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Chapter 1

Introduction

The Standard Model (SM) of particle physics studies the fundamental constituents of
matter and their interactions, namely, strong, weak and electromagnetic. Numerous
collider and non-collider experiments have substantiated the predictions of the SM
with great precision. With the discovery of the Higgs boson at the Large Hadron
Collider (LHC) in 2012, the SM is regarded as the most successful theory of particle

physics.

The discovery of the Higgs boson at a mass, my = 125.09 + 0.21 (stat.) =+
0.11 (syst.) GeV, by A Toroidal LHC ApparatuS (ATLAS) [13] and Compact Muon
Solenoid (CMS) [14] experiments [15-17], was followed by measurements of the Higgs
boson properties like mass, spin and parity which have been found to be in agreement
with the SM predictions [18]. At present, search for pair production of the Higgs
bosons (HH) in all the possible finals states is the main focus at the LHC, which

will allow one to measure the Higgs trilinear self-coupling [19]. The search for HH
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production also probes the effect of physics beyond the Standard Model (BSM) [20—
30]. In this thesis, results of a search for HH production in the HH — bbrr final
state, which has a good trade-off between signal yield and background contamination,

have been presented.

The LHC will undergo a major upgrade during 2025-27 to achieve instantaneous

luminosities that will be higher than the current value of 10%** cm=2 s~! by a factor
of 5 — 7. The upgraded High Luminosity LHC (HL-LHC) is expected to deliver ~
300fb~! of data each year to both ATLAS and CMS experiments. However, such
an increase in the instantaneous luminosity will also lead to a steep increase in the
average number of additional pile-up (PU) interactions from the current value of 40 —
50 to 140 — 200. As a consequence, the trigger rates in the individual experiments will
increase significantly. In order to function efficiently in the extremely harsh radiation
conditions of the HL-LHC, the CMS detector will have to go through a series of
upgrades (CMS Phase-2 upgrade). The current tracker will be replaced with a new
one with increased radiation hardness, reduced material budget, higher granularity
and longer trigger latency. The new tracker will be equipped with detector modules
capable of selecting high-pr tracks at the detector front-end itself, to allow CMS
to include tracking information in the Levell (L1) trigger system. This is crucial
for CMS to keep the L1 trigger rate at an acceptable range while retaining the full
physics potential. Availability of tracks at L1 will also allow CMS to trigger on
low-pr, fully hadronic final states, like BY — ¢¢ — 4 Kaons, for the first time. The
CMS Phase-2 outer tracker will be equipped with two kinds of modules, namely,

Pixel-Strip (PS) and Strip-Strip (2S) modules. The performance of the prototype 2S



modules have been studied under realistic beam conditions.

The thesis is organised in the following way. An overview of the Standard Model
of Particle physics, and theoretical aspects of HH production and decay into the
bbrr final state, flavour physics and the B? — ¢¢ — 4 Kaons process, will be
presented in Chapter 2. A brief overview of the LHC, the CMS detector, trigger
and Data Acquisition (DAQ) systems, and Monte-Carlo event generation will be
described in Chapter 3 which will be followed by a discussion about reconstruction
and identification of various physics objects in CMS in Chapter 4. The analysis
method and results of a search for HH — bbrr using data collected by CMS in
2016, corresponding to an integrated luminosity of 35.9fb~!, will be discussed in
Chapter 5.

A brief discourse on the HL-LHC, and CMS Phase-2 upgrade, in particular the
CMS Phase-2 tracker upgrade and Levell tracking will be a part of Chapter 6.
Results obtained from the analysis of test beam data of the prototype 2S modules
will be discussed in Chapter 7. A study of the potential of CMS at the HL-LHC to
trigger on BY — ¢¢ — 4 Kaons events with the help of L1 tracking, will be described

in Chapter 8.



Chapter 2

The Standard Model of Particle

Physics

A brief overview of the Standard Model (SM) of particle physics and the theoretical
aspects related to the work presented in this thesis, namely, pair production of the
Higgs boson, measurement of the Higgs trilinear self-coupling and search for physics
beyond the SM in Higgs boson pair production, will be discussed in this chapter.
Importance of rare, low-pr processes, such as B — ¢¢ — 4 Kaons, in the context of
search for new physics beyond the direct reach of the Large Hadron Collider (LHC),

will also be discussed.

