (> 200 GeV). This is
one of the leading channels in the CMS experiment for search of the SM Higgs boson for
Mp> 400 GeV. This mode has six times higher branching ratio than H — ZZ — 44
channel and hence this benefits from the larger statistics. But, this comes at the cost

of worse resolution, because of the presence of transverse missing energy (E**) arising
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from the undetected neutrinos. Even after the possible discovery of the SM Higgs boson
at around 125 GeV, this channel is important to study because it is still not clear if the
discovered particle is SM Higgs boson or possibly the lightest of several bosons predicted
in some theories that go beyond the SM. It is also necessary to rule out the presence of
any other SM Higgs-like resonance in high mass range. Also, SM-like Higgs search using
this channel can be a benchmark for searching of Higgs-like resonances at higher energies
suggested by some other models which are beyond SM [28].

The total inelastic cross-section (o) is about 10 orders of magnitude larger than the
signal production cross-section. Even individual production cross-sections of typical back-
ground processes like ¢t or Z boson production are factors or even orders of magnitude
larger than the signal production cross-section as shown in Figure 1.17. Hence selection
requirements on the kinematic variables have to be applied to suppress the background
and enrich the relative signal contribution in the data sample.

The Thesis is organized in six chapters. A brief description of each chapter is given below:
Chapter 1 provides an introduction of particle physics and overview of the SM of par-
ticle physics. Starting from the gauge structure of the SM, this chapter describes the
EW interactions and spontaneous symmetry breaking in this sector to provide masses to
vector bosons. Also, it describes the mass generation for fermions by Yukawa interactions
with Higgs field. Higgs boson self interactions are also discussed which are responsible
for its own mass, which is a free parameter of the theory. Various theoretical and experi-
mental constraints on Higgs mass are described in this chapter. Experimental constraints
include the searches at the LEP and the Tevatron experiments and continued with the
LHC Higgs search program. Higgs phenomenology including its production and decay in
various channels is discussed according to the LHC Higgs boson physics program. Lat-
est results on the Higgs boson from CMS are discussed briefly. At last, motivation for
H — Z7Z — 202v analysis is described, which is discussed in detail in this Thesis.
Chapter 2 describes in detail the experimental apparatus used for the collection of data,

which is studied in this Thesis. These are the LHC accelerator and the CMS detector.
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Figure 1.17: Comparison of the inclusive production cross-section for various processes
depending on the center of mass energy. The dashed green lines indicate the center of
mass energies at the Tevatron and at the Large Hadron Collider.

This chapter starts with an introduction of the LHC accelerator and then a brief overview
is given for its designed and operating parameters. The CMS detector is then discussed
starting from its components to its performance. Various sub detectors in the CMS are
explained briefly. The analysis discussed in this Thesis has leptons (electrons and muons)
and missing transverse energy (EM%) in the final state and also jets from the initial
state radiations (ISR). So, every sub detector of CMS plays a critical role. Hence, the
performance for each sub detector is also discussed. The CMS trigger system and data
acquisition system are briefly discussed along with the physics requirements of the trigger
system. In the end, some computing tools are explained which are useful in carrying out
physics analysis. A brief overview of the CMS computing structure is also given.

Chapter 3 outlines the reconstruction of various physics objects like primary vertex, elec-

35



Chapter 1. Introduction

trons, muons, jets, E7* etc. Along with that the identification criterion are explained for
each one of them. The performance of these objects is also discussed. Various algorithms
are given for b-quark tagging used in the CMS as well.

Chapter 4 describes a search for the SM Higgs boson in the H — ZZ — (/™ 1,17, decay
channel. The analysis uses the data collected by the CMS in years 2011 and 2012, which
correspond to full integrated luminosity of 5.0 fb~tand 19.7 fb~'respectively. The anal-
ysis starts with an introduction of signal and various background processes. The Higgs
mass range considered in this analysis is 200-1000 GeV. The whole selection procedure
is then described starting with the selection of physics objects and then the kinematical
selection of Z boson candidates. Since one of the Z decays to neutrinos, so high FE7ss
is expected in signal events. Hence, a high E7* threshold between 80 GeV to 110 GeV
is applied, depending on the Higgs mass hypothesis. Events are divided into exclusive
categories based on jet-multiplicity. A separate selection criteria is set up for identifying
events produced by vector boson fusion (VBF) production mode. After selecting these
events, remaining events are categorized into exclusive 0-jet and inclusive 1-jet. Final dis-
crimination is done by using transverse mass of Higgs (Mr) variable in non-VBF category
and E7"* for VBF category. All the major backgrounds like Z + Jets and non-resonant
backgrounds like tt + jets, WW etc are estimated from data using data-driven methods.
A statistical analysis is then carried out based on the final selection variable. Shape
analysis (baseline analysis) is carried out in which no selection criteria is applied on final
discriminant and full shape is used to set up upper limits on the production cross-section
for Higgs boson at various masses. A cross-check cut and count analysis is also done
where all selection criteria are applied and then the event count is used to set up upper
limits on the Higgs boson production cross-section. No excess was observed over the SM
background prediction and the exclusion limits were set on the mass of Higgs boson.
Chapter 5 describes the search in same decay channel i.e. H — ZZ — (Y0 v,17, using
Multivariate technique, Boosted Decision Tree (BDT). This method was introduced to

explore further possible improvements in the baseline analysis and to cross-check the ex-
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isting method with a different approach. This analysis also uses full data collected by the
CMS detector in 2011 and 2012. The basic event selection like physics objects selection
and selection of Z candidates is same as in baseline analysis. FEZ7** cut is relaxed in
order to provide more phase space for BDT and also to avoid statistical fluctuations in
the results. The optimization of BDT parameters is done keeping in mind the best ex-
pected limit on Higgs production cross-section. BDT is trained and tested for each Higgs
mass hypothesis and for e*e~v.7, and p*p~v,v, channels. Events are divided according
to jet-multiplicity only for training and then later on combined before doing statistical
analysis. By dividing these events, we get a gain of around 15-20% depending on Higgs
mass. The background estimation techniques are same as used in baseline analysis. A
Shape analysis has been carried out on final BDT output to set up upper limits on Higgs
production cross-section.

Chapter 6 summarizes the results presented in this Thesis.
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Chapter 2

Large Hadron Collider and the CMS

Experiment

The Large Hadron Collider (LHC) [29] is an accelerator and collider, of 27 km circumfer-
ence, proposed and realized by the European Organization for Nuclear Research (CERN).
This is located in the already existing LEP tunnel on the Swiss-French border, at about
100 m depth underground. It has been designed to collide protons, as well as lead ions, at
an unprecedented energy and rate, in order to answer some of the most fundamental ques-
tions of physics. The choice to have a proton-proton collider, rather than electron-positron
one, is mainly driven by the need to reach very high energies without significant loss due
to synchronization radiation, which is proportional to the fourth inverse power of mass
of accelerated particles. LHC has been designed to produce proton-proton collisions at a
center of mass energy (1/s) of 14 TeV, which is about seven times higher than the high-
est energy reached at the Tevatron, and with instantaneous luminosity of 1034 em=2s71,
which is about two orders of magnitude more than the luminosity of any previous hadron
collider machines. This designed center of mass energy will not be reached until after
a series of hardware updates which are currently underway during the first shutdown of
machine. The LHC is expected to be started again in 2015.

On 23 November 2009, LHC produced the first proton-proton collisions. After few pilot
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Figure 2.1: Integrated luminosity delivered by LHC and recorded by CMS in proton-
proton collisions in 2011 (left) and in 2012 (right).

proton runs at beam energies of 450 GeV and 1.18 TeV, the energy was ramped up to 3.5
TeV and, on 30 March 2010, the first collisions occurred at /s = 7 TeV. This was the
highest ever /s reached at a particle collider, and the debris of the collisions are recorded
by the four experiments: ALICE, ATLAS, CMS and LHCb. During these years the LHC
has worked beyond expectations and the total integrated luminosity delivered in 2011 is
6.13 fb!, as shown in Figure 2.1. In 2012 the center of mass energy has been incremented

to 8 TeV, with an integrated luminosity of 23.3 fb~!.

2.1 LHC Design

The proton beams which feed the collisions in the LHC start in a modest hydrogen tank
at the beginning of the accelerator. The hydrogen atoms are stripped of their electrons,
becoming protons that are accelerated along the linear accelerator (Linac 2) up to an
energy of 50 MeV. The protons are then injected into the Proton Synchrotron Booster
(PSB), where they are further accelerated to 1.4 GeV. The next steps are the Proton
Synchrotron (PS) and Super Proton Synchrotron (SPS), which accelerate protons to 25
GeV and 450 GeV respectively.

After the SPS, the proton beams are injected into the LHC ring, where they circulate

in opposite directions through the 27 km circumference ring. Here, they are accelerated
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to their final energy, stored and steered toward collision. The accelerator chain is shown
in Figure 2.2. The acceleration of the protons at each stage is done using RF (radio
frequency) cavities. Inside of these cavities, the time oscillations of electromagnetic fields
‘push’ the proton bunches to accelerate them. The timing of these oscillations also help
keep the bunches together, as protons lagging slightly behind the majority receive a larger
relative boost than protons in the bulk. There are sixteen such cavities in the LHC ring,
with eight being used for each of the beams. The operating frequency (40 MHz) of LHC
is driven by the nominal LHC bunch spacing, allowing the bunch spacing of 25 ns.

The proton beams are steered using a series of 1232 superconducting dipole magnets, with
magnetic fields up to 8.3 Tesla. They are maintained at 1.9 K of temperature, making
LHC the largest cryogenic system in the world. The cooling of the magnets is achieved
by superfluid helium. The cooling process happens in a sequential way, i.e. first helium
is cooled down to 4.5 K, then it is injected into the magnet cold masses, and, once the
magnets are filled, the refrigeration units bring the temperature to 1.9 K. Because there
are two proton beams within the LHC ring circulating in opposite directions, the dipoles
have a twin-bore design. In this setup, there are two beam pipes, with each pipe having its
own set of coils to produce steering field. In addition to the dipoles, there are about 850
quadrupole magnets and about 6000 correcting magnets which focus the proton bunches.
Table 2.1 shows the designed parameters of the LHC, which are required to reach a peak
luminosity of 103* em=2s~! for proton-proton collisions at /s = 14 TeV. The number of

events per second (Neyens) generated in the LHC collision is given by:
Nevent =L x O event (21)

where gens is the cross-section for the event type under study and L is the instantaneous
luminosity which depends upon the beam parameters and can be written for a Gaussian

beam distribution as:
N2]€ / Y
r b o

S (2.2)

where
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Figure 2.2: Schematic layout of the LHC accelerator.
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Parameter Value in 2012 | Design Value
Beam Energy (TeV) 4 7
f* in IP (m) 0.6 0.55
Bunch spacing (ns) 50 25
Number of bunches 1374 2808
Average bunch intensity 1.6-1.7x 10" 1.15x 10
(protons per bunch)
Normalized emittance at 2.5 3.75
start of fill (mm.mrad)
Peak Luminosity (cm™2s™1) 7.7x10% 1x10% em—2s7!
Max. mean number of ~40 19
events per-bunch crossing
Stored beam energy (MJ) ~140 362

Table 2.1: Design performance parameters for the LHC.

ky is the number of bunches

f is the revolution frequency

v is the relativistic factor

N is the number of protons per bunch

€, 1s the normalized transverse beam emittance

[£* is the value of beta function at the collision point

F' is the geometric reduction factor arising from the crossing angle

2.1.1 Terminology

It is useful to introduce some general definitions and variables commonly used to describe
the phenomenology at hadron colliders. The reference frame used in this work is the

standard CMS reference frame which is a Cartesian system centered at the interaction
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point and with the z-axis tangent to the beam line. The z-axis is chosen to be horizontal
and pointing towards the center of ring, and the y-axis is vertical and pointing upwards as
shown in Figure 2.3. The direction of the z-axis, i.e. the direction of the beam is referred
to as longitudinal. The x — y plane, orthogonal to the beam line, is called transverse
plane. Based on these definitions, the momentum of a particle can be divided into two

components: the longitudinal momentum p, and the transverse momentum pr, defined

pr = \/P:+Dp2 (2.3)

The rapidity (y) of a particle of total energy E is defined as

as

1 E+p,

=~ x1
Yy 2>< nE—pZ

(2.4)

Rapidity has the property of being additive under Lorentz boosts along the z direction,
i.e. it is simply shifted by a constant when subjected to such transformations. For high

energy or massless particles, rapidity can be approximated by pseudorapidity(n)

n=—In (tang) (2.5)

which only depends on the polar angle 6 of the particle momentum, i.e. its angle with
respect to the z-axis. The angle ¢ is measured up from the z-axis in the x —y plane. We
have n = 0 for the particles moving perpendicular to the z-axis and n = 4oc0 is in +z-
direction. The distance between two particles is defined in the form of a Lorentz invariant

AR variable:

AR = /AR + Ag? (2.6)

Detectors are installed at the collision points around the LHC ring. There are six ex-
periments installed at the LHC, which are: ALICE (A Large Ion Collider Solenoid) [30],
ATLAS (A Toroidal LHC ApparatuS) [31], CMS (Compact Muon Solenoid) [32], LHCb
(Large Hadron Collider beauty) [33], LHCf (Large Hadron Collider forward) [34] and
TOTEM (TOTal Elastic and diffractive cross-section Measurement) [35]. ALICE, AT-
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Figure 2.3: The CMS coordinate system.

LAS, CMS and LHCDb are installed in four huge underground caverns built around the
four collision points of the LHC, while LHCf and TOTEM are placed close to the two
detectors, ATLAS and CMS respectively. ATLAS and CMS are the two general purpose
experiments at the LHC, with the same physics goals but different technical solutions and
design. The various detectors of LHC machine are shown in Figure 2.4. This Thesis
presents the analysis of data delivered by the LHC and recorded by the CMS detector

during the years 2011 and 2012.

2.2 The Compact Muon Solenoid Experiment

The CMS detector is one of the two general purpose detectors at LHC. Various components
of the CMS detector were primarily built on surface before being lowered into the detector
cavern, about 100 m below ground. The CMS detector sits at the LHC “Point 57, located
near French village Cessy, between Lake Geneva and the Jura mountains. In the LHC
ring, this is almost on the opposite side of ATLAS. The prime motivation of LHC is to
explore the nature of electroweak symmetry breaking because of Higgs mechanism and

search for the Higgs boson. Along with that, searches for new physics beyond SM and
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Figure 2.4: The various detector systems at the LHC.

precision measurements of already known physics at TeV scale are also the main highlights
of LHC physics program. Detector requirements for the CMS experiment to achieve these

goals of LHC physics program can be summarized as:

e A highly efficient and high momentum resolution inner tracker to reconstruct and
measure the charged-particle momentum. Efficient triggering and tagging of 7 lep-

tons and b-quark jets, require pixel detectors close to the interaction region.

e Good electromagnetic energy resolution, good di-photon and di-electron mass res-

olution (=~ 1% at 100 GeV), wide geometric coverage, m° rejection, and efficient
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photon and lepton isolation at high luminosities.

e Good missing transverse energy and dijet mass resolution, requiring hadron
calorimeters with a large hermetic geometric coverage and with fine lateral seg-

mentation.

e Good muon identification and momentum resolution over a wide range of momenta
and angles, good di-muon mass resolution (=~ 1% at 100 GeV), and the ability to

determine the charge of muons with momentum up to 1 TeV.

The design of the CMS detector meets these requirements. The main distinguishing
features of the CMS are a 4 Tesla superconducting solenoid which allows a compact
design with a strong magnetic field, a full silicon-based high quality inner tracking system,
a homogeneous scintillating-crystal-based electromagnetic calorimeter, a large hermetic
hadron calorimeter and a robust and redundant muon system. The overall structure of
the CMS detector consists of several cylindrical layers coaxial to the beam axis, closed
at both ends by detector disks orthogonal to the beam direction to have full geometrical
coverage. The overall length of the CMS detector is 21.6 m, the diameter is 14.6 m and
the total weight is about 12500 tonnes. The overall layout of CMS is shown in Figure 2.5

and is described below.

2.2.1 The Superconducting Magnet

An important aspect driving the detector design and layout is the choice of the magnetic
field configuration for the measurement of the momentum of muons and other high energy
charged particles. Large bending power is needed for this purpose which forces a choice of
superconducting technology for the magnets. The superconducting magnet for CMS has
been designed to reach 4 Tesla field in a cylindrical region of 6 m diameter and 12.5 m
length with a stored energy of 2.6 GJ at full current [36]. The magnet coil is large enough
to accommodate the inner tracker and the calorimetry inside. A layout of magnetic field

is shown in (Figure 2.6). The CMS magnet operates at a temperature of 4 K, ensured by a
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Figure 2.5: A Perspective view of the CMS detector.
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Figure 2.6: Layout of the magnetic field of CMS.

48



2.2. The Compact Muon Solenoid Experiment

complex helium cooling system. At such temperature, the flat Niobium-Titanium (NbTi)
cable becomes superconducting, allowing a 20 kA current to flow without appreciable loss.
The whole magnet is contained in an enormous vacuum cylinder which isolates it from
the external environment. Outside the magnet, an iron structure composed of five barrel
layers and three disks for each endcap constitutes the iron yoke, which is needed to bridge
the return magnetic flux. This provides a large bending power of 12 Tesla-m before the

muons bending angle is measured by the muon system.

2.2.2 The Tracker

Tracker [32] is the innermost subdetector of the CMS and is closest to the interaction
point. It is designed to provide a precise and efficient measurement of the trajectories of
charged particles emerging from the LHC collisions, as well as a precise reconstruction
of secondary vertices. It surrounds the interaction point and has a length of 5.8 m and
a diameter of 2.5 m. The tracker covers a pseudorapidity range of |n| < 2.5. The CMS
solenoid provides a homogeneous magnetic field of 4 Tesla over the full volume of the
tracker. The layout of the CMS tracker is shown in Figure 2.7.

The tracker is further subdivided into two parts, the pixel tracking detector and the
strip tracking detector.
Pixel Detector: The pixel system is part of the tracker and is closest to the interaction
region. It contributes to precise tracking points in r-¢ and z and hence responsible
for a small impact parameter resolution that is important for good secondary vertex
reconstruction. It consists of three cylindrical layers pattern in the barrel region at the
radial distance of 4.4 cm, 7.3 c¢m, 10.2 cm, with a total length of 53.3 cm, and two disks
in each endcap region, at |z| = 34.5 cm and 46.5 cm, with radii ranging from 6 to 15 cm,
as shown in Figure 2.8.

It consists of 65 million pixels, each with dimension of 100 x 150 pm? with around 47
million in barrel and 18 million in endcap region. The pixel detector delivers the spatial

resolution between 10 -20 pum. As charged particles pass through the silicon pixels, they
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Figure 2.7: Schematic cross-section through the CMS tracker, each line represents a
detector module and double lines indicate back-to-back modules which deliver stereo hits.

Figure 2.8: Layout of the CMS silicon pixel detector.
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create small, detectable currents by the excitation of electrons to the conduction band of
the silicon. The currents produced are then modified by the electronics.

Silicon Microstrip Detector: The silicon strip detector layout is shown in Figure 2.7.
The inner region is made of 4 barrel layers (tracker inner barrel or TIB) and 3 disks
at each side (tracker inner disks or TIDs). The outer system consists of 6 barrel layers
(tracker outer barrel or TOB) and 9 disks for each endcap (tracker endcaps or TECs). It
covers a radial region between 20 and 120 cm and the pseudorapidity region |n| < 2.5. All
four regions (TIB, TID, TOB, TEC) are provided with both single-sided and double-sided
microstrip modules. The strips are oriented along the z direction in the barrel and along
the r coordinate in the endcaps. The microstrip silicon detector is designed to provide a
spatial resolution of about 40 - 60 pm in the r-¢ plane and about 500 pum along z. The

occupancy is lower than 1%.

2.2.3 The ElectroMagnetic Calorimeter (ECAL)

The electromagnetic calorimeter of the CMS detector is a hermetic homogeneous calorime-
ter [37-39] made of 61200 lead tungstate (PbWO,) crystals mounted in the central barrel
part, closed by 7324 crystals in each of the two endcaps. A preshower detector is placed
in front of the endcap crystals. ECAL plays an essential role in the study of the physics
of electroweak symmetry breaking, particularly through the exploration of the Higgs sec-
tor. The search for the Higgs boson at the LHC strongly relies on information from the
ECAL: by measuring the two-photon decay mode for My < 150 GeV, and by measuring
the electrons and positrons from the decay of Ws and Zs originating from the H — ZZ®)
and H — WW® decay chain for 115 GeV < My < 700 GeV.

The ECAL is also an important detector element for a large variety of the SM and other
new physics processes. The reconstruction of a background-free Z — ee data sample is
desirable for any new high mass object with one or more Zs in the subsequent decay
chain. It is also crucial for other measurements such as supersymmetric searches, or the

leptonic decay of new heavy vector bosons (W', Z’) in the multi-TeV mass range. The
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use of high density crystals has allowed the design of a calorimeter which is fast, has fine
granularity and is radiation resistant, which are all the important characteristics in the

LHC environment. Following are the main features of PbW O, crystals:

e The high density (8.28 g/cm?), short radiation length X, (0.89 cm) and small
Moliere radius (2.2 cm) results in a fine granularity and a compact calorimeter

as limited by the magnet radius;

e Scintillation decay time is almost consistent with the nominal LHC bunch crossing

rate; about 80% of the light is emitted in 25 ns.

e [t is sufficiently radiation hard, allowing it to sustain several years of high luminos-
ity running with tolerable degradation of the crystals transparency, which can be

corrected with a light monitoring system.

The barrel section (EB) has an inner radius of 129 cm. It is structured as 36 identical
“supermodules”, each covering half the barrel length and corresponding to a pseudora-
pidity interval of |n| < 1.479. The crystals are quasi-projective (the axes are tilted at 3°
with respect to the line from the nominal vertex position) and cover 0.0174 (i.e. 1°) in A¢

2 and a length

and Arn. The crystals have a front face cross-section of about 22x22 mm
of 230 mm, corresponding to 25.8 Xy. The endcaps (EE), at a distance of 314 ¢cm from
the vertex and covers a pseudorapidity range of 1.479 < |n| < 3.0. The endcap consists of
identically shaped crystals grouped in mechanical units of 5x5 crystals (supercrystals, or
SCs) consisting of a carbon-fibre alveolar structure. Each endcap is divided into 2 halves,
or Dees. Each Dee holds 3662 crystals. The endcap crystals, like the barrel crystals,
are off-point from the nominal vertex position, and are arranged in an z-y grid (i.e. not
an 7-¢ grid). They are all identical and have a front face cross-section of 28.6 x 28.6
mm? and a length of 220 mm (24.7 X;). In addition, a preshower detector is used to
provide m° — ~ separation having strong photon identification ability, and for the vertex

reconstruction for photons. It is present in endcap region in front of EE. It consists of

two lead radiators and of two planes of silicon strip detectors, for a total radiation length
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End-cap crystals

Figure 2.9: Layout of the CMS electromagnetic calorimeter showing the arrangement of
crystal modules, supermodules and endcaps with the preshower detector in front of it.

of 3X, and it allows the use of slightly shorter crystals of 220 mm in EE. It covers the
pseudorapidity range of 1.653 < |n| < 2.6. University of Delhi has played a major role
in fabricating and installing this detector along with Bhabha Atomic Research Center
(BARC), Mumbai. The layout of ECAL is shown in Figure 2.9. The longitudinal view
of ECAL is shown in Figure 2.10. The relatively low light yield of the crystals (about 30
~/MeV') requires photodetectors with intrinsic high gain that can operate in a magnetic
field. Silicon Avalanche Photodiodes (APDs) and Vacuum Phototriodes (VPTs) are used

to collect the scintillation light in the barrel and in the endcaps, respectively. The energy

resolution of a calorimeter [40] can be parametrised as:

5= (o) (3)
where

e ¢ is called stochastic term which represents the statistical error coming from elec-

33



Chapter 2. Large Hadron Collider and the CMS Experiment

e

o T:ndr.ﬂp
ECAL (EE)

Figure 2.10: Longitudinal view of a part of CMS ECAL showing the barrel and endcap
with preshower in front.

tromagnetic shower evolution.
e b is the error in energy measurement due to noise from the electronics and pile-up!.
e cis a constant term related to the calibration of the calorimeter.

The study fitted the measured resolution and found for the ECAL the following values: a
= 2.8% of v/E in units of vGeV, b = 0.0415 GeV and ¢ = 0.3%. The contributions change
at different pseudorapidities and with the luminosity of the machine. The constant term
¢ is the dominating term at high energies and it includes many different contributions.

The most important among them are following:
e the stability of the operating conditions, like high voltage and temperature.
e transparency loss of crystals.
e presence of dead material between the crystals.

e the inter-calibration errors.

lat LHC, one single bunch crossing may have multiple inelastic collisions of protons, which are called
pile-up events.
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2.2.4 The Hadron Calorimeter

A schematic view of HCAL is shown in Figure 2.11. The hadron calorimeter (HCAL) [32]
plays an important role in measurements of hadrons by measuring energy and direction
of jets and missing transverse energy (EX*$). An important requirement of HCAL is
to minimize the non-Gaussian tails in the energy resolution of jets and to provide good
containment and hermeticity for the E#*** measurement. Hence, the HCAL design maxi-
mizes material inside the magnet coil in terms of interaction lengths. Another requirement
is high hermeticity. In particular, the HCAL angular coverage must include the very for-
ward region, since the identification of forward jets is very important for the rejection
of many backgrounds. Therefore, CMS HCAL is divided into 4 regions, which provide a
good segmentation, a moderate energy resolution and a full angular coverage up to || of
5.

Hadron Barrel: The hadron barrel (HB) part of HCAL consists of 32 towers covering
the pseudorapidity region -1.4 < n < 1.4, resulting in 2304 towers with a segmentation
A¢p x An = 0.087 x 0.087. These are the sampling calorimeters consisting of plastic
scintillators as active material inserted between copper absorber plates. The absorber
plates are 5 cm thick and plastic scintillator tiles are 4 mm thick. The scintillator tiles
are read out individually by green wavelength shifting fibers coupled to clear plastic fibers
which transport light to the transducers outside the calorimeter. Since calorimeter is in
a high magnetic field, Hybrid Photo Diodes (HPD) are used for readout.

Hadron Endcap: Each hadron endcap (HE) of HCAL consists of 14 n towers with 5° ¢
segmentation, covering the pseudorapidity region 1.3 < |n| < 3.0. The granularity in the
endcap is A¢p x An = 0.17 x 0.17. The total number of HE towers is 2304. Both HB
and HE sit inside the 4 Tesla magnetic field provided by the CMS solenoid magnet.
Hadron Outer: The hadronic outer (HO) is located just behind the HB and outside of
the solenoid. HO uses iron as the absorber material, acts as tail catchers that effectively
increases the thickness of the calorimeter in the central pseudorapidity region and ensures

that no energy leaks out at the back of the HB. It is divided into 5 sections along 7, called
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Figure 2.11: Schematic of one-quarter of the CMS HCAL system, in the r-z view, showing
the locations of HB, HE, HO and HF.

“rings” -2, -1, 0, 1, and 2. One of the major contribution in fabrication of Scintillation
Counters for the HO is by the Panjab University High Energy physics group along with
Tata Institute of fundamental research (TIFR), Mumbai.

Hadron Forward: Coverage between pseudorapidities of 3.0 and 5.0 is provided by the
steel/quartz fibre Hadron Forward (HF) [41] calorimeter. The HF calorimeter is useful
to identify and reconstruct the very forward jets. It is Cerenkov light subdetector which
is made up of quartz fibres embedded within a long steel absorber. The HF calorimeter
is located about 11 m away from the interaction point. The HF calorimeter improves
the measurement of the EI*** and enables very forward jets to be identified and recon-
structed. The energy resolutions for different parts of HCAL are given in Equations 2.8

and 2.9 [42]:

(a_E>2 _ (84.7%@

2
i NG ) +(7.4%)* for HB, HE and HO (2.8)

(a_E)z _ (198%@

Z NG ) + (9.0%)* for HF (2.9)
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2.2.5 Muon System

Muon detection is one of the main task of the CMS detector, as muons appear in many
interesting decays of new physics or in Higgs boson decay signatures that can be pro-
duced by the LHC, like the one that is studied in this Thesis. As muons can penetrate
several meters of material without interacting, they are not stopped by any of the CMS
calorimeters. The muon spectrometer [43] is placed outside the solenoid magnet and is
embedded in the iron return yoke, so that the 1.8 Tesla average magnetic field can be used
as bending field to enhance muon pr measurements. It covers the pseudorapidity region
In| < 2.4 and it performs three main tasks: triggering on muons, identifying muons, and
assisting the tracker in measuring the momentum and charge of high pr muons.
Three types of gaseous detectors (see Figure 2.12) are used to identify and measure muons.
The choice of the detector technologies has been driven by the very large surface to be
covered and by the different radiation environments. The reason for these different tech-
nologies lies in the different particle rates and occupancies (both higher in the endcaps)
and in the intensity of the stray magnetic field, which is lower in the barrel. In the barrel
region (|n| < 1.2), where the neutron induced background is small, the muon rate is low
and the residual magnetic field in the chambers is low, Drift Tube (DT) chambers are
used. In the two endcaps, where the muon rate as well as the neutron induced back-
ground rate is high, and the magnetic field is also high, Cathode Strip Chambers (CSC)
are deployed and they cover the region up to |n| < 2.4. In addition to this, Resistive
Plate Chambers (RPC) are used in both the barrel and the endcap regions. These RPCs
are operated in avalanche mode to ensure good operation at high rates. They produce a
fast response, with good time resolution but coarser position resolution than the DTs or
CSCs. They also help to resolve ambiguities in attempting to make tracks from multiple
hits in a chamber.

Drift Tubes Chambers: In the barrel region, the expected occupancy is low (< 10
Hz/cm?), allowing for the use of DTs as detection element. In Figure 2.13, a section of

a drift tube cell is illustrated. The DT chamber design is very redundant. Each cham-
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Figure 2.12: Layout of the CMS muon system.
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Figure 2.13: Section of a drift tube cell. The drift lines of the electrons are shown, along
with isochrone lines which connects plates from which it takes the same time to drift to
the anode. In the presence of a strong magnetic field these lines become distorted.
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ber is made up of twelve layers of DTs, grouped in three independent subunits, called
superlayers (SLs) [44]. Two of them have the anode wires parallel to the beam axis, to
measure the transverse coordinate r-¢; the third SL is placed between the other two and
is orthogonal to them, in order to determine the longitudinal coordinate z. The DTs
are made of parallel aluminium plates, with cells obtained with perpendicular I-shaped
aluminium cathodes. The anodes are 50 mm diameter steel wires placed between the
cathodes. The internal volume is filled with a gas mixture of Ar (85%) and CO, (15%)
at atmospheric pressure, because this gas is non-flammable and can be safely used in
underground operations in large volumes, as required in the CMS.

Cathode Strip Chambers: Due to the larger occupancy of the endcap regions, from
few Hz/cm? to more that 100 Hz/cm?, and the intense and non-uniform magnetic field,
CSCs have been chosen in this region. The CSCs have multiwire proportional chambers
with one cathode plane segmented in strips running orthogonal to the wires [45]. CSC
chambers are arranged in four disks (stations) placed between the iron disks of the yoke
(Figure. 2.12). The innermost stations consist of three concentric rings, the first (ME1/1)
being closer to the interaction point than the other two. The other stations are composed
of two disks only. There are 36 chambers in each of the rings, i.e. ME£1/1, ME£1/2,
ME=+1/3, ME+2/2 and ME+£3/2, and 18 chambers in each of the rings ME+2/1, ME+3/1
and ME+4/1 (Figure 2.14). The extra five chambers are mounted on the ME+4/2 ring.
Each chamber (except for those in the ME41/3 rings) overlaps slightly with its neighbour
to provide contiguous coverage in ¢ and each successive station of chambers is positioned
so that there is nearly complete coverage of muon detection on both endcaps from 0.9
< |n| < 2.4. Each chamber is formed by six trapezoidal layers, with strips in the radial
direction for a precise measurement of the azimuthal coordinate ¢. Wires have a resolu-
tion of about 0.5 cm and strips have that of 5 cm. The full chamber spatial resolution
varies from about 50 mm in the first CSC station to about 250 mm in the fourth. Inside
each CSC, there are twelve alternating planes of metal strips that run through the length

of the chamber with an array of anode wires between two cathode planes (the global
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Figure 2.14: Quarter-view of the CMS detector. Cathode strip chambers of the Endcap
Muon system are highlighted.

¢-direction). The gap is 9.5 mm thick and is filled with a mixture of 40% Ar, 50% CO,
and 10% CF}, gas. As a muon passes through the chamber, it ionizes the gas. The wires
are kept at a potential of -3000 to +3600 V with respect to the strips, so that the freed
electrons are strongly attracted to the anode wires which induces current in the cathode
strips and this current is read out using on-chamber signal amplifiers and shapers. Studies
of both collision and cosmic-ray data show that a pre-layer position resolution of about
50 pm in the r-¢ direction and about 250 pm in the r direction are in good agreement
with simulations. Figure 2.15 shows the internal working of the CSCs as explained above.
The crucial characteristic of the DT and CSC subsystems is that they can each trigger
on the pr of muons with good efficiency and high background rejection, independent of
the rest of the detector. The Level-1 trigger pr resolution is about 15% in the barrel and
25% in the endcap.

Resistive Plate Chambers: Resistive plate chambers are installed both in the barrel
and the endcap regions. They have a limited spatial resolution, but an excellent time

resolution, thanks to their fast response of about 3 ns. This feature makes the RPCs
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Figure 2.15: Orthogonal sections of a cathode strip chamber.

suitable for trigger purposes: they are used as a dedicated trigger subsystem, mainly
for unambiguous bunch crossing identification [46]. The RPCs (Figure 2.16) used in the
CMS are double-gap RPCs, made of four bakelite planes forming two coupled gaps 2 mm
thick, filled with a CoHoF4 and C4H;¢ gas mixture. They operate in avalanche mode with
common pick-up read-out strips in between. The total induced signal is the sum of the
2 single-gap signals. This allows the single-gaps to operate at lower gas gain (lower high
voltage) with an effective detector efficiency higher than that for a single-gap. In order to
suppress the noise rate due to discharges caused by the irregularities in the bakelite sur-
faces, the surfaces of bakelite are treated with linseed oil. Six layers of RPC chambers are
embedded in the barrel iron yoke, 2 located in each of the first and second muon stations
and 1 in each of the 2 last stations. The redundancy in the first 2 stations allows the
trigger algorithm to perform the reconstruction always on the basis of 4 layers, even for
low pr particles, which may stop inside the iron yoke. In the endcap region, the baseline
design foresees the instrumentation of the iron disks with 4 layers of RPCs to cover the

region up to n of 2.1.
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2.3 CMS Trigger and Data Acquisition System

The nominal rate of proton-proton collisions at the LHC is 40 MHz. Keeping in mind
the typical event size for the CMS data (1 MB), a huge amount of data is delivered by
the LHC. It is almost impossible to handle, store and process this much data so there is
a need of reduction in this rate to make it equal to the offline storage limit, O(100H z).
Hence, one of the most important and difficult aspects of the experiment is designing and
implementing a Trigger system and Data Acquisition (DAQ) system to transfer this data
to storage and for further processing.

The selection of events is based on their physics content, so that online algorithms must
have a level of sophistication comparable to that of the offline reconstruction keeping
the high efficiency for physics objects. The following section briefly describe the physics

requirements of trigger system.

2.3.1 Physics Requirements

The CMS experiment is a general purpose experiment so a variety of physics searches

and measurements carried out covering the low to high pt physics. Because of that, CMS
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trigger system should be flexible and in a sense complete to cover the whole kinematic
phase space. The CMS trigger system is based on the identification, kinematic and
topological requirement on individual physics objects like muons, electrons, taus, photons,
jets, and E*** and on the combination of them. Also, since the LHC luminosity continued
to increase, the evaluation of physics processes also changed with increasing luminosity.
Lower pr thresholds and removal or relaxation of thresholds were useful to maximize the

physics output during lower luminosity. The physics requirements on the trigger are:

e In order to do searches for high pr physics like Higgs Physics, SuperSymmetry
(SUSY), and other exotic Beyond Standard Model (BSM) signatures, the CMS
trigger system should be capable of selecting leptons and jets over the pseudorapidity

range |n| < 2.5 and high pr threshold like 20-40 GeV with high efficiency.

e Other than searches, there are measurements like cross-section measurements of
Z boson, W boson, top-quark and other diboson processes. For that, one needs
single leptons triggers with efficiencies greater than 95% in the pseudorapidity range

In| < 2.5 with a threshold of pr > 20-40 GeV.

e Searches where we have multileptons in the final state, dilepton and even trilepton
triggers can be used. For these triggers the pr thresholds are little lower than
single lepton triggers like pr >20 GeV and 15 GeV for the first and second lepton

respectively.

e Single photon and diphoton triggers are required to have thresholds similar to those

of the leptons.

e Single and multiple jet triggers along with E7* triggers are required with a well
defined efficiency over the entire 7 range of 5.0 in order to reconstruct high EIss

signals like SUSY etc.

e Triggers are also required for low pr physics like b-quark physics. These triggers

involve the requirements on combination of physics objects and also topological
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requirements like the leptons in the central region etc. In case the rates become too

high then trigger prescales are applied on these triggers.

The CMS trigger has two levels: The Level-1 Trigger (L1) [47] and the High Level Trigger
(HLT) [48].

2.3.2 Level 1 Triggers

The Level 1 (L1) Trigger, which is at the hardware level, reduces the rate of selected
events down to 100 kHz for the high luminosity runs. A diagram of the L1 trigger system
is shown in Figure 2.17. The L1 Trigger system is organized into three major subsystems:
the L1 calorimeter trigger, the L1 muon trigger, and the L1 global trigger. Waiting for
the trigger decision, data are stored in pipelines of processing elements. Within a latency
period of 3.2 us, if the L1 accepts the event, the data is moved to be processed by the HLT.
Because of the high bunch crossing rate, the full readout of the detector is not possible.
Only the calorimetric and muons information are employed. The Calorimeter Trigger
identifies, from the shape of the deposited energy, the best four candidates of electrons
and photons, central jets, forward jets and so on. The information about these objects is
sent to the Global Calorimetric Trigger (GCT), together with the measured EF*. The
Muon triggering is performed independently by each of the muon subdetector, i.e. DTs,
CSCs and RPCs. The DT and CSC triggers carry out a local muon reconstruction by
comparing the slopes of track segments built in subsequent detector layers. The RPC
trigger compares a given muon track with predefined hit patterns depending on the track
pr. The four best muon candidates are passed to the Global Muon Trigger (GMT) system
which discards the low quality tracks after matching those from DTs and CSCs with those
from RPCs. The L1 electronics is installed partly directly on the detectors, partly in the

underground control room about 20 m far from the experimental cavern.
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Figure 2.17: Overview of CMS L1 trigger.

2.3.3 The High Level Trigger

The subsequent reduction in the event rate for storage is obtained by software imple-
mented HLT. The HLT reduces the rate of events from 100 kHz to O(100H z) that can be
written on storage tape. The HLT processes all events accepted by the Level-1 trigger in
a single processing farm containing 1000 CPUs. The reconstruction and selection in HLT
takes place in steps and the selection is optimized step by step in order to reject events
in each step. The basic idea is to reconstruct those part of each physics object that can
be used for selection while minimizing the overall CPU usage.

The basic principles on which HLT works are: regional reconstruction and fast event re-
jection. Regional reconstruction tries to avoid the complete event reconstruction, which
consumes lot of time, but rather focuses on the detector regions close to where L1 trigger
has found interesting activity. Fast event rejection means that the uninteresting events
are rejected as fast as possible; therefore emptying the buffers for next set of events.

There are two virtual levels in HLT system: Level-2 trigger, which has input from Level-1
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trigger system, considers information only from calorimeters and muon detectors. This is
the first level of selection in HLT. Next is Level-3 where the information from tracker is
included in the selection process of HLT. Because of the high number of channels and the
complex pattern recognition, track reconstruction is a CPU consuming process. Hence,
tracks are reconstructed only for events which pass Level-2 trigger. Final step is to read
full event information from all subdetectors and then make final decision for the event.
A list of reconstruction algorithms and filters for one or more physics objects that is trig-
gered by L1 trigger is called HLT Path. For each luminosity scenario the set of trigger
paths that, if enabled, contribute to a final OR of decisions which determines whether to
reject or store an event and it is called, in the CMS jargon, HLT Menu. A single trigger
path can require the presence of one or more physics objects of a particular type that
pass specific kinematic thresholds, and it can also mix different type of physics objects
(cross triggers). The rate of expected events for a particular set of trigger paths, given a
luminosity scenario, is studied using simulation. With the increase of the instantaneous
luminosity the requirements on the trigger paths became more and more stringent due
to rate constraints, and the selection algorithms became more complex to cope with the
requests of each physics analysis. Trigger paths with lower threshold than those necessary
to face the event rate are kept in the HLT Menu with a prescale factor applied. This is
done to have on storage the data sample required to measure and monitor the efficiency

of the higher threshold trigger paths.

2.4 CMS Computing Model

Despite the excellent Trigger System, CMS still produces a huge amount of data that
must be analyzed when running at peak performance. To meet this challenge, the LHC
employs the Worldwide LHC Computing Grid (WLCG), a distributed computing and
data storage infrastructure. It gives access to data to thousands of scientists all over
the world in a highly distributed way. It starts in the Tier 0 centre at CERN where

first and quick reconstruction of full data takes place for the data analysis. The CMS
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computing model [49] is highly distributed computing system, with a primary Tier-0
centre at CERN which is supplemented by Tier 1, Tier 2 and Tier3 computing centers at
national laboratories and universities worldwide.

The Tier-0 Center (TO0): is the first tier in the CMS model located at CERN. This
is a common facility of data handling, data storage and grid. It performs well organized
sequential processing of RAW data from the CMS detector and then divide them into
primary datasets depending on the H LT information. It also transfers one copy of the
RAW data to each of Tier-1 centers and one copy is kept at CERN. It also runs prompt
calibration needed for quick reconstruction of data. T0 does not provide analysis resources
and performs only scheduled activities.

Tier-1 Centers (T1): Once CERN has made a primary backup of the data it is then
sent to large Tier-1 computer centers, located in seven countries around the world: France,
Germany, Italy, Spain, Taiwan, UK and US. Tier-1 centers perform a mixture of tasks
which include, organized sequential processing and more chaotic analysis activities. Since
a Tier-1 center may have the only available copy of some data samples, any CMS user
must be allowed to access it. However different users, or groups of users may have different
priorities. These priorities are set by the CMS and by the physics analysis organization.
CMS physicists perform selection, skims, reprocessing etc. on data that has been pre-
located at the Tier-1 centers by CMS by using the Tier-1 center computers. Some local
users may have long term local storage at the center while others would move the results
to another computer center (typically a Tier-2 center). Some analyses are expected to be
fully carried out at Tier-1 centers. There are likely to be groups of local users who use
the Tier-1 in the usual way but who also have access to local storage and local batch and
interactive facilities for their analysis activities. Most CMS users are expected to use a
Tier-2 or Tier-3 center as their computing interface to CMS analysis.

Tier-2 Centers (T2): are more responsive to local priorities rather than central CMS
requirements. Thus, Tier-2 centers are not generally obliged to respond to computing

requests from all CMS users. Most of the Tier-2 facility is used by some groups of CMS
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Figure 2.18: Event data flow in the CMS Computing System.

physicists to perform their iterative analyses. A signicant fraction of the resources of a
Tier-2 center is, however, dedicated towards scheduled MC simulation of common CMS
samples. CMS does not centrally mandate where skim data is kept. However the Tier-2
centers do have to facilitate access to their published data products so that other CMS
physicists can analyse it. CMS has the responsibility to supply a solid basis to this
analysis activity by assuring that consistently reconstructed datasets can be used by the
collaboration.

Tier-3 Centers (T3): are modest facilities at institutes for local use. Such computing
facility is not generally available for any coordinated CMS use but is valuable for local
physicists. In this way information branches out from each Tier, and the analysis of the
final data can be performed locally all around the world. The Event data flow in the CMS

Computing System is shown in Figure 2.18.
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2.5 CMS Software Components

The goals of the CMS Software (CMSSW) are to process and select events inside the H LT
farm, to deliver the processed results to the experimentalists within the CMS collabo-
ration and to provide tools for them to analyze the processed information and produce
physics results. The overall collection of software, now referred to as CMSSW, is built
around a Framework, an Event Data Model (EDM), and services needed by the simula-
tion. The physics and utility modules are written by detector groups. The modules can
be plugged into the application framework at run time, independently of the computing
environment. The software is developed keeping in mind not only performance but also
modularity, flexibility, maintainability, quality assurance and documentation. CMS has
adopted an object-oriented development methodology, based primarily on the C++ pro-
gramming language. The primary goal of the CMS Framework and EDM is to facilitate
the development and deployment of reconstruction and analysis software. The EDM is
centered around the Event class, which holds all data that was taken during a triggered
physics event as well as all data derived from the data taking (e.g. calibration and align-
ment constants). The detailed CMS detector and physics simulation is currently based on
the simulation toolkit GEANT 4 [50] and the CMS object-oriented framework and event
model. GEANT 4 provides a rich set of physics processes describing electromagnetic and
hadronic interactions in detail. It also provides tools for modeling the full CMS detector
and geometry and the interfaces required for retrieving information from particle tracking
through these detectors and the magnetic field. The validation of GEANT 4 in the context
of CMS is described in detail in Ref. [51]. The CMS GEANT 4 based simulation program
uses the standard CMS software framework and utilities, as used by the reconstruction
programs. The simulation is implemented for all CMS subdetectors in both the central
and forward region, including the field map of the 4 Tesla solenoid. In addition, several
test-beam prototypes and layouts have been simulated. The full simulation program im-
plements the sensitive detector behavior, track selection mechanism, hit collection and

digitization (i.e. detector electronic response). The detailed simulation workflow is as
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follows:

e An appropriate Monte Carlo (MC) event generator (several are used) is configured

to produce the data samples of interest;

e The production team/system runs the generator software to produce generator event

data files;

e The generator data samples are then validated and a configuration for the GEANT
based simulation of CMS is selected, with generator events as input, to produce

(using the standard CMS framework) persistent hits in the detectors;

e These hits data are then validated and are used as input to the subsequent dig-
itization step, allowing for pile-up to be included. This step converts hits into

digitizations which correspond to the output of the CMS electronics.

The digitization step, following the hit creation step, constitutes the simulation of the
electronic readout used to acquire data by the detector. It starts from the hit positions
and simulated energy losses in the detectors and produces an output that needs to be as
close as possible to real data coming from CMS. Information from the generation stage
(e.g. particle type and momentum) is preserved in the digitization step. The output
of this step has the same format of real collision events, and therefore can be fed to
the same reconstruction software chain. Collision events are reconstructed and stored if
they satisfy at least one of the High Level Trigger paths employed online. Depending on
the type of HLT path which was passed, an event is stored in a given primary dataset,
which therefore collect events with similar topologies. Examples of Primary Datasets
are Photon, DoubleMuon, DoubleElectron, SingleMuon etc. In this Thesis, all of the
mentioned primary datasets are used. To maintain the required level of data reduction
while keeping the flexibility, the CMS uses several event formats with different levels
of detail and precision. Other specialized event formats are used for heavy-ion data.

The process of data reduction and analysis takes place in steps, typically carried out at
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different computer centers. The main types of data format are referred to as, RAW,
RECO, and AOD. RAW events contain the full recorded information from the detector,
and a record of the trigger decision and other information. The RAW data is permanently
archived in safe storage, and is designed to occupy around 1.5 MB/event (2 MB/event for
simulated data, due to additional MC generator level information). The Reconstructed
format, RECO data, is produced by applying several levels of pattern recognition and
compression algorithms to the RAW data. Reconstruction is the most CPU intensive
activity in the CMS data processing chain. The resulting RECO events contain physics
objects, and a full record of the reconstructed hits and clusters used to produce them.
Sufficient information is retained to allow subsequent application of new calibrations or
algorithms without recourse to RAW data. RECO events are foreseen to occupy around
0.5 MB/event. Finally, Analysis Object Data (AOD) is the compact analysis format
which is designed to allow a wide range of physics analyses whilst occupying sufficiently
small storage so that very large event samples may be held at many centers. AOD data is
produced by filtering of RECO data, and requires around 100 kB/event, small enough to
allow a complete copy of the experimental data in AOD format to be held at computing
centers outside CERN. In this Thesis, the analysis has been performed using AOD data.
The Physics Analysis Toolkit (PAT) is a high level analysis layer providing the Physics
Analysis Groups (PAGs) with easy access to the algorithms developed by Physics Objects
Groups (POGs) in the framework of the CMSSW offline software. It aims at fulfilling
the needs of most CMS analyses, providing both ease of use for beginners and flexibility
for advanced users. PAT is fully integrated into CMSSW and an integral part of any
release of CMSSW. To facilitate development, CMS consolidates its code base regularly
into releases. Different releases are grouped into release cycles dedicated to a specific
purpose (i.e. data taking and reconstruction in LHC collision period, integration of a
new ROOT version, etc.) to aggregate specific feature sets of the software stack. The
rapid development cycle of CMS and the resulting high number of releases requires a

thorough quality assurance process. To guarantee stable and performant releases while
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supporting a high turn around and diverse development, CMS implemented an advanced

central release validation process.

2.5.1 CMS Remote Analysis Builder

CMS Remote Analysis Builder, known as CRAB [52], is a Python program intended to
simplify the process of creation and submission of CMS analysis jobs into a computing
grid environment. In order to store and manage a huge quantity of data, while assuring
data access to physicists of CMS collaboration and computing power for analysis and sim-
ulation, CMS uses a distributed architecture based on grid infrastructure that guarantees
resources and data availability to allowed users. The user’s point of view involves analyz-
ing the distributed data as they were in the local computing centre, but the analysis in a
distributed environment is a complex computing task. Hence, the CMS collaboration has
developed CRAB to simplify the work of users to create, submit and manage the analysis
job in grid environments to handle data discovery, to provide resources availability, to
create and submit job, to monitor status and to retrieve output. CRAB is a user friendly
tool that helps users to run their analysis code on data available at remote sites, hiding

grid and CMS infrastructure details.
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Physics Object Reconstruction and
Identification at CMS

Reconstruction is the method of constructing physics quantities from the raw data col-
lected in the experiment [53]. The reconstruction process can be divided into 3 steps:
local reconstruction within an individual detector module, global reconstruction within a
whole detector, and combination of these reconstructed objects to produce physics objects
like electron, muon, jets etc. The reconstruction units providing local reconstruction in a
detector module use raw data from the DAQ system or simulated data as input. These
data in either case are called “digis”. The output from the reconstruction units are called
“RecHits”, i.e. reconstructed hits which are typically position measurements (from times
or clusters of strips or pixels) in tracking-type detectors (Muon and Tracker systems) and
calorimetric clusters in Calorimeter systems. In the global reconstruction step, informa-
tion from the different modules of a subdetector are combined, although information from
different subdetectors is not grouped. For example, Tracker RecHits are used to produce
reconstructed charged particle tracks and Muon RecHits are used to produce muon tracks.
The final reconstruction step combines reconstructed objects from individual subdetec-
tors to produce reconstructed objects suitable for physics analysis. For example, tracks

in the Tracker system and tracks in the Muon system are combined to provide final muon
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candidates, and electron candidates from the Calorimeter system are matched to tracks
in the Tracker system. In this chapter, an overview for reconstruction of physics objects
which are used in the physics analyses is provided. After the reconstruction, identification
of these physics objects is also explained. Identification of any physics object is a method
to improve the separation of the ‘real’ object from ‘fake’ one. ‘Fake’ means the mis-
reconstructed or mis-measured physics object, for example a jet deposits its energy both
in ECAL and HCAL and hence it can be reconstructed as electron. Every physics object
has a set of identification characteristics or variables which can be used to identify it.
The selection on these variables is decided based on the signal efficiency and background
(fake) rejection. In the case of searches for physics signals having very low cross-sections,
one cares more about the efficiency for signal than the background rejection and hence
the selection criteria is less stringent and it is generally called ‘loose’ criteria. Another
case is precision measurements where more interest is to reject the background and hence
a more stringent identification criteria is applied and it is generally called ‘tight’ criteria.
In between of these two criteria, there exists a ‘medium’ criterion as well. In this chapter,
Section 3.1 and 3.2 gives the description about the interaction vertex and beamspot re-
construction. In Section 3.3, a discussion is given for track reconstruction. Section 3.4 and
3.5 give the details about the reconstruction, identification and isolation for electrons and
muons respectively. Section 3.6 describes briefly the photon reconstruction and identifi-
cation. In the Section 3.7 various jet reconstruction algorithms are discussed along with
their identification criteria. Section 3.8 describes the various missing transverse energy
definitions. Finally, Section 3.9 and 3.10 give the overview of 7 reconstruction and various

b-tagging algorithms respectively.

3.1 Vertex Reconstruction

The identification of vertices plays an important role in event reconstruction. Precise
coordinates of the primary event vertices are needed to assign tracks to collisions and to

determine the event kinematics. Secondary vertices are tools for identifying long-lived
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particles like heavy flavor hadrons and 7 leptons. Multiple overlapping events with high
track density and particle interactions in the tracking volume are the main challenges for
vertex reconstruction.