2.1 The Standard Model of Particle Physics

The Standard Model of particle physics is a description of the elementary particles

and their interactions based on quantum field theory and is currently the most suc-
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cessful theory of particle physics. In the SM, the fundamental constituents of matter
are fermions, i.e. particles with spin 1/2. Interactions between the matter parti-
cles are mediated by the exchange of gauge bosons, which are particles with spin 1.
Three of the four fundamental interactions, i.e. strong, electromagnetic and weak,

are described by the SM.

The fermions in the SM are further classified in lepton and quark sectors based on
the type of their interaction. The lepton sector, shown in Table 2.1, consists of three
generations of particles, namely electron, muon and tau and the associated neutrinos.
The leptons carry an electrical charge of -1, measured in the units of absolute value
of electron charge (e). The mass of electron, muon and tau are shown in the same
table. The neutrinos do not have electric charge and are considered as massless in the
SM [31]. However, experimental measurements show that the neutrinos carry a tiny
mass. The current upper limits on the neutrino masses are also shown in Table 2.1.
For each charged lepton, there is an associated anti-particle with the same mass but
opposite electric charge. Neutrinos are hypothesised as Majorana fermions which are
their own anti-particles. Majorana neutrinos are characterised by the property that

the neutrino and antineutrino could be distinguished only by chirality.

The charged leptons interact through electromagnetic and weak forces, whereas

the neutrinos participate in weak interactions only.

The quark sector, shown in Table 2.2, consists of six quarks organised in three
generations. The up (u), charm (c) and top (t) quarks have an electric charge of
+2/3 e, whereas, the down (d), strange (s) and bottom (b) quarks have an electric

charge of -1/3e. The quark masses are shown in the same table. Each quark has an



associated anti-particle with the same mass but opposite electric charge. The quarks
participate in strong, electromagnetic and weak interactions. The quarks carry the
so-called colour charge, which is the quantum number associated with the strong
interaction. The quarks and anti-quarks carry opposite colour charges. The quarks
are not observed in nature as isolated particles, but are confined in colour singlet

bound states as hadrons, e.g. proton, neutron etc.

Charge (+1) electron (e) muon (/1) tau (1)
Mass 0.511 £ 0.0000000031 MeV  105.7 & 0.0000024 MeV  1.777 £ 0.00012 GeV
Charge (0) electron neutrino () muon neutrino (v,,) tau neutrino (v;)
Mass <1lleV < 0.17 MeV < 155 MeV

Table 2.1: The lepton sector of the Standard Model [10].

Charge (+2) up (u) charm (c) top (t)
Mass 2167050 MeV  1.2740.02 GeV  172.76 + 0.30 GeV
Charge (-3) down (d) strange (s) bottom (b)
Mass 4.671048 Mev 93T MeV 4.18700% GeV

Table 2.2: The quark sector of the Standard Model [10].

The gauge bosons, associated to the strong, electromagnetic and weak forces,
along-with the relative strength and range of the three interactions are shown in
Table 2.3,

A neutral fundamental scalar particle, the Higgs boson, was introduced in the
SM to generate the mass of the gauge bosons and fermions. The Higgs boson was
discovered by the ATLAS [13] and CMS experiments [14] at the LHC in 2012 [15; 16],

which is one of the most notable achievements of particle physics in recent years. The



Interactions Strong Electromagnetic Weak
Relative Strength ~ 1 % 10-°
Range (m) 1071 — 1071 00 10718
Gauge bosons gluons (g) photon () W= Z
Mass ( GeV) massless massless 80.379 £ 0.012 | 91.1876 + 0.021

Table 2.3: The gauge sector of the Standard Model.

experimentally measured value of the mass of the Higgs boson is my = 125.09 £+

0.21 (stat.) £ 0.11 (syst.) GeV [17]. The Higgs boson interacts with the fermions

with an interaction strength or coupling proportional to the fermion mass.

For

Higgs boson interaction with the gauge bosons, the coupling is proportional to the

squared mass of the gauge bosons.

2.2 The Symmetry group of the Standard Model

Symmetry has always been the guiding principle behind the construction of the SM,

which is expressed mathematically by the group theory [32]. The group structure of

the fundamental interactions described by the SM can be stated as,

where,

SU(S)C X SU(Q)L X U(].)y

e SU(3)c represents the symmetry group associated to the strong interaction.

The subscript C' represents the colour quantum number.

e The SU(2), x U(1)y group stands for electroweak interaction (unification of




weak and electromagnetic interactions). The subscript L in SU(2)y, refers to
the left-chiral fields. Only the left-chiral fermionic fields form doublets under
the SU(2); group. The subscript Y in U(1)y represents the weak hyper-
charge (V).

2.3 Quantum Electrodynamics

The electromagnetic interaction between the charged particles, which takes place
through exchange of photons, is described by Quantum Electrodynamics (QED) [33].

The Lagrangian of a free Dirac fermion [33] of mass m is as follows,
L =y(idd —m)y (2.2)

where,

e 1 is the fermionic field

o ¢ is iy

e Jis v#9,, v* being the Dirac matrices

The Lagrangian of Equation 2.2 is invariant under a global U(1) transformation,

1.e.

u(@1)

P —> ' = exp(—ieQ0)y (2.3)

where,
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e ¢ is the electron charge

e ( is the charge of the fermion, measured in the units of electron charge

ol

e 0, the phase of the U(1) transformation, is a constant over space-time (57 = 0)

If 0 is considered to be a function of space-time (denoted by 6(z)), the Lagrangian
of Equation 2.2 no more remains invariant under the U(1) transformation. In order
to preserve such invariance, the partial derivative in Equation 2.2 has to be replaced

by the covariant derivative, defined as,

D, = 8, +ieQA, (2.4)

where, a new vector field A, has been introduced which transforms under the

local U(1) transformation as,

A, S5 A= A, +0,0(x) (2.5)

I
The field A, can be identified as the photon field. The free photon field is

represented by _iF;wFW in the Lagrangian, where F),, = 0,4, — 0,A4,. The total

Lagrangian for QED can now be written as,

EQED = @Z_)(ZB/— m)@ZJ — iF“yFlw (26)

where 7 = v D,. The Lagrangian in Equation 2.6 is invariant under local U(1)
transformations and contains, in addition to the free terms, a term eQaZ*y”z/JAM,

which represents the interaction between a charged fermion and a photon. Therefore,
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f

Figure 2.1: Feynman diagram for interaction between a charged fermion and a pho-
ton.

electromagnetic interaction is considered to arise from the requirement of local U(1)
gauge invariance. A mass term for the photon field of type A, A" is prohibited by
the gauge invariance. In the following sections, the U(1) symmetry group of the
electromagnetic interaction will be represented by U(1).,, to avoid any confusion
with the U(1)y group.

The Feynman diagram [33] for interaction between a Dirac fermion and the pho-
ton field A,, at the lowest order of perturbation theory, is shown in Figure 2.1 where

the associated vertex factor is —ieQ".

2.4 Quantum Chromodynamics

The strong interaction between quarks and gluons is described by the Quantum
Chromodynamics (QCD) [33]. The quarks carry a colour quantum number and form
triplets under the SU(3)c group of strong interaction. Requirement of the local
SU(3) gauge invariance gives rise to interaction between coloured quarks and gluons.
There are eight massless gluons corresponding to eight generators of the SU(3)x
group. Due to the non-abelian nature of the SU(3)¢c group, gluons can also interact

with themselves.
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Several Feynman diagrams depicting basic QCD interactions are shown in Fig-

ure 2.2.

Figure 2.2: Feynman diagrams for QCD interactions, (a) quark-gluon interaction,
(b) gluon trilinear self-interaction and (c) gluon quartic self-interaction.

2.5 Weak interactions and the standard Electroweak
theory

The weak force responsible for the nuclear 5 decay was first explained by E. Fermi
with a simple model [34], where it was considered as a point-like four fermion interac-
tion. Though the Fermi theory was able to explain low energy weak interactions, the
theory was not renormalizable. While trying to overcome the problems of the Fermi
theory, physicists hypothesised that the weak interaction is mediated by intermediate
vector bosons [35; 36], much like the electromagnetic interaction which is mediated
by photons. However, it was also understood that the short-range nature of the weak
interaction would mean that the intermediate vector bosons are massive. Sponta-
neous symmetry breaking and the Higgs mechanism, provide a way to generate the

mass of the vector bosons protecting both the gauge symmetry and renormalizability
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of the theory. This idea has been successfully employed by S. Glashow, A. Salam
and S. Weinberg to unify the electromagnetic and weak interactions to develop the
standard electroweak theory [35; 37; 38].