Vertex reconstruction usually involves two steps, vertex finding and vertex fitting. Vertex
finding involves grouping tracks into vertex candidates, such as the tracks of a jet in
case of quark flavor (b-quark or light quarks) tagging or the full event in case of primary
vertex finding. Vertex finding algorithms can be very different for the different physics
cases (primary or secondary vertex finding, reconstruction of exclusive decays, etc.). This
is done via deterministic annealing [54] algorithm. Vertex fitting involves determining the
best estimate of the vertex parameters for a given set of tracks. The goodness of fit may
be used to accept or discard a vertex hypothesis. In addition the vertex fit is often used to
improve the measurement of track parameters at the vertex. The CMS reconstruction uses
two different vertex fitting methods. The first one is the Kalman Filter [55], which uses
a global least-square minimization. It works best for Gaussian distributed measurements
and may include an update of the involved track parameters. The Gaussian Sum filter
(GSF) [56] treats tails by modeling the non-Gaussian resolution functions more precisely.
The second method, the Adaptive Vertex Fitter [57], is an iterative re-weighted fit, which
down-weights tracks according to their significant distance from the vertex. This enlarges
the robustness by decreasing the sensitivity to outlying or mis-measured tracks.

Once a vertex is found and fit, the tracks are again recalculated, using the vertex as an
additional position in the track fit algorithm. In order to separate the vertices associated
with pile-up events with the interaction of interest, each event is given a primary vertex,

defined to be the one with the highest sum of squared track transverse momenta.

3.2 Determination of Beam Spot

The beam spot is the luminous region produced by the collisions of proton beams. The
position and spread of the beam spot needs to be measured precisely because of the

following reasons:
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Important input for physics, for example quark flavor tagging of jets, lifetime, etc.

For pattern recognition (input for HLT and offline reconstruction).

Extraction of the tracking impact parameter resolution.

Quick check of global alignment.

Provide feedback to accelerator groups.

e Beam monitor.

The algorithm used to calculated the transverse beam position is the so called dy¢

algorithm. The dy¢ algorithm has been used successfully in previous experiments [58].

3.3 Track Reconstruction in CMS

Different algorithms are used in CMS for track reconstruction. All methods use the recon-
structed positions (hits) of the passage of charged particles in the silicon detectors to de-
termine the helix trajectories of the charged tracks and therefore measure their directions
and momenta. The standard algorithm designed for the reconstruction of proton-proton
collisions is the Combinatorial Track Finder (CTF). The CTF proceeds in three stages:
(1) seeding, (2) finding and (3) fitting. In the seeding stage pairs of hits, that are com-
patible with the interaction region above a lower pr threshold, are considered as possible
candidates of charged tracks. Pixel hits provide the best track seeding, given their three
dimensional position information and lower occupancy. The seeding efficiency with pixel
hits drops in the 2 < |n| < 2.5 forward region where a mixed seeding of hits from pixels
and inner strips is needed to achieve a fully efficient track finding in the whole tracker
acceptance. The track finding stage is based on a Kalman Filter pattern recognition ap-
proach [55]. Starting with the seeded parameters, the track trajectory is extrapolated to
the neighboring tracker layers and compatible hits are assigned to the track. Final Track

fit module estimates the parameters of trajectories with ultimate precision by means of
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a Kalman filter and smoother. During the iterative reconstruction process, a lot of am-
biguities are created in the case of multiple tracks per seed or multiple seeds per track.
Trajectories are cleaned to reduce those ambiguities by examining the number of shared
hits between track pairs. In the case of equal number of hits, the track with the highest
pearson chi-square (x?) is discarded and if the number of shared hits is larger than 50%
of the hits of the track with the lower numbers of hits, the track with the lower number
of hits is discarded. Finally, track selection is performed using several tracking quality
criteria, for example the number of hits, normalized y? and vertex compatibility. The fake
tracks, especially in the case of high multiplicity in jets are rejected using these quality
criteria. In the central region |n| < 1, the pr resolution is better than 1% for tracks with
pr < 10 GeV [59]. At higher pr the momentum resolution worsens approximately as
A(1/pt) ~ 0.2 TeV~L. The resolution on the transverse (Ady) and longitudinal (AZ)
impact parameters in the central region is Ady ~ 10pum and Azy ~ 20um, for single
muons of very high pr > 100 GeV. At lower pr the track impact parameter resolution

worsens approximately with an additional Ady ~ Azg ~ 100 um/pr (GeV).

3.4 Electron Reconstruction and Selection

An electron in the CMS is defined as clusters of ECAL energy deposits matched to a track
from the silicon tracker. Electron reconstruction in CMS [60] is complicated due to the
large amount of material (Figure 3.1) that it must traverse before it reaches electromag-

netic calorimeter resulting in high rates of bremsstrahlung as shown in Figure 3.2.

3.4.1 ECAL Clustering and Superclustering

Electron and photon showers deposit their energy in several crystals in the ECAL. Ap-
proximately 94% (97%) of the incident energy of a single electron or photon is contained
in a 3 x 3 (5 x 5) crystal array (Figure 3.2). Summing the energy measured in such fixed
arrays provides the best performance for photons or electrons in a field-free environment

that excludes material in front of the crystals. However, in the realistic detector envi-
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Figure 3.1: The distribution of tracker material in front of ECAL. 7 is shown in x-axis
and y-axis shows the distance in terms of Radiation length (Xj).

ronment material in front of the calorimeter leads electrons to undergo bremsstrahlung
and photons to convert, and the energy reaching the calorimeter is spread in ¢ due to the
magnetic field. This spread in energy is recovered for electrons and photons by building
a cluster of clusters of such energy depositions that is extended in ¢, referred to as a
“supercluster”.
Superclustering Algorithms

Details of the superclustering algorithms used have been given elsewhere [61]. Here,
only a brief idea description is given. The reconstruction of electrons starts with building
clusters seeded by highest energy deposited crystals in the ECAL. These clusters are then
used to form superclusters that further collect the energy radiated by bremsstrahlung in

the tracker volume.

e Hybrid supercluster algorithm: This algorithm uses the n — ¢ geometry of
the barrel crystals to exploit the knowledge of the lateral shower shape in the n

direction (taking a fixed bar of 3 or 5 crystals in 1), while searching dynamically for
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separated energy in the ¢ direction. The algorithm makes superclusters which are

then decomposed into sub-clusters (“basic clusters”).

Island basic cluster and supercluster algorithm: The Island algorithm starts
with a seed crystal having local energy maximum above a defined threshold. Starting
from the seed position, adjacent crystals are examined, scanning first in ¢ and then
in 7. Along each scan line, crystals are added to the cluster until a rise in energy (i.e.
the area with energies at the noise level or a crystal belonging to another cluster
is reached) or crystal that has not been read out (i.e. without recorded energy) is
encountered.

For a crystal to be added to a cluster the following must be true:

1. The crystal contains a RecHit with positive energy.

2. The crystal has not been assigned to another cluster already.

3. The previous crystal added (in the same direction) has higher energy.
In much the same way as energy is clustered at the level of the crystals, non-
overlapping Island clusters can in turn be clustered into superclusters. The proce-

dure is seeded by searching for the most energetic cluster and then collecting all the

other nearby clusters in a very narrow n-window, and much wider ¢-window.

3.4.2 Electron Tracking and Charge determination

After the clustering, the supercluster is propagated back towards the pixel detector, ac-

counting for the influence of the magnetic field, and matched with compatible track seg-

ments reconstructed in the pixel detector. Next, the electron track is built by proceeding

through each layer of the silicon tracker starting from the pixel track segment, and adding

measured hits in subsequent layer that are consistent with the propagated trajectory. The

propagation and track fitting algorithm used is based on the Kalman filter [55]. To ac-

count for the high rate of bremsstrahlung and to maximize electron track finding efficiency,
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Figure 3.2: Reconstruction of electron candidates at CMS experiment.

looser track hit position compatibility requirements are imposed in the track building pro-
cess.

The Kalman filter technique of track fitting is known to be optimal only if all energy
loss distributions are Gaussian. The best reference model for electron energy loss is the
Bethe-Heitler model [62] and the energy loss distribution described by this model is not
particularly well approximated by a Gaussian distribution. We generalize the Kalman
filter technique by representing all track trajectory states by a sum of Gaussians rather
than a single Gaussian. This track fitting technique is called the Gaussian Sum Filter
(GSF) technique [63]. This method results in an electron track trajectory that is com-
posed of multiple weighted trajectories. The trajectory of the electron is taken as the
trajectory with the largest weight. The electron momentum is measured as a weighted
mean of the supercluster energy measurement and the track momentum measurement,
whose weights are based on the uncertainties of each measurement. Three different charge
measurements are used together to determine the charge of the electron: the charge of

the GSF track, the charge of a track reconstructed from the algorithm used for generic
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minimum ionizing particles matched to the electron candidate, and the charge measured
from the relative position of the innermost track hit and the supercluster. The charge
of the electron candidate is taken as the majority decision of these three methods. This

choice reduces the rate of charge mis-identification.

3.4.3 Electron energy scale corrections

The electron energy measurement provided by the superclustering algorithm is obtained
by simply adding the contributions from the energy deposits in each crystal. The ¢
spread of the energy deposition in the ECAL, and hence the energy containment of the
supercluster, will in general depend on the pattern of bremsstrahlung emission and on
pr. The variations of the supercluster energy containment associated to bremsstrahlung
can be correlated with the volume of the shower integration, as measured approximately
by the number of contributing crystals. In the case of showering electrons for which
the bremsstrahlung recovery is not fully efficient and which are affected by a significant
fraction of energy lost in the tracker material, the correction based on number of crystals

must be complemented by a residual parametrized n-dependent correction.

3.4.4 Electron Identification

In physics analysis with multi-electron final states high identification efficiency is needed to
enhance signal selection, in particular at low transverse energy (FEr) where the background
increases and the fake rate is much higher. The CMS detector has features that greatly
impact on electron identification like the high magnetic field, a thick tracker and the
lower ECAL response to pions with respect to electrons. Electrons, for example from W
boson and Z boson decay, can be distinguished from other particles due to their unique
characteristics that are primarily measured in the ECAL and tracker. Ideally, the electron
track would match well with the cluster of energy found in the ECAL, both in position
and momentum. The track would also emanate directly from the event vertex and be

isolated from other tracks and calorimeter energy deposits. Electron identification makes
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use of a complete set of variables to distinguish between real electrons and background

electrons. A brief description of the variables is given below:
e H/E: Hadronic to electromagnetic energy ratio.

® E/pin, Fseea/Pin and Fgeeq/Pows: Energy-momentum matching variables between
the energy of the supercluster or of the supercluster seed and the electron track
momentum measured at the vertex or at the calorimeter. Here, p;, is the electron
track momentum at the closest position from the nominal vertex. p..; is the electron
track momentum at the farthest position from nominal vertex and closest to the
ECAL supercluster. Fi..q is the highest energy crystal and E is the total energy

contained in supercluster.

o Aoy, Ani,: Geometrical matching between the electron track parameters at the

vertex extrapolated to the super cluster and the measured super cluster position.

e Calorimeter shower shape variables: oy, - The width of the ECAL cluster along
the n direction computed for all the crystals in the 5 x 5 block of crystals centered

on the highest energy crystal of the seed cluster.

e dy: Transverse impact parameter of the electron track computed with respect to the

reconstructed primary vertex.

e d.: Longitudinal impact parameter of the electron track computed with respect to

the reconstructed primary vertex.

Considering the high photon conversion rates due to the material budget in front of ECAL,

a selection criterion is designed to reject electrons from conversion:

e Missing Hits: Number of crossed layers without compatible hits in the back-

propagation of the track to the beam-line.
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3.4.5 Electron Isolation

Electrons are required to be geometrically isolated from other charged particles and energy
deposits in order to reduce the contribution from fakes arising from QCD. Each track is
matched to calorimeter deposits with very fine granularity. This allows for individual
tracks to be identified as electrons, muons, or charged hadrons, and for the unmatched
calorimeter deposits to be identified as photons or neutral hadrons. This procedure results
in a global description of the event with all particles reconstructed, and is referred to
as Particle Flow (PF) [64]. Such reconstructed “PF candidates” are used as the basis
for defining isolation observables for an electron. A “cone” is defined in the n and ¢

coordinate space around the direction of the electron candidate by the requirement that

AR = /(An)? + (A¢)? < Ry, for some particular value of Ry. Ry is typically chosen to
be a number between 0.3 and 0.5. In this Thesis, AR is chosen to be 0.4. Next, the pr of
all reconstructed particles within this cone is summed to obtain the isolation observable.
Three different isolation observables based on the type of the reconstructed particles have
been defined: charged particles, photons, and neutral hadrons. The PF charged particle
isolation is obtained by summing the momenta of all particles inside the cone that are
charged, imposing the extra requirement that the z coordinate of the track trajectory
at the point of closest approach to the beamline is within 0.1 c¢m of the event primary
vertex, which is intended to reject particles produced from pile-up events. The PF photon
isolation is computed by summing the momenta of all photons inside the cone, but vetoing
those PF photons which lie within a narrow strip in the ¢ coordinate defined by |An| <
0.025. In the PF electron reconstruction procedure, an attempt is made to collect all PF
photon candidates that are emitted from the electron undergoing bremsstrahlung and to
combine their momenta with the momentum of the electron. Due to some inefficiency of
this bremsstrahlung procedure, some fraction of such PF photons do not get collected.
The veto of a narrow strip in the ¢ coordinate attempts to make the isolation definition
more robust against this particular situation. Finally the PF neutral hadron isolation

is computed by summing the momenta of all neutral hadron PF candidates inside the
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cone, but vetoing those which fall within an inner cone defined by AR < 0.07. This veto
is intended to address the situation where the electromagnetic shower induced by the
electron is not fully contained within the ECAL and spills into the HCAL. In the case
that the particle flow reconstruction fails to identify such an object as an electron, the
energy will be assigned to a neutral hadron, and included in the isolation sum. To ensure
robustness against such failures, this inner cone veto is imposed. For the PF photon
isolation and the PF neutral hadron isolation, a minimum pt threshold is imposed on
the particle flow candidates that are considered in order to increase robustness against
the influence of particles from pile-up events. The minimum pr threshold is typically
chosen to be 1.0 GeV. Once the three isolation variables are defined, they are summed to
form a combined isolation quantity and this is required to be less than some fraction of
the electron pr. Typical maximum values for this fraction are between 10% and 15%. A
correction is applied to the neutral flux by using the average energy density due to pile-up
and underlying event in the central region of the detector (p) and an effective area (Aegr)
correction which normalizes this estimator in such a way that the isolation is independent

of the number of pile-up interactions. The electron isolation (I,..;) is therefore defined as:

1
[rel = p_ [[ch + max([nh + [g — Aeﬁ‘ . p, 0)] (31)
T

where
e [y is the sum of pr from charged hadrons within the isolation cone defined.
e [ is the sum of pt from neutral hadrons within the isolation cone defined.

e I, is the contribution from photons.

3.4.6 Electron Performance in CMS

The latest results from CMS experiment for electron performance are documented in [65].
Figure 3.3 shows expected resolution for prompt and isolated electrons in the ECAL

barrel as a function of the initial electron energy from the ECAL, the tracker and the
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combined estimates. The resolution is evaluated as half the minimal width that contains
68.3% of the reconstructed energy or momentum distribution (effective resolution) and
using a Gaussian fit in the core of the momentum distribution. Figure 3.4 shows relative
difference between the di-electron mass scales in data and simulation extracted from J/v,
T and Z decays, as function of the average electron pr and for different pseudorapidity

regions.
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Figure 3.3: Electron resolution as a function of electron energy.

3.5 Muon Reconstruction and Selection

3.5.1 Muon Reconstruction

Muon reconstruction [66] begins with track segment reconstruction using hits in the DT
and CSC muon detector systems. First, track segments are reconstructed within each
muon chamber, which are loosely matched and combined to form seeds for muon recon-
struction. Each seed track is extended using an iterative tracking procedure, where the

candidate trajectory is propagated from one muon detector layer to the next, account-
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Figure 3.4: Di-electron mass resolution comparison between data and simulation at

Vs = 8TeV.

ing for energy loss and multiple scattering in material. This procedure results in a set
of muon candidates, referred as “standalone” muons, because only information from the
muon detectors are used for their reconstruction.

Next, one attempts to match standalone muons with tracks reconstructed in the silicon
tracker to form muon candidates, referred as “global” muons, because they use the full
information from the muon system and the tracking system. A loose rectangular region
defined by the measured uncertainties in the direction of the standalone muon is used to
find geometrically matching tracks. The trajectory defined by these tracks and the tra-
jectory defined by the standalone muons are propagated to a common surface, typically
chosen to be the tracker outer boundary or the muon system inner boundary, where var-
ious matching criteria, like number of matched muon stations are applied. A number of
observables including spatial parameters, momentum parameters, and combined variables
are used to match the standalone muons with the standard reconstructed tracks. Finally,

for each pair of standalone muon matched to a silicon track, a global fit is performed
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using the individual hits that comprise the standalone muon and the silicon track. This
procedure results in a global muon candidate. For each standalone muon, a unique global
muon is chosen with the best global fit pearson chi-square (x?) result.

Muons with badly measured segments in the muon chambers may fail the standalone
reconstruction sequence entirely. In order to recover such muons an alternate muon re-
construction sequence is applied which begins by considering all well reconstructed silicon
tracks. These tracks are propagated through the calorimeter and into the muon stations,
accounting for possible energy loss and multiple scattering. Track segments reconstructed
in each muon station are uniquely associated to candidate tracks by finding the near-
est geometric match. Muons reconstructed by this alternative algorithm are referred as
“tracker muons”. In order to reduce backgrounds, requirements are placed on the com-
patibility of the measured calorimeter energy deposition with a muon hypothesis as well
as the quality of the geometric matching of the associated muon segments. Finally, to
suppress background muons to sufficiently low levels we enforce that the muon penetrate
through the last muon station. This is done by requiring that there is a reconstructed
track segment in the outermost muon station. Furthermore, the silicon track trajectory
is required to match the segment in the outermost muon station geometrically to within
three standard deviations in both transverse local coordinates. The tracker muon re-
construction is particularly useful for recovering muons with low transverse momentum,
which fail the global muon reconstruction sequence more often because they are unable
to penetrate fully through the material to the last muon stations. All the three types of

muons and their reconstruction are shown in Figure 3.5.

3.5.2 Muon Identification

The reconstructed muons contain a significant amount of (undecayed) charged hadrons,
such as kaons and pions, which are mis-identified like muons. In order to have a rel-
atively pure sample of muons, the identification requirements must be applied. Muon

identification algorithm starts with all reconstructed tracks from the silicon inner track-
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Figure 3.5: Different types of Muon reconstruction.

ing detector and attempts to quantify a muon compatibility for each track, including those
tracks with no matching standalone tracks in the muon detectors. Muon identification
also takes advantage of information from other detectors not used in reconstruction, such
as associated energy deposits in the calorimeters for determining the compatibility of a
given track with the muon hypothesis. In addition, the algorithm is able to make use of
hit information from individual layers of the muon detectors, even in cases where those
hits are not associated with a reconstructed, standalone muon track. Extrapolation is
done for each reconstructed silicon track outward to its most probable location within
each detector of interest (ECAL, HCAL, muon system). The track extrapolation takes
into account the magnetic field and energy loss via the Geane software package [67]. The
algorithm then searches in a cone around that most probable location for any signals that
might be associated with the track of interest. There are many identification variables

based on information from various subdetectors [68].

e \*/number of degrees of freedom (ng4,s) of the global muon track fit : This variable

is used to suppress hadronic punch-through and muons from decays in flight.

e Number of valid muon hits: These are the number of hits included in the global
muon track fit. This also helps in reducing the muons which do not come from the

primary vertex.

e Number of matched stations: This variables ensures that the muon has passed

through muon segments in muon stations. This implies that the muon is also an
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arbitrated! tracker muon. This is used to suppress punch-through and accidental

track-to-segment matches.

e dy: Transverse impact parameter with respect to the primary vertex. This variable

is required to reject cosmic muons.

e d.: Longitudinal distance of muon track in inner tracker from primary vertex. This

is used for the selection of prompt muons.

e Number of pixel hits: This counts the number of hits in pixel layers. This variable

along with dy and d, ensures the promptness of muons.

e Number of tracker layers: Minimum threshold on this variable is to ensure a good
pr measurement, for which some minimal number of measurement points in the

tracker is needed.

3.5.3 Muon isolation

Muons are required to be geometrically isolated from other charged particles and energy
deposits. The procedure used is analogous to the case for electrons, as discussed in Sec-
tion 3.4.5. The PF candidate-based isolation variable is used to reduce the contamination
from the non-isolated muons originating from jets. The muon isolation is defined as the
scalar sum of the pr of the PF candidates within AR < 0.3. A correction is applied to
correct for pile-up contamination. This correction is achieved by subtracting half the sum
of the pr of the charged particles in the cone of interest but with particles not originating
from the primary vertex (I.,py). The muon isolation is therefore defined as:

1
]rel = p_ [Ich + rnaJX(]nh + Ig —-0.5- IchPU7 O)] (32)
T

All the symbols have the meanings as described in Section 3.4.5. The factor 0.5 corre-

sponds to an average of neutral to charged particles and has been measured in jets in

! Arbitration is the pattern recognition process which assigns each muon segment uniquely to a single
Tracker Muon.
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Ref. [69].

3.5.4 Muon momentum scale and resolution

The measurement of the muon transverse momentum is highly sensitive to the alignment
of the tracker and of the muon chambers, to the composition of material and its distri-
bution inside the tracking volume, and to the knowledge of the magnetic field inside and
outside the solenoid volume. The momentum scale and resolution of muons are studied
using different approaches in different pr ranges. At low and intermediate pr (< 100
GeV), the mass constraint of di-muon decays from the J/¢ and Z resonances is used
to calibrate the momentum scale and measure the momentum resolution. In the high
pr range (>100 GeV), the muon momentum scale and resolution can be measured using
cosmic-ray muons (with the exception of the high |n| region). In the intermediate pr
range, two approaches have been developed to study the muon pr measurement. The
first, referred to as MuScleFit (Muon momentum Scale calibration Fit), produces an ab-
solute measurement of momentum scale and resolution by using a reference model of the
generated Z lineshape convoluted with a Gaussian function. The second, called SIDRA
(SImulation DRiven Analysis), compares the data with the full simulation of the Z decay
to two muons in the CMS detector and provides a way to directly modify the simulation
to better match the data. Averaged over the whole acceptance, the relative bias in the
muon momentum scale is measured with a precision of better than 0.2% and is found to
be consistent with zero up to pr values of 100 GeV [70].

The relative pr resolution in the intermediate pt range obtained using MuScleFit is found
to be in the range from 1.3% to 2.0% for muons in the barrel and up to 6% for muons in
the endcaps, which are in good agreement with the results obtained from simulation. The
o(pr)/pr averaged over ¢ and n varies in pr from (1.8)% at pr = 30 GeV to (2.3)% at
pr = 50 GeV, which are again in good agreement with the expectations from simulation.

These results are shown in Figure 3.6.
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Figure 3.6: Relative transverse momentum resolution o(pr)/pr in data and simulation
measured by applying the MuScleFit and SIDRA methods to muons produced in the
decays of Z bosons.

3.6 Photon Reconstruction and Identification

Photon reconstruction [71] is very similar to electron reconstruction as it also deposits its
energy in ECAL. The photon energy is reconstructed by summing the energy deposited in
a cluster of crystals. The clusters are 5 x5 crystal arrays, or the superclusters found by the
hybrid algorithm, in barrel, or the island algorithm, in endcaps. The clustering algorithms
have been discussed in Section 3.4.1. The choice of clustering algorithm depends on the
spread of the deposited energy. For compact energy deposits, originating mainly from the
single showers of unconverted photons, the best energy measurement is achieved using
a b x 5 crystal array, while superclustering algorithms provide better measurement for
multiple showers originating from conversions where the bending of the electron and
positron tracks, and their radiation in tracker material, spreads the energy over a larger
area of the calorimeter. But they do not have tracks in tracker so the identification mainly
depends on the shower shapes and lateral spread of showers. Variables which are used to

identify photons are:

e Ry: The ratio of energy contained in a 3 x 3 array of crystals centred on the crystal
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with the highest deposited energy to the total supercluster energy.

e H/E: Ratio of the energy deposited in the single closest HCAL tower to the su-
percluster inside a cone of radius 0.15 in the n — ¢ plane centered on the photon

direction and the energy deposited in ECAL to that supercluster.

® 0iin: The energy weighted standard deviation of single crystal n within the 5 x 5

crystals centered at the crystal with maximum energy.

® 0isis: The energy weighted standard deviation of single crystal ¢ within the 5 x 5

crystals centered at the crystal with maximum energy.

e Pixel seed veto: There should not be any hit present in the pixel detector. This is

mainly to distinguish between electron and photon.

A very convenient measure of the lateral spread of energy deposition is provided by the Ry
variable. Values approaching unity are obtained for unconverted photons, or for photons
that have converted very close to the ECAL. Smaller values are obtained for increasing

distances of the conversion vertex from the ECAL.

3.7 Jet Reconstruction

Jets are the main ingredient to reconstruct the hadronic content in an event. Quarks
and gluons cannot be observed directly because of quark confinement, although they can
be detected through the tracking and calorimeter systems as they fragment into stable
hadrons. They appear in the detector as jets of particles [72]. The jet reconstruction and
identification in the CMS is a complicated and sensitive task that involves the calorimeters

and the tracking systems.

3.7.1 Reconstructed jet types at CMS

Three different types of jets are used in the CMS, characterized by the way the inputs

from subdetectors are used during the jet finding procedure: calorimetric jets (CaloJets),
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jet-plus-tracks jets (JPT Jets) and particle flow jets (PFJets).

Calorimeter Jets - CaloJets: In the case of calorimeter jets [73], the input objects
for the jet clustering are formed from the measurements of the energy depositions in the
electromagnetic (ECAL) and the hadronic (HCAL) calorimeters. The ECAL crystals and
HCAL cells are combined into calorimeter towers. A calorimeter tower consists of one
or more HCAL cells and the geometrically corresponding ECAL crystals. The energy of
these towers is calculated by summing up the energy of all contributing readout cells. As
calorimeter jets are reconstructed from only one type of detectors, they are the simplest
reconstructed jet type. They have been used at previous experiments and have been used
extensively for physics studies at the CMS [74]. However, their performance suffers from
the relatively poor energy resolution of the very compact hadronic calorimeter of CMS.
Jet-Plus-Tracks (JPT): The JPT algorithm [75] corrects the energy and the direction
of a calorimeter jet. It exploits the excellent performance of the CMS tracking detec-
tors [76] to improve the pr response and resolution of calorimeter jets. Charged particle
tracks are associated with each calorimeter jet based on the spatial separation in n — ¢
between the jet axis and the track momentum measured at the interaction vertex. The
associated tracks are classified as in-cone tracks if their projection onto the surface of the
calorimeter (ECAL) falls within the jet cone. Conversely, if they are bent outside the cone
by the magnetic field, then they are called out-of-cone tracks. The expected calorime-
ter measurements of the in-cone tracks are subtracted from the calorimeter measurement
and replaced by the precise momentum measurement of the tracker. The measurement
of out-of-cone tracks is also taken into account so that it is possible to improve the jet
energy resolution significantly.