The electroweak interaction is described by the SU(2), x U(1)y symmetry group.
The gauge bosons of the electroweak interactions are obtained from three generators
of the SU(2). group and one generator of the U(1)y group. The W¥ bosons are
obtained from two different combinations of the first two generators of the SU(2),
group, whereas, two different combinations of the third generator of the SU(2).
group and the single generator of the U(1)y group give rise to the Z boson and
photon.

The quantum number associated to the U(1)y group is called the weak hyper-
charge (Y). The electric charge (@), the quantum number associated to the third

generator of the SU(2), group (75) and weak hypercharge (Y') are related as follows,

Q=T3+Y (2.7)

The left- and right-chiral fermions behave differently in weak interactions. Under
the SU(2), group, the left-chiral fermions form doublets, whereas the right-chiral
fermions form singlets. The leptons, under the SU(2);,xU(1)y group, are represented
as,

vy,
I (2.8)
IR

where, [ stands for electron, muon or tau lepton, and v represents the associated
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neutrino. The subscript L stands for the left-chiral fields and R stands for the right-
chiral fields. There is no right-chiral neutrino in the SM, else a mass term for the
neutrinos would have to be added in the SM Lagrangian. Since, the W bosons are
formed from the first two generators of the SU(2), group, they only interact with
the left-chiral fields. The Z boson and photon can interact with both the left- and

right-chiral fields.

Similarly, the quarks, under the SU(2);, x U(1)y group, are represented as:

ur, cr tr,
) 9
! / /
dj, St by,
(2.9)
UR, CRr,tR
U / /
r: SR UR

where, again, the left-chiral fields are grouped together, since they form doublets
under the SU(2); group, and the right-chiral fields are kept separate, since they
form singlets under the SU(2),, group. In general, the mass or physical eigenstates
of the quarks do not overlap with the weak interaction eigenstates. Without loss of
generality, the mass and weak interaction eigenstates can be assumed to be identical
for the up type quarks. The weak interaction eigenstate of each down type quark
is considered as superposition of mass eigenstates of all three down type quarks.
The prime used for the down type quarks signifies that they are the weak interaction
eigenstates, not the mass eigenstates. As a result, the W boson mediated interactions
can involve quarks from two different generations which is known as quark mixing

as introduced by N. Cabibbo [39]. The phenomenon of quark mixing leads to CP
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violation, as demonstrated by M. Kobayashi and T. Maskawa [40]. The amplitude
of the quark mixing is denoted by the Cabibbo-Kobayashi-Maskawa (CKM) matrix

given below,

Vud V;Ls Vub
V=1V Vs Va (2.10)
Vie Vis Vi

2.6 Spontaneous Symmetry Breaking and the Brout-
Englert-Higgs Mechanism

Spontaneous Symmetry Breaking (SSB) occurs, when a Lagrangian is invariant under
a symmetry group, but the ground state of the Lagrangian is not. According to the
Nambu-Goldstone theorem [41; 42], if a Lagrangian is invariant under a continuous
symmetry group having n generators, and if the ground state of the Lagrangian is
symmetric under a continuous group containing n’ generators, n —n’ massless states
should be present in the spectrum. If the Lorentz symmetry remains unbroken, the
new states have to be scalar, known as the Goldstone bosons. The Goldstone theorem
is valid for spontaneously broken symmetries also. However, for local gauge theories,
the Brout-Englert-Higgs Mechanism (or Higgs mechanism in short) [43—46] is required
to generate the mass of the gauge boson which states that, for spontaneously broken
gauge symmetries, the Goldstone bosons do not appear in the physical spectrum of
the theory, but combines with the gauge bosons. As a result, after the SSB, a number
of gauge bosons, which is equal to the number of Goldstone bosons that disappear,

acquire mass.
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For the electroweak theory, the SSB is realised by an SU(2), scalar doublet,

¢ = o (2.11)
03}

The Lagrangian of the scalar doublet can be expressed as,

L = (Du9)'(D"¢) = V(9) (2.12)
where,
e D, is the covariant derivative, considering SU(2); x U(1)y symmetry

e V(¢) is the potential term for the scalar doublet, a general form of which is,
V(9) = 1?¢'o + A(67¢)* 1 > 0 (2.13)

Depending upon the value of p?, there are two possibilities with the potential,

e case pu? > 0, where the minimum of the potential occurs at ¢;, ¢ = 0 and no

spontaneous symmetry breaking occurs.