Particle Flow Jets (PF): PF algorithm aims to reconstruct, identify and calibrate
each individual particle in the event by combining the information from all the CMS
subdetector systems. PF particles are reconstructed as a combination of charged particle
tracks and clusters in the electromagnetic and hadronic calorimeters, as well as signals

in either of the two CMS preshower detectors and the muon system. Depending on
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which of the detector systems contribute to a single particle, it is defined as either an
electron (track+ECAL), muon (track+ECAL+HCAL+Muon System), photon(ECAL),
charged hadron (track+ECAL+HCAL), or neutral hadron (HCAL). The algorithm em-
ploys strategies to handle ambiguities stemming from the overlapping detector signals
to avoid double counting. Based on the particle type, the energy of each particle is
calibrated. Charged hadrons are treated under the assumption that they are pions. The
reconstruction of jets from these reconstructed particles leads to an improved performance
with respect to the jet energy resolution. In particle flow approach, charged hadrons are
identified to carry, on the average, 65% of the jet energy in the tracker covered region,
photon 25% and neutral hadrons 10% of the jet energy. These fractions ensure that 90%
of the jet energy can be reconstructed with good precision by the particle flow algorithm,

while only 10% of the energy is affected by the poor hadron calorimeter resolution.

3.7.2 Jet Algorithms

Depending on the reconstruction approach, jet clustering algorithms can be classified into
two major groups. In the first group, cone-based algorithms take particles or calorimeter
towers as seeds in an iterative search for stable cones in an event. In the second group,
a distance is defined between pairs of particles and successive re-combinations of the pair
of closest particles are performed, which is stopped when all resulting objects are too far
apart. The jet algorithm used in CMS is the ‘anti-k,” with AR = 0.5. In the anti-kt
algorithm [77], one introduces distances d;; between entities ¢ and j and d;z between
object i and the beam (B). For clustering, smallest of the distances is calculated; if it
is a d;; , the objects ¢ and j are recombined by adding their four-momenta, while if it is

d;p it is labeled as a jet and is removed from the list of objects. Distance measures are

defined as:

2

A2
dij = min(ki, k) (3.3)

dip = k" (3.4)
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where, A7, = (i —y;)* + (¢i — ¢;)* and ky;, y; and ¢; are the transverse momentum,
rapidity and azimuth of particle i respectively. In addition to the usual radius parameter
R, a parameter p has been added to govern the relative power of the energy versus geomet-
rical (A;;) scales. The anti-k; algorithm is a sub case of the above set of equations where p
= -1, while for p= 0 and p = 1 we get the so called k; [78,79] and Cambridge/Aachen [80]

algorithms respectively.

3.7.3 Jet-energy corrections (JEC)

Since jets are clusters of PF candidates, where certain thresholds are applied, the jets un-
derestimate the total contained energy. Also, the reconstructed jet has the energy usually
different than that of the corresponding particle because of the non-uniform and non-linear
response of the calorimeters. Moreover, electronic noise and multiple proton-proton in-
teractions in the same bunch crossing (pile-up events) can cause this extra amount of
energy. The goal of the jet energy calibration is to find the relation between the energy
measured in the detector jet and that of the corresponding particle jet. Thus it is required
to implement the additional corrections to the jet energies as explained here.

CMS has adopted a factorized solution to the problem of jet energy corrections [81], where
each level of correction takes care of a different effect. The set of corrections used are as

follows:

e L1 Offset Correction: The goal of the L1 correction is to remove the energy from
pile-up events, electronic noise and jet energy lost by thresholds. In principle this
will remove any dataset dependence on luminosity so that the following corrections

are applied upon a luminosity independent sample.

e L2 Relative Correction: The goal of the L2 Relative correction is to make the jet
response uniform with 7. Essentially, the uniformity in pseudorapidity is achieved

by correcting a jet in arbitrary 7 relative to a jet in the central region (|n| < 1.3).
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e 1.3 Absolute Correction: The goal of the L3 Absolute correction is to make the
jet response uniform with pr. Once a jet has been corrected for 1 dependence, it is
corrected back to particle level, i.e. the corrected jet pr is equal, on average, to the

generator-level jet pr.

e L2 L3 Residual corrections: After the first collision data at /s = 7 TeV, it was
realized that the CMS jet energy response simulation is very successful. However,
the comparison between data and MC is not perfect but there are small differences
depending on 7. Therefore, the L2 L3 Residual corrections are provided as described

below:

— first, the L2 and L3 JEC calibrations are applied, which takes care of the bulk

of the energy response.

— second, a small residual calibration (1 and pr dependent) is applied which fixes

the small differences between data and MC.

3.7.4 Jet identification

A set of quality cuts is applied to every reconstructed jet in order to reduce fake jets from

calorimeter noise [82]. Various identifications used are:
e Number of particles in jet (n)

Fraction of energy deposited in HCAL by neutral hadron constituents (nhf)

Fraction of energy deposited in ECAL by neutral constituents (nef)

Fraction of energy deposited in ECAL by charged constituents (cef)

Fraction of energy deposited in HCAL by charged hadron constituents (chf)

e Number of charged particles (nch)

Apart from these variables, a separate identification criteria is applied to suppress the

pile-up contamination in jets. Following variables are used:
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e Fraction of tracks associated to other vertices than primary vertex (/%)

e Jet contains many particles in it. So, root mean square (RMS) of the constituents

pr is also used.

3.8 Missing Transverse Energy (E'*%)

The lack of electromagnetic and strong interaction of neutrinos with the materials of the
detectors renders them invisible to the detector. They do not leave any physical signal and
their presence in a collision has to be inferred indirectly by studying energy and momentum
conservation. Due to the hermeticity of the CMS detector, almost any particle in an ample
angle coverage can be detected. The event should therefore be balanced energetically. An
imbalance in the momentum in the plane transverse to the beam direction signifies the
presence of undetected particles (which can be neutrinos, but also objects escaping the
fiducial volume of the detector). Reconstruction of > Ep (scalar sum of all the energy in
the event in the transverse plane) and E_>T"”'SS (vectorial imbalance in the transverse plane)
is challenging. It is very sensitive to detector miscalibration and noise. In addition to this
it can be mismeasured if otherwise identifiable particles pass through poorly instrumented
parts of the detector. The magnitude EI* = |E;miss| is one of the most important
variables for many processes. In particular, it is a clear discriminator for any physical
process involving the production of neutrinos, or in any supersymmetric search involving
weakly interacting particles. In this Thesis, F7¥*** reconstruction plays a key role, as a
large E7'** is involved because of Z decay into neutrinos in the signal. CMS has designed
three main algorithms to reconstruct E#**  involving all of the subdetectors to ensure

that the required performance is obtained. They are briefly described in this section.

3.8.1 EI"s Algorithms

The basis for a global energy reconstruction in a detector like CMS is the sum of all the
energy in the event. This energy can be merely measured in the calorimeters, or incorpo-

rate corrections using other subdetectors. In particular, CMS uses the tracker, given its
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excellent momentum determination.

Calorimetric E’;miss (caloMet): It uses exclusively the energy deposited in the ECAL
and HCAL towers. The E_;miss variable is computed as the negative vector sum of these
calorimeter depositions. The energy collected in the calorimeters does not take into ac-
count muon energy, since muons are minimum ionising particles that traverse calorimeters
almost unaffected (on average, they deposit only about 2 GeV). Therefore, the contribu-
tion of momenta of all the muons in the event has to be subtracted vectorially for the
final calculation.

Bwees Y OB-Y e X

CaloTowers muons muons

Further corrections can be applied to this caloMet. Final states with jets require that
the E7s% is corrected by the Jet Energy Scale. These corrections take the measured
raw energy values and adjust them for the difference between corrected and raw energy
scales. Uninstrumented regions of the detector, and effects of underlying event, are also
considered.

Track-Corrected E_)Tmiss (tcMet): The performance of the CMS tracker is superior to
that of the calorimeters for the measurement of the momentum of charged particles. The

miss

overall resolution and tails of the E_>T reconstruction is greatly improved by combining
the information provided by the CaloTowers as a basis with momentum measurement
in the tracker, in the cases where this is possible. ‘tcMet’ is calculated replacing for all
well reconstructed tracks, the expected energy deposition in the calorimeters with the
corresponding measured track momentum. This correction is applied to all tracks not
identified as muons or electrons. Charged particles are assumed to be pions, and their
expected energy deposit is determined from a response function derived from a single
pion MC sample, mapped in intervals of  and pr. Tracks with pr < 2 GeV are fully
compensated for assuming no response from the calorimeters (E;mm: 0). Tracks with
pr > 100 GeV receive no correction since at that energy the measurement of calorimetric

energy for charged hadrons is already good enough not to gain anything from the tracker

resolution. Identified muons are corrected in a similar way as in ‘caloMet’. No correction
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is applied for identified electrons as their energy is already correctly measured in the
electromagnetic calorimeter.

E;miss — Z E; _ Z p_>T}L + Z E';u o Z p—%track + Z E;track

CaloTowers muons muons goodtracks goodtracks

The aim behind the design of this algorithm is the control of the tails of the E;miss
distributions (high EZ¥*** events) in events with no real E7*.

Particle-Flow E_>Tmi53 (pfMet): A final step comes from the full reconstruction and
interpretation of the event through PF techniques [83], which aim to identify all stable
particles in the event (electrons, muons, photons, neutral hadrons and charged hadrons)
through the combination of all CMS subdetectors. Jets and 7s are built from these
identified objects. Once all particles in the event are identified by the algorithm, Z—?;miss
is determined by building the vectorial sum of transverse momenta over all reconstructed
particles in the event and then taking the opposite of this vector.

E_)Tmiss - _ E p—>T
AllPF—Particles

There is no need to apply corrections for muons or tracks since they are directly taken
into account in this inclusive approach. In this Thesis, particle-flow reconstructed E7s

is used.

3.8.2 Performance of EJ'*

The performance of EZ'* reconstruction algorithms have been studied using proton-
proton collision data collected with the CMS detector. Events with anomalous missing
transverse momentum are studied to find the performance of algorithms used to identify
and remove those events. The scale and resolution for EF** including the effects of
multiple proton-proton interactions in the same, earlier, and later bunch crossings (pile-
up interactions), are measured using events with an identified Z boson or isolated photon.
Figure 3.7 [84] shows the resolution of the PF EM*$ projections along the x- and y-axes as
a function of ) Ep. The ) Er is the scalar sum of Ep of all the particles reconstructed

by the particle-flow reconstruction except for dileptons from Z’s or photons. The results
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here are shown for /s = 8 TeV data corresponding to an integrated luminosity up to 12.2

+ 0.5 fb L.
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Figure 3.7: Resolution of the PF E* projection along the x-axis (a) and the y-axis (b)
as a function of > Ep for events with Z and v. Results are shown for Z — p*u~ events
(full blue circles), Z — eTe™ events (open red circles), and photon events (full green
squares). The upper frame of each figure shows the response in data; the lower frame
shows the ratio of data to simulation.

3.9 Tau Reconstruction

The tau lepton is the heaviest among the three families of leptons. Therefore, 7 leptons
produced in collider experiments typically decay in flight before interacting with any of
the detectors. The purely leptonic decays account for about 35% of the total decay width;
the rest is absorbed by semi-leptonic decays into one or three charged pions (prongs) and
additional neutral pions. In about 53% of the cases, tau leptons decay to final state with
more than one hadron. An additional challenge in reconstructing tau leptons is posed by
the presence of neutrinos in the final state, which escape undetected. The pr spectrum of
the visible particles from the tau decay is therefore softer than that of original 7 lepton.
CMS has adopted a PF approach towards 7 reconstruction [85]. First, all PF particles
are clustered into jets using the anti-k; algorithm with radius R = 0.5. For each jet, the

particle content is scanned: 7° candidates are built from the photons, if any, and finally
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assembled with the charged hadrons to form a hypothesized decay mode, from which the
hadronically decaying tau (75,) four-momentum and the compatibility with a 7, hypothesis
can be measured. Both cut-based Hadronic Plus Strips (HPS) and a multivariate Tau

Neutral Classifier (TaNC) algorithm are currently used for this purpose [86].

3.10 Ob-tagging

b-tagging [53] is one of the most important tool to identify the top-quark related events
as top quark decays almost exclusively into W boson and b-quark. Top-related processes
like ¢t and single-top production are major backgrounds in many searches including Higgs
boson searches. b-tagging gives a way to suppress these events. Inclusive tagging of b jets,
as opposed to lighter flavour jets, mainly relies upon relatively distinct properties of b-
hadrons such as large proper lifetime (7 = 1.5 ps, ¢ = 450 um), large mass, decay to final
states with high charged track multiplicities (on average 5 charged tracks), relatively large
semileptonic branching ratios (in about 20% of the cases, b-hadrons decay into muons or
electrons), and a hard fragmentation function. At the CMS, b-tagging is typically applied
to jets and hence accurate jet reconstruction algorithms are necessary. A brief introduction

of various methods of b-tagging is as follows:

3.10.1 Track impact parameter based tags

The track impact parameters of charged particles as measured in the tracking detector
provide a powerful means to determine whether a track originates from the primary in-
teraction vertex or from the decay of a particle that has travelled a significant distance
from the primary interaction vertex. Since b-quark has higher lifetime than other charged
particles so impact parameter can be a good tool to identify it. The impact parameter can
be computed in the transverse plane or in three dimensions. Three dimensional impact

parameters yield better overall b-tagging performance.
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Track-counting b-tagging

In this method, for each selected track in a jet, the impact parameter significance is
computed. The jet is tagged as b-jet if the number of tracks with an impact parameter
significance exceeding a given threshold is greater than a value which can be optimized for
various purposes. Tracks are ordered in decreasing impact parameter significance. The
significance of the track impact parameter of the N** track thus serves as the discriminator
for this algorithm. In the CMS, there are b-tagging algorithms available based on this
method like Track-Counting High Efficiency (TCHE) tagger [53].

Probability b-tagging

The probability method is also based on track impact parameters: it entails computing
the compatibility of a set of tracks which come from the primary vertex [87]. The jet
probability estimation is performed through several steps. For each track, the probability
of coming from the primary vertex is computed and these probabilities are combined
together to provide the jet probability. In the CMS, jet probability taggers (JPT) are
used with different working points. In this Thesis, jet probability tagger is used to tag

b-jets for reducing top-quark related backgrounds.

3.10.2 Combined secondary vertex tag (CSV)

In this technique [88] different topological and kinematic vertex variables are combined
together with track impact parameter significances into a discriminating variable to dis-

tinguish b-quark jets from non-b jets.

3.10.3 Soft lepton tags

The soft lepton b-tagging algorithm is based on the relatively high inclusive b-quark decay
branching ratio to electrons and muons which is about 19% for each lepton family if both
direct and cascade decays are taken into account. The key element that is required in

order to take advantage of this situation is the identification of leptons among the tracks
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associated to each jet. To increase the purity of the selection, additional requirements are
applied to parameters associated with these leptons. A detailed description can be found

in [89].
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H — Z7Z — ("~ vy Analysis

In order to achieve high sensitivity over the entire search range of Higgs masses (M),
different analyses, investigating all possible decay channels of the Higgs boson and cor-
responding final states, need to be combined. This effort is also very crucial in the mass
region beyond Mpy> 2M,, which is not explored at other colliders such as the LEP and
the Tevatron. H — ZZ — ({0~ v, is very sensitive for My = 200 GeV to Mz = 1000
GeV. Higgs boson production cross-section decreases very rapidly with increase in its
mass, so to compensate that deficit, there is a need to explore decay channels with higher
branching fractions. The branching ratio of this channel is six times larger than full lep-
tonic H — ZZ — 4{ channel. This way one gets more statistics; however, at the cost of
more background and worse resolution than fully leptonic channel.

After the observation of new boson with mass close to 125 GeV [5, 6] by the ATLAS and
CMS experiments at the LHC, many questions seek experimental answers namely, if the
new boson is the long-sought Higgs boson as favoured by the EW fits [18], if it is the only
of its kind and if the scattering of vector bosons, in particular longitudinally-polarized
vector bosons, is affected by this newly observed state. While these and other related
questions will naturally find answers from the direct study of the boson properties, it
is compulsory to complete the search for a SM-like high mass Higgs boson and to pave

the road for the study of EW vector boson scattering in the high /s regime. With an
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increased integrated luminosity the previous searches carried in the bosonic channels [90]
can be extended to higher masses. Ultimately, by including a dedicated study of the vector
boson fusion (VBF) production in high mass regime search we are indirectly testing one
of the outstanding issues of the SM: the unitarity of the cross-section for the scattering of
longitudinally-polarized vector bosons. The search can be extended, as well, to Beyond
the Standard Model (BSM) scenario. Two examples are a fermiophobic-like Higgs or a
second heavy EW singlet state [25,28]. Also, with this analysis one can constrain the SM
Higgs boson decay width using off-shell production at higher masses [91].

This chapter describes the search for the SM Higgs boson production at the CMS ex-
periment in the decay channel H — ZZ — (T{~ v, (¢ = e,u). The Higgs boson mass
range considered is 200 GeV <Mz <1000 GeV. Both gluon-gluon fusion and VBF mode
of Higgs boson production are included as signal component. The search is optimised
separately for both production mechanisms to extract the maximum sensitivity. The re-
sults shown are outcome of the analysis performed using a total integrated luminosity
of 24.7 fb~! collected at \/s = 7 TeV and /s = 8 TeV. This is the full data recorded
by the CMS experiment till the LHC stopped for its first long shutdown in 2013. The
main background processes for this final state are Drell-Yan production Z + Jets and the
subsequent decay of Z boson in leptonic final states, ¢, diboson production (ZZ, W Z,
WW), single top-quark production, and W + Jets production. Two approaches are con-
sidered. Baseline or Shape analysis is the one where full distribution or shape of the final
discriminating variable is used (instead of imposing any threshold). A cross-check is made
where a selection criterion is applied on the final discriminant, referred as cut-and-count
analysis. These are described in this Chapter. An independent cross-check is made using
a multivariate analysis, which can utilize correlations among discriminating variables in
a better way, which is described in Chapter 5.

A description of the dataset together with the signal and the background samples is given
in the Section 4.1. Various reweightings used in the analysis are explained in Section 4.2.

The physics object selection used in the analysis is discussed in Section 4.3 and the full
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event selection is described in Section 4.4. All the dominant backgrounds are estimated
using data-driven techniques and they are described in Section 4.5. Overview of selection
efficiencies is given in Section 4.6. Systematic uncertainties are explained in Section 4.7
and the results are described in Section 4.8.

All the distributions shown in this chapter are for /s = 8 TeV and all corresponding plots
for \/s = 7 TeV are given in Appendix B. However, results for /s = 7 TeV analysis are

shown in Section 4.8.

4.1 Data and Monte Carlo Samples

In order to search for a rare signal like SM Higgs boson in the billions of proton-proton
collisions taking place at the LHC, understanding the signal and background processes
becomes very important. The analysis strategy, including the event selection, is decided by
looking at the distributions of these processes using Monte Carlo (MC) samples. There are
various MC event generators, which, after passing through the detector simulation, take
into account various effects like interaction of particles with the detector, resolution effects,
data reconstruction etc. In this analysis most of the backgrounds are taken from data-
driven techniques, but still to be confident about the method of estimation of background,

validation of these tests have been done using MC samples.

4.1.1 Collision Data

The data sample studied in the analysis is collected from the proton-proton collisions at
Vs = 7 TeV between April 2011 and October 2011 and at /s= 8 TeV between April
2012 and December 2012, using the CMS detector. The data in 2011 correspond to an
integrated luminosity of 5.0 fb~!and in 2012 it corresponds to about 19.7 fb~!. The data
recorded is ordered in units called event, luminosity sections and runs. Runs or individual
luminosity sections affected by hardware failures or noise for any of the subdetectors are
marked as bad and the events belonging to these bad runs or luminosity sections are

removed from the analysis. Since, there are two leptons in the final state so the datasets
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triggered by dilepton triggers have been considered for this analysis. However, there
are other datasets for lepton efficiency measurements and background estimations. The

details of these datasets are given in Table A.1 in Appendix A.

4.1.2 Signal Processes

For this search of the SM Higgs boson, both the dominant production modes at the
LHC, gluon-gluon fusion and VBF, are considered. Thirteen Higgs boson mass points are
considered from Mg= 200 GeV - My= 1000 GeV. The signature of the signal consists
of two isolated, well reconstructed and identified leptons consistent with Z boson mass
with high £ coming from another Z boson decaying to neutrinos. The cross-sections of
these processes at the LHC are shown in Figure 1.8 and their tree level Feynman diagrams
are shown in Figures 1.9 and 1.10. It can be seen that the VBF production contributes
about 10% to the total cross-section in almost a full mass range, but tends to become
comparable with gluon-gluon fusion when My approaches TeV scale. Higgs production
through the gluon-gluon fusion and the VBF processes is simulated using the next to
leading order (NLO) POWHEG [92] generator. The signal samples used in this analysis
are listed in Table A.2 in Appendix A along with the cross-section values assumed for
each mass point of the Higgs boson. The signal cross-section values are taken directly
from the recommendations of the LHC Higgs Cross Section Working Group (LHC Higgs
XS WG) [23,24].

4.1.3 Background Processes

There are the SM processes that have same topology as signal and hence they can mimic
the signal signature and thus pose as a background to the expected signal. A precise
understanding of their contribution is crucial for an effective background rejection. The
MC datasets for various background processes relevant to this analysis are listed in Table
A.3 in Appendix A along with the respective cross-sections [93]. The diboson cross-

sections are based on MCFM (Monte Carlo for FeMtobarn processes at Hadron Colliders)
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computations from Ref. [94]. All samples are generated using the MADGRAPH [95],
PYTHIA [96] or POWHEG [92] generators and pass through full simulation of the CMS

detector based on Geant4 [50].

Z+Jets Production

The main background contribution at the preselection stage is due to the Drell-Yan
(DY) processes, i.e. qq — Z/v* — L. The cross-section of this process is six orders of
magnitude higher than the cross-section for the signal. These final states contain two
well identified leptons with ideally no EXs. Any EM$ that may appear in the final
state is instrumental and hence arises from some source of mis-measurement. Since there
is a large E7*** present in the signal so a minimum threshold on E** is very important
criterion against this background. There are other topological distributions which differ
significantly from the signal and hence this background process can be separated from

the signal. The leading order Feynman diagrams of this process is displayed in Figure 4.1.
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Figure 4.1: Leading order Feynman diagrams for Z-+jets production.

Top-AntiTop quark pair production

This is the second most dominating background. Figure 4.2 shows the production of a
top-antitop quark pair (¢f). At the LHC, the dominant top quark production channel
is pair-production of the tf quarks, and the top quark always decays into a W boson in

association with a bottom (b) quark. Hence, the final state consists of EZ"**¢ and two well
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identified leptons from the decay of the W bosons and jets. The properties of b-quark
(long life time) along with the identification of soft (low-pr) non-isolated muon coming

from b-quark decay help in distinguishing this background from the signal events.
q t q !
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Figure 4.2: Leading order Feynman diagrams for ¢¢ production.

DiBoson Production

There are few diboson processes which are background to this analysis. These include
the irreducible ZZ, WZ and WW production. However, their cross-sections are also
small so they are not large background at initial stage of analysis. But they dominate
the background contribution at the level of final selection. The production diagram from
qq is shown in Figure 4.3. A reweighting is applied for including the contribution from
gluon-gluon fusion production of ZZ. This is discussed in detail in Section 4.2.

p

Figure 4.3: Leading order Feynman diagrams for diboson production.
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Single-top quark production

These are minimal backgrounds which include the s-channel, t-channel and ¢tW channel
production of single-top quark. The production diagrams of these backgrounds are shown
in Figure 4.4. tW process contributes the most because top quark can decay to b-quark

and a W boson and then leptonic decays of two W bosons can lead to two leptons and
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Figure 4.4: Leading order Feynman diagrams of the single top processes. From left to
right: t-channel, s-channel and two diagrams for ¢tW-channel.

W +jets production

This is also a sub-dominant background which is reduced by lepton selection and Z
boson mass requirement. The main feynman diagrams for this production are shown in
Figure 4.5. In this background, W boson can decay leptonically to give a lepton and
Emss and one jet can fake as lepton giving rise to two leptons and EZ** which mimic

the signal process. Other MC and data samples used for background estimation are also

Figure 4.5: Leading order Feynman diagrams for W+jets production.

listed in Table A.4 in Appendix A.
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4.2 Reweightings

The various reweightings which are applied to signal and background samples are discussed

in this Section.

4.2.1 Pile-up reweighting

Multiple proton-proton collisions in a single bunch crossing is called pile-up. Simulated
MC samples are generated with distributions for the number of pile-up interactions which
is meant to roughly cover, though not exactly match, the conditions expected for each
data taking period. As the luminosity of the LHC changed frequently, the simulation
samples must be reweighted to mimic the LHC conditions. The number of pile-up events
simulated in the MC samples (in the same bunch crossing, ‘in time’, or in the previous or
following one, ‘out of time’ pile-up) have been generated using poisson sampling from a
distribution similar to what is expected from data. For a given range of analyzed runs, the
mean number of pile-up interactions per bunch crossing is estimated for given luminosity
section using the instantaneous luminosity provided by the LHC, integrated over the entire
run range. This distribution is then used to reweight the simulated pile-up distribution.
Figure 4.6 shows the estimate of the “observed” number of pile-up interactions in data
assuming a Minimum Bias (MB) cross-section of 70.3 mb at /s = 8 TeV. The “observed”
pile-up corresponds to observed number of pile-up interactions, i.e. as drawn from a
poisson distribution where the expected mean number of interactions is the “true” pile-up.
The MB cross-section values were chosen in order to have the best possible agreement with
the simulation with respect to the distribution of the reconstructed vertices. The level of
agreement has been assessed using the value of the pearson chi-square (x?) between data
and simulation. The vertex multiplicity distributions before and after pile-up reweighting
the dilepton sample (i.e. ee/uu before any Z boson invariant mass requirement) are shown

in Figure 4.7.
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Figure 4.6: Distribution of the pile-up interactions estimated in data at /s = 8 TeV for
the different run-range (given by numbers) and also for the full run-range.

4.2.2 Higgs Lineshape Reweighting

The lineshape of the generated mass distribution for the double vector boson (V') system,
M(VV), has been corrected to match the results presented in Ref. [97-99] where the
Complex-Mass Scheme (CPS) for the Higgs propagator has been used. Moreover, in the
gluon-gluon fusion production channel the effects on the lineshape due to the interference
between Higgs boson signal and the gg — V'V background have been included, as sug-
gested in Ref. [100]. A reweighting is applied to signal events to get the proper Higgs mass
lineshape for heavy Higgs (My> 400 GeV). The first step is to reweight POWHEG events
for the CPS related effect. This is performed for both gluon-gluon and VBF samples. The
second step is only applied to the gluon-gluon sample and it embeds the interference with
g9 — Z 7. The effect of such reweighting is shown in Figure 4.8.

For Z Z production the contribution from the gluon-gluon box diagram [101] is included
in the NLO calculation used to scale this process. It contributes about 14% of the total
cross-section. It was also investigated if a reweighting is needed to take into account the
difference in the pr of the dilepton system predicted at leading order (LO) and at NLO.
But it was observed that the variations induced are minor and are covered by the statistical

uncertainty on pr distribution shape from dilepton system. Thus this reweighting is not
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Figure 4.7: Vertex multiplicity distribution in data and in simulation before (left) and after
(right) reweighting according to the estimated distribution of the number of interactions
in each event.

applied.

4.3 Selection of Physics Objects

This section explains the selection of various physics objects including triggers, electrons,

muons, jet, EMS etc.

4.3.1 Trigger

The list of triggers used to search for the signal are listed in Table A.5 in Appendix A.
Dilepton triggers are used in the analysis because of two leptons in the final state. As the
instantaneous luminosity goes higher, the single lepton trigger’s pr thresholds become
very high to reduce the data taking rates. However, the pr thresholds of dilepton triggers
is lower, so they are used in this analysis. Along with that, a complementary set of
triggers is used to select events for efficiency measurements or to analyze background
dominated control regions for data-driven background estimation. These monitoring
triggers are also listed in the Table A.5. As mentioned in Section 2.3 of Chapter 2, the
CMS uses two level trigger system, L.L1 and HLT. In the HLT, module instances providing

the event selection are arranged in “trigger paths” or ‘HLT Path’. HLT path consists of
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Figure 4.8: Mass line-shapes obtained after reweighting My = 700 GeV (referred to as
‘Gen Higgs Mass’ in the x-axis) Higgs produced via gluon-gluon fusion (left) and VBF
(right). The distributions are weighted according to the cross-section and integrated
luminosity.

a sequence of reconstruction and filter modules of increasing complexity and sophistica-
tion, designed to identify a certain category of events. This HLT path with the name
FEle17-CaloldT_CalolsoVL_TrkIdVL_TrklsoVL_EleS_-CaloldT_-CalolsoVL_TrkIdVL_Trklso VL
uses L1 trigger of L1 _DoubleEG_15_7, i.e. at L1 this trigger requires two ECAL super-
clusters with energy > 13 GeV and 7 GeV. At the HLT level, since now electron track is
also reconstructed so the pr requirement of 17 GeV and 8 GeV are imposed, along with

the identification and isolation requirements in both calorimeter and tracker.

4.3.2 Electron Identification and Isolation

Electrons must have a pr >20 GeV and are reconstructed in the tracker acceptance, i.e.
In| < 2.5. Electron identification requirements have been applied based on distribution
of electromagnetic shower in the ECAL, a matching trajectory of an electron track with
the clusters in the ECAL and consistency with origin of track from the primary vertex
to reduce the misidentification rate. Both ECAL and tracker driven electrons, which are
not reconstructed in the barrel to endcap transition region (i.e. 1.442 < |n| < 1.556), are

considered in this analysis.
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Requirement Barrel Endcap
Loose Medium | Loose Medium
Anin, 0.007  0.004 0.01 0.007
Adin 0.8 0.06 0.7 0.03
Tinin 0.01 0.01 0.03 0.03
H/E 0.15 0.12 - 0.1
dy (cm) 0.04 0.02 0.04 0.02
d, (cm) 0.2 0.1 0.2 0.1
|[1/E —1/p| - 0.05 - 0.05
Missing hits - 1 - 1

Table 4.1: Electron identification requirements. Symbols used are explained in Sec-
tion 3.4.4 in Chapter 3.

Table 4.1 summarizes the identification criteria used for electrons. In this analysis
medium working point is used for electron identification. Also, electrons are required
to pass particle flow isolation as described in Section 3.4.5 of Chapter 3. The isolation

requirement is [, < 0.15.

4.3.3 Muon Identification and Isolation

Muons are required to have pr >20 GeV and |n| < 2.4. Muon candidates can be recon-
structed as either tracker or global muons. Requirements are furthermore imposed on the
quality of the track fit, number of hits in the pixel, tracker and number of matched muon
segments for the muons to be considered for the dilepton candidate. The requirements

are summarized in Table 4.2 and muons with tight identification criteria are used in the

analysis.
Requirement Loose | Tight
Global true
PF true | true
x2/dof (global) <10
Valid pixel hits >0
Pixel layers with measurement >1
Tracker layers with measurement | >5 >5
Valid muon hits >0
Matched muon stations >1
dy (cm) 3 0.2
d, (cm) 30 0.5

Table 4.2: Muon identification requirements. Symbols used are explained in Section 3.5.2
in Chapter 3.
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In this analysis, particle flow isolation is used for the muons as described in Sec-

tion 3.5.3 of Chapter 3. The isolation requirement is I,.; < 0.20.

4.3.4 Jet Selection

Jets are reconstructed from all the particle flow candidates using the AK5 algorithm,
described in Section 3.7. In this analysis, all jets with pr >30 GeV and |n| < 5 passing
the identification requirements summarized in Table 4.3 are considered. In addition to

the above, additional identification criteria is applied to remove pile-up contamination in

jets.
Variable | Threshold
n >1
nhf <0.99
nef <0.99
cef <0.99 if |n| < 24
chf >0 if |n] <24
nch >0 if |n] <24

Table 4.3: Jet identification requirements. Symbols used are explained in Section 3.7.4 in
Chapter 3.

4.3.5 b-Tagging

The selected jets are expected to be mostly coming from gluon or light-quarks due to ISR
or from the hard process in the VBF case. We reject events in which at least one jet is b-
tagged with the jet probability algorithm (JP), explained in Section 3.10. The maximum
value of the b-quark discriminator used is 0.275, i.e. events for which the discriminator

has value > 0.275 are rejected.

4.3.6 Missing Transverse Energy E7*

E?”SS is estimated from the imbalance of the transverse momentum of all the reconstructed
particle flow candidates as described in Section 3.8. Particle-Flow EZ7"* is used in this

analysis. The details of E**** selection will be mentioned in Section 4.4.3.
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4.3.7 Photon Selection

Photons are not directly used in the analysis but as a control sample for a data-driven
estimate of the Z + jets background. Photons are required to have a pr > 55 GeV and
In| <2.5. Likewise for electrons, photons reconstructed in the barrel to endcap transition
region are not considered. Photon is identified if it fulfills a set of basic requirements

mentioned in Table 4.4.

Requirement | Barrel Endcap
Cig,id > 0.01 > 0.01
Tin.in > (0.001 and < 0.011 | < 0.03
Rg > 0.9 > 0.9
H/E < 0.05 < 0.05
Pixel Veto True True

Table 4.4: Photon identification requirements. Variables are defined in Section 3.6 in
Chapter 3.

Photon events are required to have a single photon selected in the barrel region and
the jets in photon events are required to be reconstructed with at least AR >0.4 from

the selected photon.

4.3.8 Primary Vertex

Vertices are required to be reconstructed inside a cylindrical region of length 24 cm and
radius 2 cm surrounding the nominal interaction point. They are, in addition, required
to have a minimum of four degrees of freedom related with the vertex fit. When multiple
vertices are present in an event, the vertex with the highest Y. . p7. is chosen as Primary

Vertex.

4.4 Event Selection

The selection has been divided into mainly three parts: preselection, event categoriza-
tion and final selection. Preselection includes the lepton selection and some kinematic

requirements related to Z boson. After the preselection, events are categorized based on
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jet multiplicity and then final selection is based on two observables: E7*% and transverse

mass of Higgs (Mr).

4.4.1 Preselection

The preselection of the events used in this analysis consists of the following requirements:

1. Sample cleanup filters : They are applied to minimize the contamination from beam-
gas interactions, beam-halo and calorimeter noise. The usage of these filters is
advisable to minimize misreconstruction effects and the detailed description can be

found elsewhere [102].
2. One of the signal triggers which are summarized in Table A.5;

3. Two same flavor leptons (ee or uu) with selection requirements described in Sec-

tion 4.3.

4. Invariant mass (M) of the dilepton system should be consistent with Z boson mass,

|MM — 91| <15 GeV.
5. pr of the dilepton system p4 >55 GeV.

6. No third lepton should be found in the event. The requirements used to identify a
third lepton candidate are: Loose-id electrons with I, <0.15 and pr >10 GeV or

loose muon with I, <0.2.

7. b-quark jet veto, i.e. no b-quark tagged jet identified by JP algorithm should be

present in an event, i.e. JP discriminator is less than 0.275.

8. Soft muon veto is also applied to suppress top-quark related background. Top-quark
decays mainly into b-quark and W boson and b-quark can, in-turn, decay to muon
with low pr. Thus, events with such muons are rejected. These muons have low pr
and do not pass isolation criteria. The pr requirement for such muons is > 3 GeV

and no isolation requirement is applied.
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9. The minimum azimuthal difference between jets and EF**  min Ag(jet, E7*)
should be greater than 0.5. This ensures that the E** should be well separated

from jets so that there are less chances of jet mismeasurement contributing to E7s,

Figure 4.9 shows basic kinematic distributions after preselection (Step 3) for
19.7 fb~! of integrated luminosity at /s = 8 TeV. A fair agreement between data and
direct MC prediction is found for both channels. The residual discrepancy in the shape
and normalization of the dilepton mass peak is due to the fact that no extra corrections
based on momentum scale have been applied on electrons and muons. These are not
expected to have significant impact in the final result given that it is not possible to fully
reconstruct the mass of the ZZ pair in this analysis.

Figures 4.10 depicts dilepton n and EX**¢ distribution for muon and electron channels.
The level of agreement between data and simulation in E7* distribution is poor because
MC is unable to model the instrumental E**** arising from the mismeasurement of jets
in data. This requires us to build a control region to model the Z+jets from data and
will be discussed in detail in Section 4.5.

The number of events surviving each preselection criterion is shown in Figure 4.11.

An overall good agreement is found for both ete~ v 7, and p*p~v,v, channels.

4.4.2 Event categorization

After the preselection, events are categorized based on the number of selected jets with pr
> 30 GeV (see Table 4.3 for the corresponding requirements). Events which have at least
two jets are further examined and if two jets are found to constitute a so-called VBF-like
pair (VBF-tagging), the event is counted in a separate category - the VBF category. If
the event fails the ‘VBF tag’, it is counted in the inclusive jet multiplicity category.
VBF-tagging:

The selection of the VBF category is done after ranking the jets by decreasing pr
values. The two leading jets are required to have pr > 30 GeV; pseudorapidity separation

|An| > 4 and invariant mass of these two jets (M;;) > 500 GeV. The decay products of
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Figure 4.9: From left to right: dilepton invariant mass distribution and pr distribution
after preselection (Step 3). The top (bottom) distributions correspond to the di-muon
(di-electron) channel. Reference signal distributions for My =300, 600 and 1000 GeV are
superimposed to all distributions.

the Higgs boson are expected to be found in the An region defined by two leading jets.
So, no other jet with pr > 30 GeV should be present in this An region.

After the VBF tagging, all the remaining events are divided into exclusive 0-jet and
inclusive 1-jet categories (> 1-jet). For the VBF selection, control distributions are shown
in Figure 4.12 after selecting two jets with pr > 30 GeV but which have not yet passed
the VBF tag. Figure 4.12 shows the 7 distribution of the selected jets and An of two
selected jets. There is some disagreement in the dijet invariant mass M;; distribution,

however, the statistics in VBF category is small after imposing |An| > 4. Figures 4.13
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Figure 4.10: From left to right: dilepton n and EF** distribution after preselection (step
3). The top (bottom) distributions correspond to the di-muon (di-electron) channel. Ref-
erence signal distributions for My =300, 600 and 1000 GeV are superimposed to all
distributions.

show the distribution of the Mj; system selected with |An| > 4.

4.4.3 Final Selection

As mentioned before, after the preselection, events are categorized based on jet multi-
plicity. After the selection of VBF-type events, rest of the events are divided into 0-jet
and > 1-jet category. Final selection consists of applying requirements on the two most
significant variables, the E#*$ and the reconstructed transverse mass of the dilepton and

E7ss system (Mt). The My variable is defined as follows:
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Figure 4.11: Number of events passing each preselection cuts in the di-muon (left) or di-
electron (right) sample. Reference signal distributions for My =300, 600 and 1000 GeV
are superimposed to all distributions.

2 2
M7 = | /Doy + M+ \/E?“’2 + M0)?| — |Pro+ Exs (4.1)

where pr g and My, are the transverse momentum and invariant mass of the dilepton
system, respectively. Final discriminant was chosen to be Mt in non-VBF category and
E7ss in the VBF category. Two different approaches are then used. In the baseline (or
shape) method, the full distribution of the final discriminating is used without imposing
any selection requirement. However, the results are cross-checked with a simpler method
where, a selection requirement is imposed on the final discriminant. Requirement on
M+ in non-VBF category is chosen to be Higgs-mass dependent and is given, together
with EJ¥s$ in Table 4.5. Uniform minimum threshold on EZ** of 90 GeV is imposed in
VBF category without any Mt requirement. This method is referred to as the cut-and-
count method. The optimisation of these requirements on EF*¢ and My for non-VBF
category has been performed using thirteen simulated My points. The final selection

criteria obtained after optimisation are listed in Table 4.5.
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Figure 4.13: Invariant mass of the dijet systems selected with a rapidity gap of |An| >4
in di-muon (left) and di-electron (right) events.

My (GeV) | 200 300 400 500 >600

Emiss (GeV) > 80 > 100 > 110 > 110 > 110
My (GeV) | 180 —220 180 —270 350 —450 400 — 600 500 — oo

Table 4.5: Higgs boson mass-dependent selection for E7** and Mt variables for the
non-VBF' category.
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4.5 Background estimation

As described in Section 4.4, there are discrepancies in data-MC distributions particularly
in Efss Tt is very hard to simulate instrumental effects like fake-MET in MC and hence
most dominant backgrounds like Z+jets and non-resonant backgrounds like ¢t, single-
top quark and WW are estimated using data-driven techniques. In this section, these

techniques are described.

4.5.1 Non-resonant background

This type of background includes the ones which do not have a real Z boson. These
include top quark production (single or in pairs), WW and W+jets. Opposite flavor
dilepton events (i.e. ey pairs) that pass the signal event selection are used to estimate
this background. For W4jets, the second lepton is usually a fake electron which will
be present in the ep sample as well. Additional contributions from W Z, and part of Z
and ZZ are also there involving leptonically decaying taus. We rescale the number of ey
events passing preselection cuts (except the same flavour requirement on dileptons) with
a factor ay, which is calculated from the side-bands. The procedure consists of two steps.
Step 1: «y is the correction factor which takes into account the difference in the lepton
selection between the same flavor channel - ¢¢ (ee or pu) and the opposite flavor channel
- ep. This factor is calculated from the sidebands of My, distribution, defined as: 55<

My, <70 GeV and 110< My < 200 GeV. a4 is given as:

oy = Nfe“t/N;ft (4.2)
where

e Ny = Number of ee or uu events in My, side-band regions passing the preselection,
except My, requirement and also reversing the b-quark jet veto (i.e. we select events

with at least one b-tagged jet).

° Nglft = Number of ey events in My, side-band regions passing the preselection,
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except My, requirement and reversing the b-quark jet veto.

Emiss >80 GeV is also applied to reduce Z+jets contamination. Table 4.6 lists the values
of ayy used in the analysis, which are computed both from data and MC. Values from data

are used to estimate this background.

Qy Qe ay
Data | 0.429 £0.015 0.632 £ 0.019
MC | 0.425+0.004 0.616 4 0.006

Table 4.6: o, computation.

Step 2: In the second step, the value of «y is used to estimate the non-resonant

background NJ® as given by:

N® =y - N;; (4.3)

where, N c}ﬁ = Number of ey events after full preselection, except the same flavor require-
ment. Using the ay values mentioned in Table 4.6, a validation test also referred as ‘closure
test’ is performed for this method. Events are counted directly from the background MC
samples after the preselection, except that the b-quark jet requirement is reversed to en-
rich the sample with top-quark events. These are called ‘Expected’ number of events.
Then events are predicted from same MC samples using the above defined method, which
gives ‘Predicted” number of events. Table 4.7 shows the expected and predicted number
of events for non-resonant backgrounds. The expected and predicted numbers agree well

within the statistical errors, which gives us confidence in the method.

Channel | Njj®(Expected) N;%(Predicted)
ee 041 £6 554 £ 10
w 790 + 8 811 + 10

Table 4.7: Closure test for expected and predicted non-resonant background.

Further cross-checks are performed for the validation of this method by using both
the b-vetoed and the b-tagged sample as well as the inclusive and right-side sidebands.
The test is performed for each channel (ee and pp) inclusively or for the different cate-

gories (depending on the jet multiplicity). For each EZI'** requirement, we compare the
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prediction from this method to the expectation and evaluate the ‘bias’ as:

Npredicted . 1) (44)

bias = 100 - ( Nopected
Figure 4.14 shows the result of the closure test. Although the results for different F7
requirements are correlated, given that they partially use the same subset of events, we
don’t observe any particular bias within 5-10%. We assign therefore a 10% uncertainty
on the prediction of the method. Possible biases due to differences in the trigger paths
are expected to be included in this uncertainty given that trigger was required in the
simulation to perform these closure tests. It must also be noticed from Table A.5 that
the legs of the ey triggers are similar to the ones used to select the ee/uu samples.
The only exception is the single muon trigger. For the VBF category the statistics is not

sufficient to perform this validation. In this channel we expect, however, that non-resonant

background contribution is negligible.
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Figure 4.14: Validation of the non-resonant background estimation method for the di-
electron(di-muon) channel is shown on the top(bottom) three plots as a function of E7s.
Left : inclusive sample using different side-band definitions. Center : exclusive samples
with b-jet veto. Right : exclusive samples requiring a b-tagged jet.
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4.5.2 7+ jets

In this background process, fake EI* arises because of the instrumental effects, and is
very hard to model in MC. The discrepancy is visible in Figure 4.10. So, this background
is estimated from data. To estimate this background a control sample was chosen from
single isolated photon sample from data. Single isolated photons are generated through
the same processes as Z bosons and are expected to preserve the similar kinematics.
Since the cross-section of y-+jets process is an order of magnitude higher than Z+jets
so, even being acquired through pre-scaled triggers, the statistics of the y+jets sample
is significantly higher than that of the dilepton sample. The procedure adopted is the

following:

1. Select events triggered by a single photon trigger and categorize the photon event

according to the number of jets.

2. Reweight the pr spectrum of the photon sample to match the pr spectrum of the

dilepton sample in each jet multiplicity bin.

3. The vertex distributions is also reweighted in order to minimize bias from trigger

pre-scaling or due to the efficiency of the photon selection.

4. After reweighting the distributions of interest, i.e. E*** and Mt are computed from

the photon sample and used as models of the Z+jets.

5. The final normalization for the shapes is obtained for each jet multiplicity bin from

the region with E7% <50 GeV.

In order to minimize the threshold effects and statistical fluctuations we begin by building
a weighted photon pr spectrum by using the trigger prescales as event weights. Then both,

the photon pr and the dilepton spectra are fitted with the following function:

f(pr) = i Si(pr) - (E)bi : i/,T (4.5)

i l+e %



4.5. Background estimation

where the sum is taken over the different trigger pr thresholds used (22,36,50,75,90)
GeV; S; is a step function which takes the value of 1 if the pr is higher than the i
trigger threshold and lower than the i""41 and 0 otherwise; and a;, b;, ¢; and d; are free
parameters to be determined from the fit. The motivation for Equation (4.5) is as follows:
a power law describes the pp-falling boson spectrum and the Fermi functions describe the
activation of a new trigger threshold. Given that the usage of the step function generates
discontinuities in the vicinity of each threshold an ad-hoc regularization procedure was
applied by interpolating a second order polynomial to the pt spectrum using the two
intervals preceding the interval corresponding to each threshold. In order to evaluate the
validity of the method a validation test using simulated photon and DY MC samples is
performed by applying the steps described above. The resulting distributions for E7ss
are shown in Figure 4.15 for the different categories considered in the analysis and for
the inclusive samples. Each figure shows below the prediction bias which is the relative
difference between the number of events predicted by the reweighted v+jets MC sample
and the one expected in the DY MC sample. In the high EZ¥*** tails we run out of statistics
but one can conclude overall that the prediction is well inside a 50% uncertainty band.

Further details of the validation are given in Appendix B. Figures 4.16, 4.17, 4.18 show
that the most important control distributions are reproduced where the main background
(DY) is now modeled using the predictions from the y+jets data sample as templates.
The Es distributions after applying the above procedure are shown in Figure 4.16. A
good agreement is found between data and prediction.

Figure 4.17 shows the distribution of the min A¢(jet, E7***) variable for each jet mul-
tiplicity interval after applying E7* > 50 GeV. A slight deficit (excess) is found in
the ee (pu) channel with at least one jet at high values of min A¢(jet, E%*). These
discrepancies are covered by the final uncertainty assigned to the method.

An overall good agreement is found for the My distributions in all the different cate-

gories as shown in Figure 4.18.
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Figure 4.15: Validation test of the Z+jets background estimation method for the FE7ss
variable using MC samples. The grey distributions correspond to the DY MC sample
and the points to the v + jets MC sample after applying the reweighting procedure. In
bottom plots from left to right the exclusive jet categories correspond to events with 0, 1,
> 2 and VBF-like.

Figure 4.19 depicts that although MC prediction might not be accurate in particular
in phase space corners of the selection such as the VBF tag, still a fair, modeling is
obtained from the + + jets sample. It may be noted that jets with low 7 tend to be
overestimated by this method. This is related to the fact that the selection phase space
of the v + jets sample is not fully matched to the Z phase space due to the barrel-only
requirements. Given that VBF jets tend to have higher n (and An), this small discrepancy
is not significant for the final result.

Other backgrounds like ZZ and W Z are taken directly from the MC prediction.
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Figure 4.16: From left to right: EZ¥*** spectrum in di-electron (top) and di-muon (bottom)
events with 0, at least 1 or VBF tagged jets.

4.6 Selection efficiencies

This section describes the various efficiencies related to the leptons and also to other
selection requirements which are used in the analysis. For every step of the lepton selec-
tion, i.e. trigger, lepton identification and isolation, there is a probability to mis-identify
a lepton which has been poorly reconstructed. There is also the probability that CMS
full simulation does not take fully into account how pile-up or material effects distort the
lepton identification. In order to correct for these effects, the efficiencies of our selections
have been computed from data using the tag and probe [103] technique. This method
consists in selecting events where a very good electron/muon candidate (called the tag)
and another loosely identified electron/muon candidate (called the probe) can be found.
The invariant mass of the reconstructed pair must be compatible with a well measured
SM particle and for the region of kinematical interest used in this analysis, we choose the
dilepton to be compatible with a Z boson decay. This condition enforces the probability

that the probe is also a true electron/muon. By studying the probe selection after addi-
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Figure 4.17: From left to right: min A¢(jet, M%) variable in di-electron (top) and di-
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muon (bottom) events with EF** >50 GeV and with at least 1 or VBF-tagged jets.

assumed from MC).

4.6.1 Trigger efficiencies

Dilepton triggers used in this analysis are mentioned in Table A.5. The efficiency of the
triggers used in this analysis is evaluated with a tag and probe method, and reweighting

is applied to the MC in the limit computations. The results are shown in Figure 4.20 for
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Figure 4.18: From left to right: My spectrum in di-electron (top) and di-muon (bottom)
events with exactly 0, at least 1 or VBF tagged jets.
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Figure 4.19: VBF selection distributions including the data-driven prediction for the
Z+jets contribution in the /s = 8 TeV dataset. The di-electron (di-muon) channel is
shown on the top (bottom) plots. From left to right: rapidity distribution of the two
leading jets, rapidity gap of the two leading jets and invariant mass of the dijet system.
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electron triggers, and in Figure 4.21 for muon triggers.

Electrons: For the di-electron triggers two electrons are selected whose invariant
mass is found to be compatible with the Z boson mass, i.e. |M(¢0) — My| <15 GeV. For
both electrons, identification and isolation cuts were applied as specified in Section 4.3. If
the pair survives the selection criteria then we choose randomly one to be the tag electron
and the other to be the probe electron. To increase the purity of sample the tag electron
is required to pass another trigger. The geometrical matching to the trigger object was
done with the electron by using a cone of AR =0.2. For the probe electron separate
checks were done for both legs of the di-electron trigger listed in Table A.5. The trigger
efficiency measured with respect to the offline selection is therefore defined as function of

the pr and 7 of the reconstructed probe as follows:

Npass

robes
€trig(pTa 77) = —Np , (4-6)
probes

where Npopes 18 the total number of probe electrons and Ngfj;es is the number of probes

passing the trigger requirement. Figure 4.20 shows the results obtained for the trigger

efficiency measured in data. The overall efficiency is above 96% for both legs.
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Figure 4.20: Di-electron trigger efficiency measured in data as function of the pr of
each trigger candidate. The left (right) plot correspond to the first (second) leg of the
trigger. The different points correspond to the different data periods, 2012A data period
corresponds to an integrated luminosity of around 1fb~!, 2012B corresponds to around
4.4 fb~tand 2012C corresponds to around 6.9 fb1.
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Muons: The double muon trigger efficiency is also calculated per leg. Single muon
trigger is used to gain in trigger efficiency. The tag muon is required to pass the tight
muon identification and the isolation criteria as described in Section 4.3 and is required
to pass another trigger with pr > 24 GeV requirement. The matching between the
reconstructed muon and the trigger leg is done using a cone of AR = 0.2. The probe is
found after requiring the standard muon selection chosen for analysis and imposing the
Z mass constraint, i.e. |[M(00) — Mz| < 15 GeV. Figure 4.21 shows the results obtained

for the trigger efficiency measured in data. The overall efficiency is above 91%.
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Figure 4.21: Trigger efficiency for the first (left) and second (center) leg of the di-muon
trigger and for the single muon trigger (right) used in the analysis as function of the
pseudo-rapidity of the muon. The different points correspond to the different data periods.

The efficiencies measured above are applied to analysis using a combination of each

leg. Each simulated event is reweighted using the following formula:

Eirig(PT ', P, 0%) = €a(PT, 0" )ea(ph, n*) +es(prs 1) [1—ea(pt, n*)]+1—ea(pr, n")les (P, 0")
(4.7)
where g4 () denotes the efficiency measured for a (the) leg of a double (single) trigger

and (pr %, 1) denotes the transverse momentum and pseudo-rapidity of the i lepton.