e case u? < 0, where the minima of the potential appears at |¢1|> + |¢po|? = v?/2,
where v = 4/ —”72 is known as the vacuum expectation value (vev). The system
can choose any of the infinite number of degenerate minima. For simplicity,

we consider that the system chooses the minima ¢; = 0, and ¢, = v/v/2. The
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field ¢ can be expanded around the vev by a perturbation,

! ! 2.14

°- V2 v+ H(zx) .
where, the field H(x) corresponds to a physical Higgs boson. In Equation 2.14,
the unitary gauge is chosen such that the Goldstone components in the scalar
field is zero. Replacing ¢ by H in the Lagrangian of Equation 2.12 will break
the SU(2); x U(1)y symmetry and the new Lagrangian will only be symmet-
ric under the U(1).,, group, which remains unbroken. The SU(3)s group of
the strong interaction also remains unbroken throughout the symmetry break-
ing process. The new field H, obtained after the symmetry breaking, can be

identified as the Higgs boson.

The W and Z bosons acquire mass through the Higgs Mechanism after the spon-
taneous symmetry breaking. The gluons and photon remain massless, since the
SU(3)c and U(1)em groups remain unbroken. The Yukawa interaction between the
fermions and the SU(2), scalar doublet leads to the mass terms for the fermions
after the symmetry breaking. The value of vev, which is a free parameter of the
theory, has a value of 246 GeV/ [47].

The Higgs boson can interact with the gauge bosons, with a vertex probability
proportional to the square of the gauge bosons mass. Similarly, interaction of the
Higgs boson with the fermions is specified by a coupling factor proportional to the
fermion mass. The Feynman diagrams of the interaction of the Higgs boson with the

gauge bosons and fermions are shown in Figure 2.3.



18

Figure 2.3: (a) Higgs to fermions vertex and (b) Higgs to gauge bosons vertex

The Higgs boson has been discovered by the ATLAS [13] and CMS experi-
ments [14] at the LHC in 2012 [15; 16]. The mass of the Higgs boson is a free pa-
rameter of the theory and has been experimentally measured to be my = 125.09 +
0.21 (stat.) £ 0.11 (syst.) GeV [17]. Following the discovery of the Higgs boson,
measurement of the properties of the particle, namely spin, parity etc. is of prime
importance at the LHC. The measured properties of he Higgs boson are found to

agree with the Standard Model predictions [18].

2.7 The Higgs self-interaction

In the SM, the Higgs boson can interact with itself leading to Higgs trilinear and
quartic self-interactions, as shown in the Feynman diagrams in Figures 2.4a, and 2.4b.
The Higgs trilinear and quartic self-couplings are denoted by, Agyy and Agpmy
respectively.

The measurement of the Higgs boson self-couplings is an independent test of the
SM. Both the self-couplings depend on the Higgs mass and are precisely predicted in

the SM to have small values. Measurement of the Higgs boson self-couplings at the
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Figure 2.4: Higgs self-interaction (a) trilinear, and (b) quartic.

LHC is, therefore, very challenging. As the SM predicted value of the Higgs boson
trilinear and quartic self-couplings are Aggy = % and \gggg = % respectively,
the focus of the LHC is to probe the Higgs boson trilinear self-coupling only. For

simplicity, in the following text, the trilinear self-coupling is denoted by \.

2.8 HH production

The Feynman diagrams for HH production through the ggF process are shown in
Figure 2.5. In Figure 2.5a, H H is produced through an intermediate top loop via the
Higgs-to-top coupling (y;), whereas, in Figure 2.5b, the Higgs boson pair is produced
via both the Higgs-to-top coupling and the Higgs self-coupling. Measurement of the
H H production cross-section is, therefore, an important handle to measure the Higgs
self-coupling [19].

Feynman diagrams for the other HH production modes, like vector boson fu-
sion (VBF), HH in association with the top anti-top pair (ttHH) and HH in asso-

ciation with a vector boson (VHH), are shown in Figure 2.6. The HH production
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Figure 2.5: Feynman diagrams for HH production at the LHC through the ggF
process. (a) HH produced solely via the Higgs-to-top coupling (y;), and (b) HH
produced by both the Higgs-to-top coupling and the Higgs self-coupling.

cross-section for different production modes, as a function of the centre of mass en-
ergy of p-p collisions, is shown in Figure 2.7. From the figure it can be seen that
the HH production cross-section is dominated by the ggF production mode. For
simplicity, search for HH production is restricted to the ggF production mode only.
The SM predicted value of HH production cross-section in the ggF mode, at a centre
of mass energy, /s = 13TeV | is oy = 33.49f§:g;2 (scale) £5.9% (theo) fb [48-52],
calculated at the next-to-next-to-leading order (NNLO) of the perturbative calcula-

tion, including next-to-next-to leading logarithm (NNLL) corrections and finite top

quark mass effects.