4.6.2 Lepton identification efficiencies

Leptons identification and isolation efficiencies are also calculated using tag and probe
method. These efficiencies are measured from data and also from MC and then a ratio of
data over MC is calculated, which is called ‘scale factor’. Later on, MC are reweighted

by these scale factors. These are calculated in various 7 and pr ranges of leptons. The
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Scale Factors for 0. < |n| < 1.556
Range 0. <n <0.8]0.8<|n <1442 | 1.442 < |n| < 1.556
20 < pr <30 | 1.010 £0.003 0.981 £ 0.006 1.046 £ 0.003
30 < ppr <40 | 1.006 £ 0.000 0.987 £ 0.000 1.011 £ 0.001
40 < pr <50 | 1.009 £ 0.001 0.993 £ 0.001 0.994 £+ 0.002
50 < pr <200 | 1.008 £ 0.002 0.995 £ 0.001 0.997 £ 0.002

Table 4.8: Scale factors for the electron identification+isolation efficiency vs. pr for barrel

region of the ECAL. The statistical uncertainties are shown.

Scale Factors for 1.556 < |n| < 2.5
Range 1.566 < [n] < 2.0 | 2.0 < ] < 2.5
20 <pr <30 0.992 £ 0.009 1.045 £ 0.005
30 < pr <40 0.993 £+ 0.000 1.031 £ 0.000
40 < pr <50 1.008 = 0.000 1.019 = 0.000
50 < pr <200 1.009 £ 0.000 1.014 £ 0.001

Table 4.9: Scale factors for the electron identification+isolation efficiency vs. pr for

endcap region of the ECAL. The statistical uncertainties are shown.
scale factors for electrons identification and isolation that are applied in analysis are
summarized in Tables 4.8 and 4.9. The scale factors for muons are shown in Table 4.10.

All the scale factors are consistent with one, within associated uncertainties.

4.6.3 VDBF efficiencies

In VBF type of events, we have two jets in the final state, which are affected by pile-up.
In order to ensure that the VBF selection is independent of pile-up we need to check if
the VBF efficiencies are robust against pile-up. So, VBF tagging efficiency is studied as
a function of pile-up for standard PF jets as described in Section 4.3.4, before and after
requiring a cut and count pile-up jet identification as described in [104]. Although we
use jets with at least 30 GeV, however, after applying a requirement of dilepton pt > 55
GeV the jet pr distribution is biased to larger pr values. This makes the VBF selection
in this analysis somehow robust to pile-up given that higher the jet pr the less probable
it is to be a jet due to the overlap of pile-up energy deposits in the calorimeters. This
effect is shown in Figure 4.22 where one can see that both the VBF tagging efficiency in

VBF Higgs signal at My= 200 GeV and in Z+jets (mistagging efficiency) are constant
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4.6. Selection efficiencies

Scale Factors for Muon identification

Range 0<|n<09 09<n <12 12<p <21 21<|n <24
20 < pr <25 |0.989 + 0.002 0.987 £ 0.003 1.002 £ 0.001
25 <pr <30 |0.994 = 0.001 0.994 £ 0.001  0.999 £ 0.001
30 < pr <35 |0.994 + 0.001 0.991 £ 0.001  0.998 £ 0.001
35 < pr <40 |0.994 + 0.000 0.990 £ 0.001  0.997 £+ 0.001

40 < pr <50 ]0.992 £ 0.000 0.990 £ 0.000 0.997 £ 0.000 0.994 £ 0.001
50 < pr <60 |0.991 + 0.001 0.991 £ 0.001  0.998 £ 0.001
60 < pr <90 |0.990 + 0.001 0.986 £ 0.002 0.994 £ 0.002
90 < pr <140 | 1.004 £ 0.003 1.012 + 0.007  1.019 + 0.006
140 < pr <300 | 1.028 &£ 0.019 0.956 £ 0.034 1.016 £ 0.034
300 < pr <500 | 1.000 £ 0.162 1.000 £+ 0.255  0.609 + 0.415

Scale Factors for Muon isolation

Range 0<n<09 09<|p<12 12<|g <21 21<|p <24
20 < pr <25 | 0.987 £+ 0.001 0.992 £ 0.002 1.000 £ 0.001
25 < pr <30 | 1.001 +0.001 1.004 £ 0.001 1.006 £ 0.001
30 < pr <35 [0.999 + 0.000 1.002 £ 0.001 1.005 £ 0.000
35 < pr <40 |0.999 + 0.000 1.001 £ 0.000 1.002 £ 0.000

40 < pr <50 ] 0.998 £ 0.000 1.000 £ 0.000  1.000 £ 0.000 1098 + 0.000
50 < pr <60 |0.999 + 0.000 1.000 £ 0.000 1.000 £ 0.000
60 < pr <90 | 1.001 & 0.000 1.000 £+ 0.000  1.001 + 0.000
90 < pr <140 | 1.001 £ 0.001 0.999 + 0.001  1.000 £ 0.001
140 < pr <300 | 1.001 4+ 0.001  1.000 + 0.002  1.002 + 0.002
300 < pr <500 | 1.011 £ 0.000 1.000 4+ 0.016  1.000 + 0.012

Table 4.10: Scale factors for Muon identification and isolation efficiencies vs. 1 for muon
transverse momenta between 20 and 500 GeV. Uncertainties are of statistical nature.
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as function of the number of vertices independently of requiring or not the pile-up jet

identification.
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Figure 4.22: VBF efficiency versus number of vertices for Z+Jets (black) and VBF signal
at My= 200 (red). Circular dots are without pile-up jet identification and square dots
are with pile-up jet identification.

4.7 Systematic uncertainties

The sources of systematic uncertainties in estimating signal and background yields are
discussed in this section. The sources are categorized into two main categories: instru-
mental (comprising energy scales, efficiencies, etc.) and theoretical (comprising signal

cross-section and shape among others). The description of each one is given below.

4.7.1 Instrumental Uncertainties

1. Luminosity
The uncertainty on the luminosity measurement is estimated to be 4.4% in 2012
data and 2.2% in 2011 data [105].

2. Trigger
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4.7. Systematic uncertainties

The uncertainty on the trigger efficiency is estimated to be 1% for the di-electron
sample. The di-electron trigger efficiency is slightly below 100% and the systematic
uncertainty is estimated at 2%. Following studies of the di-muon trigger efficiency
as a function of the pr of the Z boson as well as the opening angle between the two

muons, we assign a 2% systematic uncertainty for the muon trigger efficiency.

3. Lepton identification and isolation

Identification and isolation efficiencies for leptons are calculated by tag and probe
method in two ways. One is counting method in which number of total probe elec-
trons and those which pass the identification and isolation criteria are counted after
applying Z boson selection and then calculate the efficiency. In second method,
instead of applying selection criteria, dilepton invariant mass distribution is fitted
both for signal having reconstructed and identified leptons consistent with Z boson
decay and background having fake leptons. The difference in efficiencies from these
two methods is quoted as systematic uncertainty. We have found that this uncer-
tainty does not exceed 1% for each muon and 1% for each electron. Therefore, we

assume 2% uncertainty for dilepton events.

4. Lepton momentum scale

The uncertainty on the scale of the muon momentum measurement is assumed to
be 1%. In the electron case we apply an uncertainty of 2% (4.5%) to the electron
pr when reconstructed in ECAL barrel (endcap) region. The uncertainty due to the
lepton pr is estimated by shifting the nominal pt by one standard deviation and by
propagating this change to the measured E7"**. The resulting variation in yields is
found to be very small in both cases (=1-2%) but it is found to have a non-negligible
effect on the shape of the distributions as shown in Figure 4.23. Table 4.11 shows
the uncertainty (in %) obtained per event category. Very high uncertainty for VBF

type of events is mainly because of low statistics.

5. Jet energy scale, resolution and FEj's
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Figure 4.23: From left to right: systematic variations of the My distribution for ZZ, W Z,
gluon-gluon fusion signal at My= 600 and VBF signal at My= 600 due to the variation
of the lepton momentum scale. The bottom plots show the relative variation with respect
to the nominal shape.

Process | Inclusive —0-jet C?fﬁ?’;z VBF
77 10 1.4 25 292
W2 1.4 26 31 62
gg— H 0.3 0.2 0.5 0.8
qq—qqH | 05 S ———

Table 4.11: Systematic uncertainty (in %) due to the uncertainty on the lepton momentum
scale.

The uncertainty on the jet energy scale and resolution as well as of the unclustered

Emiss scale affects this analysis in several distinct ways:

the categorization of the events in the 0, >1 and VBF categories, including jet

bin-to-bin migration of the events;

the efficiency of the b-jet veto which is applied for jets reconstructed within

the tracker acceptance region with pr >30 GeV;

the requirement on min A¢(jet, E7%**) which is applied considering only the

jets with pr >30 GeV;

the requirement on values of E#*¢ and Mt

To estimate the effects described above, we vary the nominal jet energy scale (or
resolution) by one standard deviation [106,107]. The effect due to the uncertainty
on the energy scale of the unclustered component of the EF* is estimated by

subtracting the leptons and jets (with pr >10 GeV) from the EI** estimation and
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4.7. Systematic uncertainties

by varying the residual recoil by +10%. The clustered component is added back in

order to reassess the E** estimation.

Each one of the variations described above is used to recompute the EZ* and
M~ estimation for each event and the jets are also checked for b-tagged if the new
corrected pr is greater than 30 GeV having |n| <2.5. The category in which the
event falls is also reassessed taking into account the recomputed pr. We observe
that the effect on events with real E7*** is small for each one of these instrumental
uncertainties. Figure 4.24 represents the expected variations and these effects are
further quantified in Table 4.12. The high uncertainty numbers for VBF category

of events is because of low statistics.

S0 azantszecas Py 00oTHR AR I T e
H 10 3 10 | £ E [Jnomina 1 . 10 3 1-0 3
@ 3 El oo 3 3
02 E El E ! El El
£ E E oo AL 3 3
oz~ - oz - E| oo0sE- d E 3
oo 3 E El oot E E
E E| o2f- 3 E d 3 3
L E £ E sl | L E E
15— = ossf L | £ J El El
El £ 3 003 Ny L - -
o E b 3 E i) El El
| E F 3 oo I L E E
oo L 3 E L El E N El J N El
J El oo | 001 - E 00— = YHeA =3
E El E T . E I SICE
O IO PRI e P e e e ST OO PPN W ave: B b b bbb e
R e A T bt ettty . t Friethrthrb ° t et
@ 1 i ‘ = @1 &1 ‘ T ‘
‘L‘/, ey b ‘ —H“ N = =10 1 1= 5| | S | PSSV = =gy vo 181 P
U T I igtdpay! i et L
g H [P
e e e T bt e L G e e e e L
o R R el & ko g R R e e s R R el o
o o i
Souf eAnazantszecas ey PSR e
5 o ] E El EE Do w o 1
& | E E G- -
os- E E E
E| 03— 4 0T E
oxE 3 = 3 oo 1 El
E 3 E oo E
02 = o 3 E E
] E E e L E
e E ossE- L 3 E il
| E o3 r 3
o1 b 3 oaf- E =
3 £ 0 o
0.05— - 005 - E 3
E| oo L E|
I I I Ik L ot I I I d I I I bt I I I | E I I I I I I o =)
B P bt < P frsteent < t Pt < t Pt
g r ‘ i g Aft g 2. ‘
i ‘ I - R | L Nl L, N | N v 1 )| d ‘ ‘ 1 L AR J I, W= p— N Iy i ‘
e i sl I i G T Il
P i | L I I Il i | Lo I i I I Il AT I Lo I i I I Il i I I P I i I I I i I | T
b g bbb ko 0 bbb oo bbb to b bbb 500 o
M M, M, M,
00y 2. 220 g £ "
2, SRR e T T e 000G M P PRt e F e e
H nomnal Cine a E| ZoasE [t 10 g S, [nonna [t 1 E| 1o 3
o5 E E g El A El
3 03 = 007 r = 4 =
o n El onsf n 3 oo ] E ~h E
£ = £ oos— r 3 3
02 = 02f- E = 4 3 L 3
o I E| £ oaf- r 5 E F E
S = o1sf L E E J 3 o L 3
E ] oo 7 L 3 r 3
o1 9 E o E E 3 o 5
L E| E g = - 4 3 A k 3
0.0 - E r E| 5
| g 005~ L - ooE- r = A rg
O PPN =SSOV TUT TN IOT= Bt e bbbt Bt ST O TOR TN == b e e
° Frrrrr] bt ° Pt Frrerbrrerrt ° t P ° t Pt
] £ i £ ]
E - N I g g, i
o Al U H —armedk] - o SRS 1y = a1
e B i et e P Fpatcl .| S . S0 PRPRPSS Y . o3 i | il
L i T I | 3 SERiiEill
Lo I I I I I I 1 T oo 1= T RN I I 1 I I I I 1 FRNR I I I I I I I 1
o e el g T o R R R g R e g e
"

b
M,

Figure 4.24: From left to right: systematic variations of the My distribution for ZZ,
W Z, gluon-gluon fusion signal at My= 600 and VBF signal at My= 600 due to different
systematic variations. Top, center and bottom rows shows the variations for jet energy
scale, jet energy resolution and unclustered EZ'***. For each distribution the bottom panels
show the relative variation with respect to the nominal shape.

6. b-quark jet veto
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Inclusive Category
Process =0-jet >1 jets VBF
JES JER uE®*s | JES JER uE®* | JES JER uFE®ss | JES JER uER®s
77 0.7 06 0.5 29 0.7 0.7 8.0 25 1.4 29.2 0.7 0.4
Wz 1.1 0.9 1.1 3.8 1.2 1.1 27 09 14 21.7 3.3 1.2
ge— H | 0.2 0 0.1 34 07 0.1 6.2 23 0.1 19.3 4.3 0.3
qgqq— H | 0.1 0.1 0.1 145 2.8 0.1 5.6 1.0 0.2 6.2 0.5 0.3

Table 4.12: Systematic uncertainty (in %) due to the uncertainty on the jet energy scale
(JES), jet energy resolution (JER) and unclustured ERs (uERss).

In order to propagate the uncertainty on the event yields from the variation of
the b-tagging efficiency uncertainty, the following approach is taken using simulated

events:

e the original quark from which the jet is generated is accessed for each event,

e we check if the jet is tagged or not according to the nominal Jet Probability

discriminator requirement discussed in Section 4.3.5,

e if the jet is matched to a b-quark or a c-quark jet the probability of being

tagged is downgraded by 2%,

e likewise, if the jet is not matched to a b-quark or c-quark the probability of

being tagged is upgraded by 11%

The values are envelopes for the uncertainty on the b-tag and mistag rate! scale
factors according to the values derived in Ref. [108]. We find the uncertainty on
b-jet veto efficiency on MC driven processes - namely signal, WZ, ZZ to be <1%
following this procedure. Figure 4.25 summarizes the result of the variation of the
b-tag/mistag rate on the Mt shape. As expected, almost negligible effect is observed

in the shape of the Mr.

7. Soft muon veto

The systematic uncertainty related to the soft muon veto is relevant for the MC

based estimates such as ZZ, WZ and Higgs signal. For these processes we find

Imistag is the probability of tagging a non b-quark jet as b-quark jet
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Figure 4.25: From left to right: systematic variations of the My distribution for ZZ, W Z,
gluon-gluon fusion signal at My= 600 and VBF signal at My= 600 due to the variation
of the b-tag uncertainty.

Process Inclusive —Osjet C;tgizg VBF
77 0.1 - 0.3 0.2
W7Z 0.2 - 0.4 0

ge— H 0.2 - 0.4 0.3
qq— qqH 0.1 - 0.1 0.2

Table 4.13: Systematic uncertainty (in %) due to the uncertainty on the b-tag and mistag
rates.

that the efficiency of the soft muon veto is high (between 96-99%). Given such high

efficiency the systematic uncertainty is expected to be small and it is ignored.

8. Top quark and WW estimate

For the Top/WW backgrounds we assign a systematic uncertainty related to the
data-driven method described in Section 4.5.1. The systematic uncertainty on the
background estimate stems from the statistical uncertainty on the estimation of
the a, parameters, which, in turn, is driven by the statistical uncertainty on the
observed input events and the systematic uncertainty obtained from MC validation

tests. A total uncertainty of 25% is assigned to «y.

9. Z + jets estimate

To estimate the systematic uncertainty on the Z + jets background estimate (see
Section 4.5.2) we have studied two different approaches. We have subtracted the
contribution of EW processes like W + v, Z + v, from the data driven estimate

of v + jets. The systematic uncertainty on this background was taken as a 100%
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uncertainty on this subtracted amount due to limited MC statistics. The result
was compared with the second method where we let the event yields to float in
the computation of the limits between 0 and the direct prediction from the y+jets
method. The results are observed to be very similar in practice from these two

methods. We assign 100% uncertainty on half of the y+jets prediction.

4.7.2 Theoretical uncertainties

1. MC statistics:

Although not being strictly a “theoretical” uncertainty it reflects an intrinsic uncer-
tainty in the modelling of processes taken from simulation. In the signal, W2 and
Z 7 the limited statistics of the MC is taken into account as a systematic uncer-
tainty. Figure 4.26 illustrates the effect, which the statistical uncertainty is expected

to have on the prediction of the My shape for the signal and the background.

LA S AR LA BN ELA
T
Lol b b

wwwwwwwwwww
uuuuuuuuuuuuuuuuuuuuuuuuu

Figure 4.26: From left to right: systematic variations of the M distribution for ZZ, W Z,
gluon-gluon fusion signal at My= 600 and VBF signal at My= 600 due to the limited
statistics in simulation.

Table 4.14 summarizes the size of this uncertainty for each event category. Again,

because of the lack of statistics in VBF category, the uncertainty is very high.

Process Inclusive —0sje tcaii'g_;;;g VBF
gg— H 2.9 3.7 5.7 37.7
qq— qqH 5.2 13 8.3 9.7
77 5.2 5.6 13.8 93
W7z 5.3 6.7 9.9 63

Table 4.14: Systematic uncertainty (in %) due to the limited size of the simulated samples.
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4.7. Systematic uncertainties

2. Higgs cross-section We use the QCD scale and PDF uncertainties recommended

by the LHC Higgs Cross Section Working Group [23] for the signal cross-sections.

3. Higgs line shape The Higgs line shape, which is re-weighted to match the CPS pre-
diction and to take into account the interference with the ZZ and WW background,
has a theoretical uncertainty which ranges typically between 5-15% as depicted in
Figure 4.27. This uncertainty is taken into account depending on the Mt selection

applied.

Rai
Ratio
Rai

1000 100 200 500 400 500 500 900 1000 100 200 500 400 500 600 700 5001000
M. M. M.

Figure 4.27: Systematic variations of the M distribution for gluon-gluon fusion signal at
different generated masses taking into account the one standard deviation of the Higgs
line shape reweighting. From left to right My= 500,600,700 GeV.

4. ZZ and W Z cross-section We use the following procedure to estimate the system-
atic uncertainty on the cross-section predictions for the ZZ and W Z processes. The
cross-sections for ZZ — 202v and W*Z — 3(v are calculated using the program
MCFM, version 6.2 [94]. MCFM runs using parton density functions (PDF) from
the Les Houches accord PDF (LHAPDF) program. The following requirements are

applied to mimic those used in the full analysis:

76 GeV < My, < 106 GeV,

pr of the leptons > 20 GeV,

Emiss > 70 GeV,

In| of the leptons < 2.5.
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Calculations for each process was performed using three different PDFs: CT10,
MSTW2008 and NNPDF. Additionally, the QCD renormalization and factorization
scales (ur = pr) were both varied and chosen to be ur = 45 GeV, 90 GeV, 180
GeV for ZZ and pur = 45 GeV, 85 GeV, 170 GeV for W Z. For each scale, central
value of cross-section and PDF uncertainty was obtained from an “envelope” of re-
sults when using different PDFs. This calculation was done using the PDFALHC
recommendations [109-113]. The renormalization and factorization scale uncertain-
ties are estimated using the maximal relative difference between the central cross
section value for different values of pug. The total uncertainty on the cross-section
is given by APDF + Aag, where, APDF is the uncertainty from PDF and Aag
is the uncertainty from changing the pur or urp. The results for ZZ — 202v and
W*Z — 3lv at /s = 8 TeV are shown in Table 4.15.

Process APDF | Aag | Systematic Uncertainty
Z7 — ete” +3(vp) 3.12% | 6.69% 9.8%
WtZ — (ut+v)+(e” +et) | 2.68% | 7.67% 10.3%
W=Z— (= +v)+ (e +et) | 4.55% | 6.90% 11.5%

Table 4.15: Theoretical uncertainties for ZZ and WZ production cross-sections at /s =
8 TeV.

4.7.3 Summary of the systematic uncertainties

Table 4.16 summarizes the individual systematic uncertainties on the final event yields

which are assigned per source.

4.8 Results

In this Section, results are discussed with the final control plots and background estima-
tions. These results are then further used to perform a statistical analysis in order to

search /exclude SM Higgs-like boson.
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| Source Uncertainty [%)] |
b-veto 1-3
Lepton ID+Isolation 2
Lepton momentum scale 1-2
Jet energy scale/resolution 1
Experimental Pile-up effects, EJ"** 1-3
Trigger 2
Non-resonant background estimation from data 25
Z+jets estimation from data 100
Simulation statistics 1-2
Luminosity 2.2 (7 TeV), 4.4 (8 TeV)
PDF, gluon-gluon initial state 6-11
PDF, quark-quark initial state 3.3-7.6
QCD scale, gluon-gluon initial state (ggH) 7.6-11
Theory QCD scale, quark-quark initial state (VBF) 0.2-2
QCD scale, gluon-gluon initial state (ggZZ) 20
QCD scale, quark-quark initial state (qqVV) 5.8-8.5
Line shape uncertainty 2-8
Contribution from WW interference 2-13 (100% in BSM)

Table 4.16: Summary of systematic uncertainties on event yields of signal and background
processes. Ranges refer to uncertainties that depend on the My hypothesis.

4.8.1 Final event yields

Figures 4.28 show the final inclusive distributions for min A¢(jet, E7**) (after preselection
and requirement on EF*¢ > 70 GeV) and M (jj) (after preselection and a requirement
on |An;| > 4.0). Figure 4.29 shows the inclusive Ef*** and My distributions after prese-
lection. An overall good agreement is observed between observed data and predicted SM
background.

The expected number of signal and background events obtained after applying the full

selection is summarized in Tables 4.17 and 4.18.

4.8.2 Statistical Analysis

Two analyses techniques are used to get the upper limits on the SM Higgs production
cross-section. First is the baseline analysis or shape analysis in which full distribution for
final discriminant is used without applying any selection on it. This is cross-checked with

second method in which selection is applied on final discriminant (cut-and-count method).
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invariant mass (right) for combined ee and pu channels.
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The distributions are shown in

logarithmic scale (top) and linear scale (bottom). These distributions are for combined ee

and pp channels.
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Channel Z7 WZ — 3bv Z — Top/WW /W Total ggH qqH Data
(data) (data)
My =200 GeV
ee, =0jets | 0.19£0.04 | 0.37 £ 0.06 1.0+£0.7+£1.0 48+15+1.2 64+16+1.6 0.07 £0.02 0.012 £ 0.007 5
u, = 0jets | 0.35£0.05 | 0.65 £ 0.08 1.5+09+1.5 7.84+24+20 10.3+26+24 0.09 +0.02 14
ee, > ljets 2.2+0.1 6.6 £0.3 16.3 8.4 +16.3 33.0+4.1£82 582+ 9.3+ 18.3 3.7+£0.1 1.17 £ 0.07 50
up, > ljets 3.6 0.2 94 4+0.3 2344+12.1+£234 |532+644+13.3 | 89.9+13.7+26.9 49+0.2 1.47 £0.07 96
ee, vbf 0.14 +0.03 | 0.29 +0.06 0.6 £0.3+0.6 1.8+£04+04 2.7+05+0.7 0.12 £ 0.02 0.52 +0.04 0
i, vbf 0.174+0.03 | 0.27 £ 0.05 0.9+04+0.9 2.8+ 0.5+0.7 42+06+1.1 0.124+0.02 0.64 + 0.05 5
My =400 GeV
ee, = 0jets 10.1 £ 0.3 4.8+0.2 28+ 1.0+2.8 17.7+£1.1+2.8 21.24+0.2 0.42 +0.03 16
p, = 0jets | 13.4£0.3 6.7 £0.3 50£1.94+5.0 25.1+£2.0+£5.0 27.5+0.3 0.51 4+ 0.03 21
ee, > ljets 5.01+0.2 4.1+0.2 294+1.24+29 1.3+£0.8+0.3 13.3+£1.4+29 17.8 +£0.2 1.89 £ 0.05 9
w, > ljets 6.8 +0.2 5.14+0.2 42+1.7+4.2 21+£124+05 18.24+2.1+4.2 22.74+0.2 2.45 £+ 0.06 14
ee, vbf 0.144+0.03 | 0.29 +0.06 0.6+0.3+0.6 1.8+£04+04 2.7+0.5+0.7 0.69 &+ 0.04 1.454+0.05 0
wit, vbf 0.174+0.03 | 0.27 £ 0.05 09+04+0.9 2.8+ 0.5+0.7 42+06+1.1 0.84 +0.04 1.924+0.05 5
My =600 GeV
ee, = 0jets 2.6 £0.1 1.24+0.1 0.5+£0.24+0.5 42402+0.5 4.29 +0.05 0.20 £ 0.02 2
w, = 0jets 3.31+0.2 1.4+0.1 0.8+0.3+0.8 544+0.4+0.8 5.43 +0.05 0.26 £0.02 7
ee, > ljets 2.0+£0.1 1.14+0.1 0.8+0.4+0.8 3.9+£04+£08 5.00 &= 0.05 0.95+0.05 3
i, > ljets 244+0.1 1.1£0.1 1.2+05+1.2 47+05+1.2 6.37 £ 0.06 1.20 £ 0.05 6
ee, vbf 0.14 £0.03 | 0.29 4+ 0.06 0.6+0.3£0.6 1.8+£04+04 2.7+05+0.7 0.21 £0.01 0.67 +0.03 0
i, vbf 0.174+0.03 | 0.27 £ 0.05 0.9+044+0.9 2.8+ 0.5+0.7 42+06+1.1 0.27 £ 0.01 0.89 +0.03 5
My =800 GeV
ee, = 0jets 2.6 £0.1 1.24+0.1 0.5£0.24+0.5 42+0.24+0.5 1.29 £ 0.01 0.13 £ 0.01 2
pp, = 0jets 3.3+£0.2 1.44+0.1 0.8+£0.3+£0.8 54+04+0.8 1.63 £+ 0.02 0.16 = 0.01 7
ee, > ljets 2.04+0.1 1.1£+0.1 0.8+0.44+0.8 3.9+04+0.8 1.78 £0.02 0.51 £0.02 3
w, > ljets 24+0.1 1.1+0.1 1.2+05+£1.2 47+05+1.2 2.24 +0.02 0.67 +0.02 6
ee, vbf 0.14+0.03 | 0.29 + 0.06 0.6+0.3+0.6 1.8+£04+04 2.7+0.5+0.7 0.064 £+ 0.003 0.34 £0.02 0
ui, vbf 0.174+0.03 | 0.27 £ 0.05 09+04+0.9 2.8+ 0.5+0.7 42+06+1.1 0.077 & 0.003 0.42 +0.02 5

Table 4.18: Expected number of signal and background events for an integrated luminosity of 19.7 fb=! at /s = 8 TeV after applying
the full Higgs selection compared to the number of observed events in data. Uncertainties for ZZ/WZ/Z + jets and non-resonant

backgrounds as well as for signal include the statistical and systematic components.
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Figures 4.30 and 4.31 show the Mt and EZ7'*** distributions used for the statistical analysis
in each of the two categories. Using the CLg [114-117] method, limits were set on the
Higgs boson cross-section production. To fully define the method, one needs to make a
choice of the test statistic, which is used to determine how signal or background-like the
experimental observations are. It is based on the profile likelihood ratio. The likelihood

L(data|p, 0) used in constructing the test statistic is defined as:

L(data|p, ) = Poisson(obs|u - s(0) + b(0)) - p(]0) (4.8)

where s stands for the expected signal under the SM Higgs hypothesis, u is a signal
strength modifier and it scales the signal SM cross-section of all production channels by
the same factor, i.e. ¢ = u-ogp, b stands for the backgrounds, and # are the nuisance
parameters which describe the uncertainties. The probability density function p(6]6) is
the probability of measuring a set of nuisance parameter 6, given its true value 6. And
obs can be the actual observation or pseudo-data from MC simulated experiments. The
explicit form of the poissonian term in Equation (4.8) for the product of probabilities of
observing n; events in the i** interval is given by:

(- 50(0) + 6i(O)™ s o) 4000

Poisson(obs|u - s(0) + b(0)) = H

i

(4.9)

Case of Discovery

The test statistic qp used to quantify the statistical significance of an excess of events over

the background-only expectation is defined as:
L(obs[b(d].)

(e —2ln ~ ~
¢ Clobsli-s@) 1 @)

Both the denominator and numerator are maximized. In the numerator, p remains fixed

> 0) (4.10)

>

and only the nuisance parameters 6 are allowed to float. Their values at which £ reaches
the maximum are denoted as HAM . In the denominator, both p and 6 are allowed to float

in the fit, and j and 0 are parameters at which £ reaches its maximum. The value of the
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test statistic for the actual observation is denoted as ¢3. The probability of getting a qq

value as large as ¢3* or larger in the background-only hypothesis is called p-value. The

significance Z is obtained from a p-value via the Gaussian one-sided tail integral:

o0

e—x2/2
b= Plao > ) = [ s (4.11)

This local p-value is used to search for a signal excess in the background-only hypothesis

Z

across the whole explored My range. Case of Exclusion
As the p = 0 subscript indicates, ¢y is used to look for a signal under the hypothesis of
pure background. On the contrary, if one wants to exclude the presence of a given signal

one can assume that the signal strength is 1 and define g, as:

gy, Llobslji - 5(6,) +b(6,)) .
e = A sl s(0) + b(6)) (2 20) (4.12)

Similar to Equation (4.11), two p-values can be defined under the hypothesis of signal

plus background (s + b) and of background only (b):

ClLgyy = P(gu > ¢ |- s +0) (4.13)

CLy = P(q. > ¢°|b) (4.14)

The ratio of these p-values is a quantity called C'L,. The following criterion is used for

excluding the presence of a signal at the 1-a confidence level (CL).

L
cm@=%$Sa (4.15)

A signal with a cross-section o = - ogyy is defined to be excluded at 95% CL if C'Lg(u) <
0.05. Here, og,s stands for the SM Higgs boson cross-section.
Figure 4.32 shows the expected signal strength-u as a function of the Higgs boson mass

My in the range 200 — 1000 GeV, obtained using the shape analysis and cut-and-count
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analysis. Limits on signal strength p are shown separately for data at /s = 7 TeV, at
/s = 8 TeV and for the combination of data. Using the shape based analysis, we expect
to exclude the SM Higgs boson in the My range [295,581] GeV at /s = 7 TeV, [265,870]
GeV at /s = 8 TeV and [254,898] GeV for the combined dataset at 95% CL. And the
observed exclusion of the SM Higgs boson at 95% CL is in the My range [265,458] GeV,
[280, 886] GeV and [248, 930] GeV for the /s = 7 TeV, /s = 8 TeV and combined
dataset respectively. We notice a good agreement between observation and expectation.
Similarly the exclusion limits on My are calculated from cut-and-count analysis. In this
analysis, we expect to exclude the SM Higgs boson in the My range [290,533] GeV at
Vs =T TeV, [275,745] GeV at /s = 8 TeV and [265,761] GeV for the combined dataset
at 95% CL. The observed exclusion of the SM Higgs boson at 95% CL from cut-and-count
analysis is in the My range [290,454] GeV and [543,554] GeV for /s = 7 TeV, [276, 754]
GeV for /s = 8 TeV and [268, 756] GeV for combined dataset. Observed and expected
limits are in agreement with each other.

All these exclusion limits are listed in the Tables 4.19 and 4.20.

Analysis Median Expected Exclusion limit on My in GeV at 95% CL
Vs =T TeV /s =8 TeV Combined
Shape based [295,581] [265,870] [254,898]
Cut-and-count | [290,533] [275,745] [265,761]

Table 4.19: Median Expected Exclusion limits on My for different data and both analyses
at 95% CL.

Analysis Median Observed Exclusion limit on My in GeV at 95% CL
Vs =7 TeV Vs =8 TeV Combined
Shape based [265,458] [280,886] [248,930]
Cut-and-count | [290,454] & [543,554]  [276,754] [268,756]

Table 4.20: Median Observed Exclusion limits on My for different data and both analyses
at 95% CL.

It is interesting to note that the performance of the shape-based and of the cut-and-
count analysis is not always the same in relative terms. The shape-based analysis improves
the overall sensitivity in the following regions: the low mass region (My < 300 GeV),

due to the VBF category where the background is significantly reduced and where the
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selection is less stringent for the signal; the high mass region (My > 500 GeV) due to
the fast-falling My distribution for the remaining backgrounds and due to the broader
signal shape which has a large width. In the intermediate region, both cut-and-count and
shape-based analyses perform similarly given that the My regions used in the cut-and-
count analysis capture efficiently the region where the signal is expected to peak.

It is also instructive to compare, with respect to the observed data, how much the
different categories considered in this analysis are expected to contribute to the final
limit. Figure 4.33 shows the expected and observed limits on the signal strength per
event category. Events with zero jets are expected to drive the final result in the 300-400
GeV region where the limits of analysis are more stringent. Due to the tight selection used
at low mass (My < 300 GeV) the limits are driven by the VBF and >1 jets-categories
where either the background is lower or the Higgs is expected to be more boosted. In
the high mass region (Mpy > 400 GeV) the 0 jets- and >1 jets-categories contribute most
significantly to the analysis given the higher cross section for gluon-gluon fusion and the
fast falling background spectra in the My variable. There is an overall fair agreement

between the expected and the observed limits in each category.

154



4.8. Results
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Figure 4.30: Left and center: My distribution in the 0 and at least 1-jet categories corre-
spondingly. Right: EFs¢ distribution in the VBF category. The distributions correspond
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Figure 4.31: Left and center: My distribution in the 0 and at least 1-jet categories corre-
spondingly. Right: EF'* distribution in the VBF category. The distributions correspond
to 600 GeV (top) and 800 GeV (bottom) scenarios.
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Figure 4.32: The expected 95% C.L. upper limit on u = o/ogy is shown as a function
of the Higgs mass (M) for 5.0 fb~! of integrated luminosity at /s = 7 TeV (left), for
19.7 tb! of integrated luminosity at /s = 8 TeV (center) and for 7+8 TeV datasets
combined (right). Each plot combines the limits from the different categories considered
in the analysis. Cut-and-Count analysis (top) and shape-based (bottom) limits are shown.
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Figure 4.33: Evolution of the upper limit on the signal strength, u, as a function of the
Higgs boson mass for the different categories. The combination of both data periods is
shown using the cut-and-count analysis (left) and shape-based analysis (right).
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Chapter 5

H — ZZ — {T{" v, Analysis using

Multivariate Technique

The baseline H — ZZ — (*{~ v, analysis was discussed in Chapter 4. However, to
explore further improvements in sensitivity of this decay channel and to cross-check the
analysis using an independent method, a Multivariate Analysis (MVA) was introduced
and full analysis was carried out. Analyses based on sequential selection requirement
on discriminating variables, like the one presented in Chapter 4, are straightforward and
robust. However, they have their limitations owing to the possible correlations among
discriminating variables. We consider here an artificial example to illustrate this. In
Figure 5.1(a) it may be seen that the optimal rectangular cuts are quite easy to deter-
mine. However, in Figure 5.1(b) the variables are correlated differently for signal and
background. Projecting both background and signal on the variable axes hides these cor-
relations and hence they can not be exploited using the chosen variables with rectangular
cuts. Although, in this artificial example it is rather simple to define two new variables
accounting for the correlations, which can be achieved effectively rotating Figure 5.1(b)
by 45°. Confronted with more realistic problems, this quickly becomes excessively com-
plicated, as there is usually a rather high number of possible variables, resulting in many

combinations to be tested for correlations. The situation is even worse if there are cor-
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Varable 2
Varable 2

Variable 1 ’ ’ ’ Variable 1

Figure 5.1: An example of a distribution of a signal (red) and background (black) with
(left) and without (right) correlations. Trivial cuts are shown for the left plot.

relations between three or more variables. In addition all correlations would have to be
re-investigated for different model parameters. For example, in data analyses like the one
described in this Thesis, various discriminating variables are used to disentangle signal
from background processes. And hence it is rather difficult to handle the correlations
between these variables by applying rectangular cuts.

In this analysis we have used a multivariate method called Boosted Decision Tree (BDT).
In Section 5.1 the concept of BDT along with various technical parameters is discussed.
Section 5.2 describes in detail various steps of BDT analysis, including the selection BDT
input trees, choice of BDT input variables and explanation of BDT performance distri-
butions. Section 5.3 gives a brief overview of various systematics uncertainties. Results

are discussed in Section 5.4.

5.1 Boosted Decision Tree

A decision tree (DT) uses the multiple rectangular cut technique in a sophisticated way in
order to salvage the signal events which would otherwise be lost and remove background
events that would normally pass. It is designed to maximize signal and background
separation by recycling events that both pass and fail various requirements for further

analysis. DT is a machine-learning technique which combines several weak classifiers !

lclassifier is the variable which can discriminate between signal and background
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to create a more powerful multivariate discriminant. In general, a DT is a structure of
requirements (or cuts) organized into nodes. A node is a decision point in the tree in
which a variable and cut value are provided and the event is determined to either pass or
fail it. Figure 5.2 shows an exemplary cut based analysis as a DT. One can see an event
being classified as signal, if and only if it passes all selection requirements. Here, some
signal events are bound to fail the series of cuts and some background events will pass.
The reason for that is by applying rectangular cuts, exactly one region is selected, whose
borders are perpendicular to the variable axes. Ideally this region is located and sized
such that the separation of signal and background is maximized. However, depending
on the physics involved, the best region may be irregularly shaped or even separated in
numerous unconnected regions. Thus, this results both in a loss in signal events and in
an impure final state. To avoid that, the simple DT of Figure 5.2 can be extended to a

more complex one like shown in Figure 5.3.

Figure 5.2: Conventional analysis based on one dimensional selection is shown as a simple
decision tree: Events failing one cut are considered background.

In the tree shown in Figure 5.3, a series of cuts are applied starting from the parent
(root) node. Then the root node branches off to two daughter nodes corresponding to the

pass or fail of the root node cut. This division of events into daughter nodes goes on till
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it reaches at terminal node called ‘leaf’.

Figure 5.3: Extended decision tree: Leaves may be considered as signal or background.

The stopping criterion can be defined in advance, for example the number of events at
the node should be above a threshold value. Each leaf would ideally contain only signal
or only background, but realistically, we associate with each leaf a “purity”, defined as
the fraction of events in the leaf that are signal. The final discriminant depends on the
weighted sum of fraction of these signal events at each leaf.

In this method, whole set of events are divided into two sets. One set is the “training
set”, which comprises the input variables and the desired output for each event and is
used to optimize the parameters of the DT and the other set is the “testing set” which
is used to test the performance of the DT. These two set of events must be exclusive to
avoid any optimization bias. In this analysis, the events which are used in testing are also
used for evaluation of limits. During ‘training’ of a DT, whole set of training set events
are present at root node and then they are divided into daughter nodes. The function

used in this division to quantify the separation between signal and background at any
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given node is called “Gini index”, defined as:

G=p(l-p) (5.1)

where the purity ‘p’ is given as:
S
-~ S+B

p (5.2)

and S(B) is the weighted total number of signal(background) events on the node. Thus,
the Gini index for a node is 0(minimal) when the purity is either 1 or 0 (pure signal or pure
background) and maximized when the purity is 0.5 (maximally mixed sample). Starting
with the root node containing all the events, the variable and corresponding cut which
maximizes separation is calculated and executed. The maximum separation is defined as
the maximum change in the Gini index between the parent node and the two daughter

nodes. That is, for each potential cut, the weighted change in Gini index

AGini = Gparent — f1 : G1 — f2 . G2 (53)

is calculated, where 1(2) represents the first(second) daughter node and fi(s) is the
weighted fraction of events in the daughter node. The cut corresponding to the high-
est AGini is chosen. Following this initial branching, the best cuts according to the Gini
separation are calculated and executed for both the first and second daughter nodes. The
tree then grows as the cut selection process continues at each node. A node is no longer
split when a split would result in a less than a minimum number of events (200, in this
case) landing in the node. Such an unsplit node is called “leat” as described earlier. Each
leaf node is assigned a purity value p (as defined above). A test event works through the
cut conditions beginning with the root node and follows the path along the tree according
to pass or fail until it lands on a terminal node. The result of decision tree (or classifier
value) D(7) for an event tested on a single tree is equal to the purity of the leaf on which
testing terminates. To gain information about the signal-likeness of an event and reduce

the vulnerability to statistical fluctuations, not only one but several decision trees have to

163



Chapter 5. H — ZZ — {*{" v, Analysis using Multivariate Technique

be used, whose outputs are weighted according to their overall performance. In this pro-
cess of classifying events into branches and leaves containing only signal or background,
some events may be misclassified. Thus, a technique called ‘boosting’ is introduced in
which the misclassified events get a ‘boost’ or higher weight so that in the next decision
tree they can take priority. Because of this technique the name of this method becomes
“Boosted Decision Trees (BDT)”. For this analysis, we have used a boosting technique
called AdaBoost (Adaptive Boost). In this technique, the misclassified events are multi-
plied by a common boost weight «. The boost weight is derived from the misclassification
rate, err, of the previous tree,

1—err
a:

err (5-4)

The weights of the entire event sample are then renormalized such that the sum of weights
remains constant. This factor « is calculated for each tree and the result of final decision
tree assigned to an event ¢ is:

Mtree

D(i) = ) amDp(i) (5.5)

Where, m denotes the tree number. In the analysis, we train 1000 decision trees using
AdaBoost to select the training sample for each tree. The output of the BDT is just
the average output from all of the trees. We also realized that it was optimal to further
randomize the trees by considering only a random subset of variables while maximizing
AGini at each node in each tree.

With any type of multivariate classifier, one must be cautious to minimize sensitivity to
statistical fluctuations in the training sample, because the signal and background samples
used for training are discrete and finite. The phenomenon in which a classifier becomes
trained to respond to statistical fluctuations is known as “overtraining”, and it generally
leads to sub-optimal classifiers. The lower limit on the number of events in a node helps
to avoid overtraining. To further reduce overtraining we also limit the depth of each tree

to 4 nested decisions. To ensure the validity of results, it is of utmost importance that
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the BDT output should be well modeled. This, in turn, requires that every variable input
to the classifier is well-modeled. The training of BDT is done separately for different jet
multiplicity events, i.e. 0 jet, 1 jet and > 2 jets, which results in an increase in sensitivity
of around 20 %. BDTs are trained for each of thirteen Higgs boson mass point considered
200 - 1000 GeV in 50 GeV increments) and for each jet multiplicity. The SM background
processes trained against are WW, WZ, ZZ, tt, single top, and Z + jets. Both the
signal and the backgrounds input to training are normalized to the SM expectations. In
this analysis the ROOT [118] based multivariate analysis framework TMVA [119] is used.
Similar to previous Chapter, all the distributions in this Chapter are for 19.7 fb—tat /s
= 8 TeV. All corresponding plots for /s = 7 TeV are in Appendix C. Results for /s =

7 TeV analysis are shown in Section 5.4.

5.2 Analysis Workflow

In this Section, analysis strategy is described in various steps. The first step is the selection
for BDT input trees and selection of various physics objects. After that, a description is

given for input variables for BDT training and then various standard output distributions

for BDT are shown.

5.2.1 Selection used for BDT input trees

All the physics object selection including the kinematic and identification etc. are same
for leptons, jets and E** as used in the baseline analysis in Chapter 4. A brief summary

of BDT input tree selection is given here:
1. one of the triggers summarized in Table A.5;

2. two leptons (medium-id electrons or tight-id muons) with pr >20 GeV, isolated and
with an invariant mass | My — 91| <15 GeV. The identification and isolation criteria

of the leptons can be found in Section 4.3;

3. pi >55 GeV for the Z candidate;
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4. no 3" lepton must be found in the event. The requirements used to identify a 3¢
lepton candidate are: loose-id electrons with .., <0.15 and pr >10 GeV, or loose

muon with 7, <0.2, or soft muon with pr >3 GeV.
5. no b-tagged jet must be found in the event;
6. Erss > 80 GeV.
7. The nominal pt threshold for the jets is required to be >30 GeV.

Instead of applying Higgs-mass dependent cut on EF* a flat cut of 80 GeV is applied.
No selection criterion on Mt and min Ag(jet, EF*%) is applied. All the reweightings like

pile-up and Higgs lineshape are same as described in Section 4.2.

5.2.2 BDT Input Variables

We mainly select the variables which were already used in the analysis Section 4.4.1.
Events are categorized based on jet multiplicity while training. Thus, for events having
atleast 2 jets some specific di-jet variables are used which were used as VBF tagging

variables in baseline analysis Section 4.4.1. Here is the list of input variables used in the

BDT:
1. My, : dilepton invariant mass;
2. pr (¢0): pr of the dilepton system;
3. EMss: Transverse Missing Energy;
4. My : Transverse mass of Higgs;
5. min A¢(jet, Ems);

6. An(jj) : Pseudorapidity separation of two leading jets (used for atleast 2-jet category

only):

7. A¢(jj) : ¢ separation of two leading jets (used for atleast 2-jet category only);
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8. M(jj) : Invariant mass of two leading jets (used for atleast 2-jet category only).

The validation plots for collision data and the background prediction for all the input

variables are shown in Appendix C in Section C.1 for /s = 8 TeV.

5.2.3 Background Estimation

In this analysis, all the background estimation techniques are same as used in baseline
analysis described in Chapter 4. Z+ jets background is estimated using v+ jets events by
reweighting v+ jets events as described in Section 4.5.2. Non-resonant background is also
estimated by using e — u events in data which passed full selection cuts. Control region
is built using at least one b-tagged jet and then a factor ay is calculated as described
in Section 4.5.1. Figure 5.4 show the E7%* distributions after data-driven estimation of

Z + jets and non-resonant background.
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Figure 5.4: From left to right: EF** (referred as RawMET in the plots) spectrum in
di-electron (top) and di-muon (bottom) events with 0, 1 and >2 jets.

Figure 5.5 shows the BDT output plots for e-u events in data and in MC. The agree-
ment in these distributions shows the consistency of BDT output shapes in data and MC

and thus, gives us confidence in estimating the non-resonant background.
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Figure 5.5: BDT Output distributions for di-electron channel (left) and di-muon chan-
nel (right) for My = 200 GeV.

5.2.4 BDT distributions

In this subsection various distributions are shown which are related to performance of the

BDT.

Input Variables After Training

Figures 5.6 to 5.9 describe the distributions of all BDT input variables after training for
two representative Higgs mass points, 200 GeV and 600 GeV, for ee and pp channels.
For all other mass points the plots are given is Appendix C in Section C.2. The event
weights are renormalized such that, the sum of all weighted signal training events equals
the sum of all weights of the background training events. It can be seen from Figure 5.6
and Figure 5.7 that VBF related variables like An(jj), A¢(jj) and M(jj) along with
min A¢(jet, ER) are provide the maximum discrimination at low mass (i.e. 200 GeV)
whereas, dilepton kinematic variables and E%** with M7 provide the discrimination in
full mass range but most dominantly at higher mass. The trend is same for both ee and

ppe channels.

Overtraining check distributions

Since we have divided the whole event set into two equal parts for training and testing
of the BDT so, due to lack of statistics, the training of BDT may be prone to statistical

fluctuations. This can be checked by checking the BDT output shapes for training and
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Figure 5.8: BDT Input variables distribution for di-muon channel for My= 200 GeV
after training. Blue is the signal and Red is the combined background.
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testing samples. This is what is shown in Figure 5.10 and Figure 5.11. These figures
show the overtraining check distributions for different mass points for ee and pp channels
respectively. It can be seen from the distributions that training (dots) and testing (shaded
portion) of BDT is matching within errors. Hence, the possibility of overtraining is taken

care of in this analysis.
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Figure 5.10: Overtraining Check plots for di-electron channel for My= 200 GeV (left)
and My= 600 GeV (right). The shaded portion in the distributions show the testing
sample and dots shows the training sample.
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Figure 5.11: Overtraining Check plots for di-muon channel for M= 200 GeV (left) and
Mp= 600 GeV (right). The shaded portion in the distributions show the testing sample
and dots shows the training sample.

Correlation Plots

Figure 5.12 and Figure 5.13 show the correlation matrices for all the BDT input variables.
The distributions are both for signal and backgrounds for two representative Higgs mass

points, i.e. My = 200 GeV and My = 600 GeV.
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Figure 5.12: Plots showing the correlation matrices for di-electron channel for signal (left)
and background (right) for M= 200 GeV (top) and My= 600 GeV (bottom).

Figure 5.12 shows that for My = 200 GeV, Mr (referred as p_hee Transmass_Higgs)
and E7"5% (referred as p_hee_RawMet) are correlated and also some jet related variables
like An;; (referred as p_hee_vbfdetajj) and A¢,;; (referred as p_hee_vbfdphijj) are cor-
BDT deals with these

related. And the trend is same in other distributions as well.

correlations and gives an optimal performance.

Receiver Operating Characteristic (ROC) Curves

ROC distributions in their standard form describe the true positive rate versus the false
positive rate for the different possible cut points of a hypothesis test. Here, they describe
the signal efficiency vs. background rejection for each BDT output value. Figure 5.14 and

Figure 5.15 show the ROC curves for different Higgs mass points in ee and pp channels
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Figure 5.13: Plots showing the correlation matrices for di-muon channel for signal (left)
and background (right) for M= 200 GeV (top) and My= 600 GeV (bottom).

respectively. At Mpy= 200 GeV, we observe a very high background rejection even for
larger signal efficiency but for My= 400 GeV, there is a decrease in performance. This is
mainly because VBF related variables are no longer effective at 400 GeV (see Figure C.6
and Figure C.9 in Appendix C) and hence almost full discrimination is done by dilepton,
Emiss and My variables. Thus, there is a kind of balancing going on at these masses
resulting in relatively poor BDT performance. Whereas, when we go to higher masses

like My= 600 GeV and Mpz= 800 GeV then again we get high performance because here

these variables are really distinctive as can be seen in Figure 5.7 for ee and in Figure 5.9

for pup.
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Figure 5.14: ROC curves for di-electron channel for My= 200 GeV (left) and My= 600
GeV (right).
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Figure 5.15: ROC curves for di-muon channel for My= 200 GeV (left) and My= 600
GeV (right).

5.3 Systematic Uncertainties

All sources and methods used for estimating systematic uncertainties are similar to that

in Section 4.7.

e Lepton momentum scale: The uncertainty due to the lepton pr is estimated
by shifting the nominal energy by one standard deviation and by propagating this
change to the measured E7'***. Since this change in lepton pr is propagated to input
variables for the BDT and hence BDT output shows variations. Figure 5.16 shows
the variation in BDT shape by changing the lepton momentum scale. The change

in the BDT shape is quite minimal.

e Jet energy scale, resolution and E7**: Variation in jet energy scale, resolution

and EZ7'"** changes many input variables of BDT. And hence this change is visible in
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Figure 5.16: From left to right: systematic variations of the BDT Output for 22, W Z,
gluon-gluon fusion signal at My= 600 GeV and VBF signal at My= 600 GeV due to the
variation of the lepton energy scale.

BDT output plots. Figure 5.17 represents the expected variations in BDT output

shape by change in jet energy scale, jet energy resolution and unclustered EZs

scale.

 mva | [ v ] [ v ] [ v ]
3 e § [T 3 ey - 3 .
£ 10 — Nominal H — Nominal £ . —Nominal H — Nominal ey
jes_up jes_up . jes_up 100 jes_up oy
1 jes_down \ jes_down ! jes_down Py L f jes_down Fi tg
of r o, 10 f Y i ﬁ
10 0 i f ! { % o 1[J 4
4 by 4 } . ¢ } |
f o i ; 0 ! b ]
w0 I i L 5| [
4 10° il
10°
i ! {‘
N NPT e UUUUTIN TUTTURTIVIN (1 o [
408 w6 w4 w2 02 oa os 08y 408 w6 0402 002 04 os 084 48 s 04 02 0 02 04 06 08 1 408 w6 04 02 0 02 04 08 08 1
BOT Output BOT Output BOT Output BOT Output
[ mve | [ mva ] [mva ] [mva ]
2 ARsa T T § [T g - 3 -
£ —Nominal £" —Nominal : £ 4 —Nominal Y £ | —Nominal o~
jerup £ . jer_up P jer_up . ! 107 jer_up oy
1 jer_down” k]l ' jer_down 1 jer_down £ B jer_down ' i
g 4 [ b l
o £ il 10 I b
f 1 10° i
10 J g d
i i ol bl
§ 1 10° 1 n 10 FJ’ L i
- i fi | b k N |
{ IPJ t 100 1
b 0 J } I il |
0 10? ki L
el NV TR | NV I
408 we w402 02 oa os 08y 408 e wd 02 02 04 os 08 4 4 s s a4 02 o o2 oa 08 08 1 408 w6 a4 w2 0 02 0a 08 08 1
BDT Output BOT Output BOT Output BOT Output
 mva |  mva | [mva ] [ v ]
s . § [T -~ s S P
£ 10— — Nominal 3 H — Nominal 3 £ || — Nominal - £ - — Nominal
umetup | umet_up ) umet_up - 3 10" — umet_up E
15 umet_down b E L umet_down 1 ] umet_down g L 1 £ umet_down
P Y J % 10 r 1 3 F
f Y 3 F L |
101 b 1. - i g 1 5 3 1ok
E B E| L K b 1 3
E f i f 0 Hﬂ by ] 0 # 1
f ) ] 3 | a
£ 3 i L 3 X [ 10°
1 ol i i 4
00 - 10 = j
E AR A P T RIS || S I T | vt ol il i st L - 1
408 s a2 02 oa os 0s 1 408 e 0402 0oz 04 os0s q 4 s o e a2 o oz oa 0608 1 408 s a4 w2 0 02 04 08 08 1
BDT Output BOT Output BOT Output BOT Output

Figure 5.17: From left to right: systematic variations of the BDT Output distribution for
Z 7, WZ, gluon-gluon fusion signal at My= 600 GeV and VBF signal at My= 600 GeV
due to different systematic variations. Top, center and bottom rows shows the variations
for jet energy scale, jet energy resolution and unclustered Eiss.

e b-quark jet veto: The effect of changing the threshold of b-tag discriminator by
one standard deviation is shown on the BDT output shape in Figure 5.18. The

effect is very small.

e Higgs line shape: Changing the Higgs line shape from the nominal by one standard

deviation changes the BDT output shape as shown in Figure 5.19.
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Figure 5.18: From left to right: systematic variations of the BDT Output distribution for
47, WZ, gluon-gluon fusion signal at My= 600 GeV and VBF signal at My= 600 GeV
due to the variation of the b-tag uncertainty.
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Figure 5.19: Systematic variations of the BDT Output distribution for gluon-gluon fusion
signal at different generated masses taking into account one standard deviation of the
Higgs line shape reweighting. From (left to right) My = 600, 700, 800 GeV.

5.3.1 Summary of the Systematic Uncertainties

Table 5.1 summarizes the individual systematic uncertainties on the final event yields

which are assigned per source.

5.4 Results

Final BDT output plots are shown in Figure 5.20 and Figure 5.21 for two representative
Higgs mass points My = 200 GeV and 600 GeV for an integrated luminosity of 19.7
fbo~tat /s = 8 TeV. Corresponding plots for \/s = 7 TeV data are shown in Appendix C,
in Section C.3. These distributions are further used to perform a statistical analysis
for setting upper limits on the SM Higgs boson production cross-section. From these
distributions it can be observed that for My= 200 GeV, Z + jets background is still
present in high BDT output value region (where we expect mostly signal). Whereas, for
My = 600 GeV, di-boson backgrounds ZZ and W Z start appearing in signal region and

hence become the dominant backgrounds.
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| Source Uncertainty [%] |
b-veto 1-4
Lepton ID+Isolation 2
Lepton momentum scale 1-3
. Jet energy scale 1-4
Experimental PU cffects, £ 1S
Trigger 2
Non-resonant background estimation from data 25
Z+jets estimation from data 100
Luminosity 4.4
PDF, gluon-gluon initial state 6-11
PDF, quark-quark initial state 3.3-7.6
QCD scale, gluon-gluon initial state (ggH) 7.6-11
Theory QCD scale, quark-quark initial state (VBF) 0.2-2
QCD scale, gluon-gluon initial state (ggZZ) 20
QCD scale, quark-quark initial state (qqVV) 5.8-8.5
Contribution from WW interference 2-13
Line shape uncertainty 2-8

Table 5.1: Summary of all systematic uncertainties on final event yields.

5.4.1 Statistical Analysis for the SM Higgs boson

No excess is observed over the SM background prediction over entire Higgs mass range
scanned. A statistical method, same as described in Section 5.4.1, is used to set upper
limits on the Higgs boson production cross-section. A shape analysis is done on final BDT
output shape, i.e. full BDT distribution has been used to impose the limits. Figure 5.22
shows the expected and observed signal strength-p at 95% CL as a function of My in the
range 200 — 1000 GeV, obtained using the shape-based BDT analysis for 1/s = 7 TeV and
/s = 8 TeV data. Using the /s = 8 TeV data and BDT shape-based analysis, the SM
Higgs boson is expected to be excluded at 95% CL in the mass range [245,781] GeV and
[837,910] GeV; and [274,507] GeV for /s = 7 TeV data. The observed limit of exclusion
is [260,954] GeV at /s = 8 TeV and [290,498] GeV for /s = 7 TeV.

Figure 5.23 shows the combined limit from /s = 7 TeV and /s = 8 TeV data. The
SM Higgs boson is expected to be excluded in mass range [244,913] GeV and observed
exclusion is in the mass range [248,963] GeV at 95% CL. The exclusion limit obtained by

BDT shape analysis is very much compatible with the baseline analysis as described in
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Figure 5.20: Final BDT Output distributions for di-electron channel for My = 200 GeV
(left) and My = 600 GeV (right) Higgs mass points. Black dots represent data points
and solid black line shows the gluon-gluon fusion signal and dotted black line shows VBF
signal.
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Figure 5.21: Final BDT Output distributions for di-muon channel for My = 200 GeV
(left) and My = 600 GeV (right) Higgs mass points. Black dots represent data points
and solid black line shows the gluon-gluon fusion signal and dotted black line shows VBF
signal.

Table 4.19 and 4.20. However, there is slight improvement in the exclusion limit towards

high M.
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CMS preliminary, Ys=7 TeV, [L= 5.0tb '-ee and pu channels

£ ‘ T T T | T T T ‘ T T T ‘ T T T | =
_E’ [ —— SM prediction B _E’
2 r —— median expected - 2
8 L expecled % 1o | E]
ﬁ expected + 2o ?
3 —&— observed =4
10— -
1 V —
1 0-1 ‘ 1 1 | 1 1 ‘ 1 1 1 ‘ 1 1 |
200 400 600 800 1000

Higgs boson mass [GeV]

CMS preliminary, Ys=8 TeV, [L= 19.6fb "~ ee and uu channels

| T T T ‘ T T T ‘ T T T | T T T ‘
—— SM prediction
—— median expected
10— expected 1o —
E expecled + 25 3
C —— observed ]
LN =/
1 0-1 | 1 1 ‘ 1 1 1 ‘ 1 1 | 1 1 ‘
200 400 800 1000

600
Higgs boson mass [GeV]

Figure 5.22: The expected and observed 95% C.L. upper limit on u = 0/0g) is shown as
a function of the My for 5.0 fb~'at /s = 7 TeV (left) and 19.7 fb~! integrated luminosity
at /s = 8 TeV (right) for BDT shape based Analysis. This plot combines the limits from

ee and pp channels.
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Figure 5.23: The combined expected and observed 95% C.L. upper limit on p = o/ogyy is
shown as a function of My for 5.0 fb~'at /s = 7 TeV and 19.7 fb~! integrated luminosity

at /s = 8 TeV for BDT shape based Analysis.
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Chapter 6

Summary and Outlook

In this Thesis, the results are presented for the search of the SM Higgs boson in H —
Z7Z — {T0" v, decay channel, where ¢ = e or u. The search is performed with data
collected at the CMS experiment in the years 2011 and 2012 which correspond to an
integrated luminosity of 5.0 fb~tat /s = 7 TeV and 19.7 fb'at /s = 8 TeV. This is the
full data recorded by the CMS experiment till the LHC stopped for its first long shutdown
in 2013. This decay mode is particularly important for high masses (My) of the Higgs
boson. Its branching ratio is about six times larger than H — ZZ — 4/ channel, though
its resolution is worse than H — ZZ — 4 decay mode because of the presence of EI.
However, this channel contributes significantly in a region which has never been probed
in any high energy physics experiment before the LHC, i.e. from Mpz= 200 to 1000 GeV.
Signal events are characterized by the presence of two same flavor leptons consistent with
the Z boson decay and high E*$ coming from two undetected neutrinos in the final
state. With this topology of final state, there are many backgrounds to this search which
can mimic the signal. These backgrounds mainly include Z + Jets, tt + jets, WW,
WZ and ZZ. Other than that, there are some sub-dominant backgrounds arising from
single top quark and W + jets. An analysis strategy is devised in order to reduce these
backgrounds. The whole selection procedure is divided into three parts: preselection,

event categorization and final selection.
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Preselection includes the lepton selection by applying kinematical selection criteria
based on pr of leptons together with pr and invariant mass of the dilepton system.
Along with that, some specific selection is applied for reducing particular backgrounds.
Events having b-quark jets are rejected (using b-tagging and soft-muon veto) for reducing
top-quark related backgrounds. Minimum azimuthal difference between jets and E7*S
A¢(jet, EFs#) | distribution is used to reduce Z + jets background. After the preselection
all the events are divided into categories based on jet multiplicity to increase the search
sensitivity. A separate selection criteria based on topology of VBF type events is chosen
to identify these events. After selecting VBF type events, rest of them are divided into
exclusive 0-jet and inclusive 1-jet (> 1-jet) categories. Final selection is then applied
based on two variables, EX% and Mry. This selection is Higgs mass dependent for non-
VBF category events and optimized for best expected limit on ratio of measured Higgs
boson production cross-section to the SM cross-section. All the major backgrounds in
this analysis like Z + jets, tt + jets and WW are estimated using data-driven techniques.
No excess over the SM background prediction is observed. A statistical analysis is carried
out using C'Lg technique to set up upper limits on the Higgs boson production cross-
section at various Higgs mass points and then to set exclusion limit on the Higgs boson
mass range. All sources of systematic uncertainties are considered. The baseline analysis
is based on My distribution in non-VBF category and E7**¢ distribution in VBF category,
i.e. the upper limits are calculated using full distribution without imposing any selection
requirement on the final discriminant. This analysis is cross-checked with cut-and-count
analysis where whole selection is applied including minimum threshold on My (ER**)
for non-VBF(VBF) events. Using baseline analysis, the SM Higgs boson is excluded at
95% CL in Higgs mass range between 248 and 930 GeV. From cut-and-count analysis,
the exclusion range is between 268 to 756 GeV.

A multivariate analysis based on BDT statistical technique is introduced to explore further
possibility of improving the sensitivity of this decay channel and to cross-check the base-

line analysis using an independent technique. BDT deals with the correlations of various
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input variables and get the best discrimination out of them. This analysis also considered
the full data collected by the CMS experiment. All the analysis selection procedures are
same till preselection except that A¢(jet, EX%) threshold criterion is not applied and in
fact it is used as one of the input variables. Also, in the final selection, only E > 80
GeV is applied and selection criterion on M is relaxed. The choice of input variables is
same as that in the baseline analysis to have a direct comparison of BDT with baseline
analysis. Various parameters related with BDT are optimized based on best expected
limit on ratio of measured Higgs boson production cross-section to the SM cross-section,
while avoiding the over-training. Training of BDT is done for each Higgs mass hypothesis
and separately for ete v v, and p*p~v,v, decay modes. A boosting technique is used
to take care of mis-classified events while training BDT. All the backgrounds are used in
the training and events are classified based on jet multiplicity in O-jet, 1-jet and >1-jet
categories. The data-driven background estimation techniques are same as that used in
baseline analysis. No excess over the SM background is observed and a statistical analysis
is carried out to impose upper limits on the Higgs boson production cross-section. All
sources of the systematic uncertainties are considered and a BDT shape analysis is carried
out on final discriminant. The SM Higgs boson is excluded in the mass range between
248 to 963 GeV.

In the future, this analysis can be a good benchmark for studies of many other physics
problems beyond the SM. One of them is to explore the hidden sector SM singlet fields
which appear in many theories such as string inspired particle physics models containing
many more gauge groups and scalar sectors than that present in the SM [28]. There
can be mixing of Higgs bosons from these fields with the discovered boson at around 125
GeV mass, and a new SM-like Higgs boson appears with very high mass and narrower
width. Since this decay channel is highly sensitive in high mass range so it will be an
ideal scenario to search for such signatures at higher LHC energy and higher luminosity.
Along with that, with this channel, one can study anomalous triple gauge coupling in ZZ

final state and search for signatures of new physics. This analysis is also very useful in
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constraining the SM Higgs decay width using its off-shell production at higher masses [91].
Hence, keeping in mind the higher center of mass energy at the LHC after the technical
shutdown in 2015, a variety of physics signals can be probed using this decay channel and

one can explore the unexplored regions of particle physics.
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Appendix A

A.1 Collision Datasets

Table A.1 shows the datasets for the collision data which are used in the analysis.

Dataset Global tag J £ (pb™') Run range
/PD/Run2012A-13Jul2012-v1/AOD FT_ 53_.V6_AN2 890 190645-193621
/PD/Run2012A-recover-06Aug2012-v1/AOD FT_53_-V6C_AN2 82 190782-190949
/PD/Run2012B-13Jul2012-v1/AOD FT 53.V6_AN2 4430 193834-196531
/PD/Run2012C-24Aug2012-v1/AOD FT_53.V10_.AN2 490 198049-198522
/PD/Run2012C-PromptReco-v2/AOD FT_53_-V10_AN2 6390 198941-203002
/PD/Run2012D-PromptReco-v1/AOD GR_P_V42_AN2 7380 203894-204567
Total 19662

Table A.1: Datasets used for analysis. The primary datasets (PDs) correspond to Dou-
bleElectron, DoubleMu, SingleMu, MuEG, Photon and PhotonHad The integrated lumi-
nosity and the run-ranges are shown for each data period.

A.2 Simulation datasets — Signal

Table A.2 shows the signal samples for all Higgs mass points. These are generated using

POWHEG MC generator.

A.3 Simulation datasets — Background

Table A.3 shows the various background MC samples along with their cross-section values

used in the analysis. For the study of the photon sample we use the samples described in
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Appendix A.

Higgs mass Dataset o (pb) BR(H — Z2Z)

200 /GGtoH200_8TeV-powheg/S12_S53-v1 7.127 0.256
/VBFtoH200_8TeV-powheg/S12_S53-v1 ~ 0.8685 '

950 /GGtoH250_8TeV-powheg/S12_S53-v1 4.802 0.297
/VBFtoH250_8TeV-powheg/S12_S53-v1  0.6225 '

300 /GGtoH300_8TeV-powheg/S12_S53-v1 3.606 0.307
/VBFtoH300_8TeV-powheg/S12_553-vl  (0.4408

350 /GGtoH350_8TeV-powheg/S12_S53-v1 3.406 0.307
/VBFtoH350_8TeV-powheg/S12_S53-vl  0.3200

400 /GGtoH400_8TeV-powheg/S12_S53-v1 2.924 0.269
/VBFtoH400_8TeV-powheg/S12_553-v1  (0.2543 '

450 /GGtoH450_8TeV-powheg/S12_S53-v1 2.003 0.259
/VBFtoH450_8TeV-powheg/S12_S53-v1  0.2002

500 /GGtoH500_8TeV-powheg/S12_S53-v1 1.283 0.261
/VBFtoH500_8TeV-powheg/S12_.S53-vl ~ 0.1561

550 /GGtoH550_8TeV-powheg/S12_S53-v1 0.8141 0.267
/VBFtoH550_8TeV-powheg/S12_S53-vl  0.1223

600 /GGtoH600_8TeV-powheg/S12_S53-v1 0.5230 0.972
/VBFtoH600_8TeV-powheg/S12_S53-vl  0.09688

700 /GGtoH700_8TeV-powheg/S12_S53-v1 0.2288 0.985
/VBFtoH700_8TeV-powheg/S12_.S53-v1 ~ 0.06330

300 /GGtoH800_8TeV-powheg/S12_S53-v1 0.1095 0.296
/VBFtoH800_8TeV-powheg/S12_.S53-v1 ~ 0.04365

900 /GGtoH900_8TeV-powheg/S12_S53-v1 0.0568 0.304
/VBFtoH900_8TeV-powheg/S12_.S53-v1 ~ 0.03164

1000 /GGtoH1000_8TeV-powheg/S12_S53-v1  0.03163 0.311
/VBFtoH1000_8TeV-powheg/S12_S53-vl  0.02399

Table A.2: List of signal samples used in analysis. GGtoH, VBFtoH, powheg, S12-S53 are
used as an abbreviation for: GluGluToHToZZTo2L.2Nu_M, VBF _ToHToZZTo2.2NU_M,

powheg-pythia6, Summer12 DR53X-PU_S10_START53_V7A.

Table A 4.

A.4 Various triggers used in analysis

Table A.5 shows the various triggers used in the analysis. It includes dilepton triggers

for signal selection, 7y triggers for selecting v + jets events and e — p triggers for selecting

events for non-resonant background estimation.
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A.4. Various triggers used in analysis
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Table A.3: List of the SM dilepton MC samples used in the comparison with data.

For the different processes (signal and background) considered the expected cross

S12.S53 is used as an abbreviation for Summerl2_DR5H3X-

sections are quoted.

PU_S10_START53_VTA.
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Process Dataset o (pb)
G_Pt-30t050_TuneZ2star _8TeV _pythia6_7Z2/S12-S53-v1 1.99x10%
G_Pt-50t080_TuneZ2star _8TeV _pythia6/S12-S53-v1 3.32x103
G_Pt-80t0120_TuneZ2star_8TeV _pythia6/S12-S53-v1 5.58x 10?

. G_Pt-120t0170_TuneZ2star_8TeV pythia6/S12-S53-v1 108

T G P 170t0300_ TuneZ2star 8TeV _pythia6,/S12-S53-v1 30.1
G_Pt-300t0470_TuneZ2star_8TeV _pythia6/S12-S53-v1 2.14
G_Pt-470t0800_TuneZ2star 8 TeV pythia6/S12-S53-v1 0.212
G_Pt-800t01400_TuneZ2star 8 TeV pythia6/S12-S53-v1 7.08x1073
QCD_Pt-30to80_EMEnriched _TuneZ2star_8TeV-pythia6/S12-S53-v1 4615893
QCD_Pt-80to170_EMEnriched_TuneZ2star_8TeV-pythia6/S12-S53-v1 183295

QCD QCD_Pt-170t0250_EMEnriched _TuneZ2star 8TeV-pythia6/S12-S53-vl 4587
QCD_Pt-250t0350_.EMEnriched _TuneZ2star_8TeV-pythia6/S12-S53-v1l 557
QCD_Pt-350_EMEnriched-TuneZ2star_8TeV-pythia6/S12-S53-v1 89

Table A.4: Data and MC samples analyzed for the estimation of the Z + jets back-
ground. The expected cross section is quoted for each MC process. S12-S53 is used as an

abbreviation for Summerl12_DR53X-PU_S10_START53_VT7A.

Primary dataset Trigger path Type
Ele17_CaloldT _CalolsoVL_TrkIdVL_TrkIsoVL .
Ele8_CaloldT_CalolsoVL_TrkIdVL TrklsovL 580!
Ele32_CaloldT_CalolsoT i
TrkIdT_TrkIsoT_SC17_Mass50 ell. measurement
DoubleElectron Photon22_R91d90_HE10_Iso40_EBOnly control region
Photon36_-R9Id90_HE10_Iso40_EBOnly control region
Photon50_R91d90_HE10_Iso40_EBOnly control region
Photon75_R91d90_HE10_Iso40_EBOnly control region
Photon90_R91d90_HE10_Iso40_EBOnly control region
Mul7_Mu8 signal
DoubleMu IsoMu24_eta2pl signal and eff.
measurement
MuEG Mu8_Ele17_CaloldT _CalolsoVL_TrkIdVL_TrkIsoVL control region
Mul7_Ele8_CaloldT_CalolsoVL_TrkIdVL_TrkIsoVL control region
Photon135 control region
Photon150 control region
PhotonHad Photon160 control region
Photon250_NoHE control region
Photon300_NoHE control region

Table A.5: Triggers used for the analysis and their provenance with respect to the primary
datasets. The last column shows the purpose with which the trigger is used: signal - for
the search of our signal; eff. measurement - for the measurement of trigger/selection
efficiencies; control region - to build specific control regions for data-driven background
estimation.
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Appendix B

B.1 ~ fits and weights

Figure B.1 shows the regularized fits for parametrizations obtained from Equation 4.5 for
pr distributions for v+ jets and dilepton samples from data. The weights for reweighting
~v + jets sample are calculated using these fits for various event categories. The distribu-

tions for these weights are shown Figure B.2 for ee and pu channels.

Hp,=Ojets 1 H,=1jets o Up,=2jets Z w Hp23jets
02 2
7 of
1
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Figure B.1: Di-muon (top), di-electron (center) and photon (bottom) pr spectra for differ-
ent jet multiplicity bins. The blue lines correspond to the regularized fit of Equation. 4.5.
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Figure B.2: Photon weights derived from the parametrization of the pr spectra.

B.2 Closure Tests

Figure B.3 shows the Mt plots for Z+ jets MC and reweighted v+ jets MC sample. Good
agreement is found between two samples which gives us confidence in this background
estimation method. The distributions are shown for inclusive as well as in various event
categories.

Further closure test is performed using min Ag¢(jet, EZ**) distribution for various
Emiss requirements. The distributions are in Figure B.4. The discrepancy is enhanced by
larger ENsS requirements. However it is not expected to yield significant impact on the
analysis given that in the tail the shape is correctly described and therefore the bias of
the prediction is small (< 5%).

In data the level of agreement between the y+jets and Z+jets samples can be first of
all measured by the profile of the E**¢ and vertex distribution as function of the different
data periods for /s = 8 TeV data. These distributions are profiled and shown as a function
of Run number and of the average instantaneous luminosity. Given that these distributions
are profiled, the main contribution is indeed instrumental and the result is, in practice,
insensitive to the contamination of the tails by processes with real E7'*** which have much
lower cross sections in comparison with y+jets and Z+jets. Figure B.5 shows the average
number of vertices as function of the run number (left) and as function of the average
instantaneous luminosity (right). It is concluded that all the three samples analyzed, i.e.
v, ee and pp, are in good agreement with each other in the run range analyzed and for
the different pile-up conditions included in the dataset. Notice that for simplicity the

~ curve represented in this plots corresponds to the one obtained after re-weighting to
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B.2. Closure Tests
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Figure B.3: Closure test of the vy+jets method for the My variable using MC samples.
(top) distribution is for inclusive case and (bottom) distributions show the My for different
event categories. The distributions combine ee and pup channels.
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Figure B.4: Closure test of the y+jets method for the min A¢(jet, E&) variable using
MC samples considering EF*% >0 (left) and EF"s >25 GeV(right) events.
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the ee spectrum. The y+jets vertex multiplicity distribution is reweighted to match the
dilepton one in each jet multiplicity category. A similar level of agreement is obtained
for the average F7** reconstructed in each sample throughout the run range analyzed
and for different pile-up conditions (see Figure B.6). This observation re-inforces the
confidence in the extraction of the instrumental background description from the y+jets

control sample.
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Figure B.5: Average number of vertices in photon and dilepton events as function of the
run number (4 plots on the left) and of the average instantaneous luminosity (4 plots
on the right). Different event categories are shown for comparison. In clockwise order
starting from (top left): inclusive, 0 jets, 1 jets, at least 2 jets.

B.3 Data-MC validation distributions for /s = 7 TeV
data

Figure B.7 show the E7'*** distributions for various event categories after preselection. A
good agreement is found between data and background prediction. Figure B.8 shows the
distribution for the min A¢(jet, E*) variable for > 1-jet and VBF event category after
Emiss > 50 GeV. A slight deficit (excess) is found in the ee (up) channel with at least
one jet at high values of min A¢(jet, E7%*%). These discrepancies are covered by the final

uncertainty assigned to the method of Z + jets background estimation.
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Figure B.6: Average E7** in photon and dilepton events as function of the run number
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Different event categories are shown for comparison. In clockwise order starting from
top left: inclusive, 0 jets, 1 jets, at least 2 jets.
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Figure B.7: From left to right: E*** spectrum in di-electron (top) and di-muon (bottom)
events with 0, at least 1 or VBF event categories.
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Figure B.8: From (left) to (right): min Ag¢(jet, Em¥*) variable in di-electron (top) and di-
muon (bottom) events with E7** > 50 GeV and with at least 1 or VBF event categories.

Figure B.9 shows the My distributions in the different event categories. A very good

agreement is found overall.
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Figure B.9: From (left) to (right): Mt spectrum in di-electron (top) and di-muon (bottom)
events with 0, at least 1 or VBF event categories.
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Appendix C

C.1 Data-MC validation plots for BDT input vari-
ables for /s = 8 TeV

Figure C.1 shows the distribution for the min Ag(jet, E***) variable for each ee and uu

channel after EF*** >50 GeV. Figure C.2 shows the My distributions in the different cat-

delta Phi of MET and Jet delta Phi of MET and Jet

05 1 1.5 25
P I = SRS SHE SRS S S +ﬂ
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o
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Figure C.1: min A¢(jet, E77**%) variable for di-electron (left) and di-muon (right) channels
with B >50 GeV with at least 1 jets.

egories. A good agreement is found between data and background prediction. Figure C.3
shows the di-jet invariant mass M; for leading jets for ee and pip0 channels. Similarly, Fig-
ure C.4 and Figure C.5 show An(jj) and A¢p(jj) respectively. In general, a good agreement

is found between data and background prediction.
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Figure C.2: From (left to right): My spectrum in di-electron (top) and di-muon (bottom)
events with 0, 1 and =>2 jets.
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Figure C.3: Di-jet invariant mass distributions are shown for di-electron (di-muon) channel

in the left (right).
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Figure C.4: Distributions of pseudorapidity gap (An) of two leading jets are shown for
di-electron (di-muon) channel in the left (right).
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Figure C.5: Distributions of azimuthal gap (A¢) of two leading jets are shown for di-
electron (di-muon) channel in the left (right).

C.2 BDT Input variable distributions after training

This section shows the input variable distributions for /s = 8TeV for My =400 GeV,
800 GeV and 1000 GeV. For the masses 200 GeV and 600 GeV, distributions are already

shown in Figures 5.6 to 5.9.
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Figure C.6: BDT Input variables distribution for di-electron channel for My= 400 GeV
after training. Blue is the signal and Red is the combined background.
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Figure C.7: BDT Input variables distribution for di-electron channel for My= 800 GeV
after training. Blue is the signal and Red is the combined background.
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Figure C.8: BDT Input variables distribution for di-electron channel for My= 1000 GeV

after training. Blue is the signal and Red is the combined background.
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Figure C.9: BDT Input variables distribution for di-muon channel for Mpy= 400 GeV
after training. Blue is the signal and Red is the combined background.
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Figure C.10: BDT Input variables distribution for di-muon channel for My= 800 GeV

after training. Blue is the signal and Red is the combined background.
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Figure C.11: BDT Input variables distribution for di-muon channel for My= 1000 GeV
after training. Blue is the signal and Red is the combined background.
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C.3. /s =7 TeV BDT final output distributions

C.3 /s= T TeV BDT final output distributions

Figure C.12 and C.13 show the final BDT output distributions for ee channel at various
My points and Figure C.14 and C.15 shows the same for pu channel for /s = 7 TeV.
It can be observed that the background composition changes as we go to higher masses.

Z + jets is the dominating background at lower masses and at higher masses diboson

processes becomes dominating.
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Figure C.12: Final BDT Output distributions for di-electron channel for My = 200 GeV
(left) and for My = 400 GeV (right) for \/s = 7 TeV.
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Figure C.13: Final BDT Output distributions for di-electron channel for My= 600 GeV
(left) and for My= 800 GeV (right) for /s = 7 TeV.
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Figure C.14: Final BDT Output distributions
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Figure C.15: Final BDT Output distributions
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