2.9 HH decay

The branching fractions of various HH decay modes, weighted with respect to the
branching fraction of HH — bbbb, is shown in Figure 2.8.

Analyses of Higgs pair production have focussed on final states where at least
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Figure 2.6: Feynman diagrams for the different HH production modes other than
ggF, (a) vector boson fusion (VBF), (b) HH production in association with a
top anti-top pair (ttHH), and (¢) HH production in association with a vector bo-
son (VHH).

one Higgs decays to bb. The HH — bbbb has the highest branching fraction of
B(HH — bbbb) = 33.6%, but at the same time the channel has a very large back-
ground due to the presence of four jets in the final state. The HH — bby~y decay has
the cleanest signature among the relevant H H final states in the CMS detector due to
the presence of two high energy photons. However, the final state suffers from a small
branching fraction of B(HH — bbyy) = 0.26%. The HH — bbrT final state, that
can be experimentally studied with a moderately high efficiency due to the presence
of a tau lepton pair in the final state, has a branching fraction of B(HH — bbrT)

= 7.3%. The HH — bbr7 decay, therefore, has a good tradeoff between the signal
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HH production at pp colliders at NLO in QCD

M,=125 GeV, MSTW2008 NLO pdf (68%cl)
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Figure 2.7: The HH production cross-section for different production modes as a
function of the centre of mass energy (y/s) of p-p collisions.
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Figure 2.8: The branching fractions of various HH decay modes, weighted with
respect to the branching fraction of HH — bbbb.
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yield and background contamination and is a final state of importance for the HH

search.

2.10 Physics beyond the Standard Model

Despite the remarkable success of the Standard Model, there are several phenom-
ena, like Higgs mass hierarchy problem, presence of Dark Matter and Dark Energy,
presence of small neutrino mass etc., that can not be explained by the SM. Many
theories, collectively know as theories beyond the Standard Model (BSM), have been

developed to address the shortcomings of the SM.

2.11 HH production as a probe for BSM physics

Effect of BSM physics can be explored by studying HH production either via the
anomalous couplings of the Higgs boson or via a BSM particle that can be produced
either directly or in the quantum loop. In both the cases, there will be an increase
in the HH production cross-section. For the resonant case, where a BSM particle
directly decays to HH, the increase will be at a specific invariant mass value. For
the non-resonant case, where the anomalous coupling of the Higgs boson comes into

play, the increase will be over the full range of the invariant mass spectrum.

2.11.1 Non-resonant H H production

For non-resonant HH production, the effect of the BSM physics can be modelled

by an effective Lagrangian, which is formed by extending the SM Lagrangian with
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dimension-6 operators [20]. The effective Lagrangian modifies the Higgs-to-top cou-
pling (y;) and Higgs self-coupling (A\). The modification in the couplings is parametrised
by: ke =y /ye™M and ky = A\/A\M. The effective Lagrangian also proposes new cou-

plings like,

e ¢, : the coupling parameter associated with the interaction between a pair of
Higgs bosons and a pair of top quarks. The corresponding Feynman diagram

is shown in Figure 2.9a.

e ¢,: the coupling parameter associated with the interaction between a gluon
pair and a Higgs boson. The corresponding Feynman diagram is shown in

Figure 2.9Db.

® cy,: the coupling parameter associated with the interaction between a gluon
pair and a Higgs boson pair. The corresponding Feynman diagram is shown in

Figure 2.9c.

Currently, only the H H production by 2; and A couplings is being studied where the

couplings can take BSM values.

2.11.2 Resonant HH production

A generic Feynman diagram for resonant H H production is shown in Figure 2.10,
where a BSM particle X decays to two Higgs bosons. The resonant H H production

is predicted by many extensions of the SM. Some examples are given below :

e Higgs Singlet Model [21-23]: In this model, an additional scalar singlet of the

SU(2);, group is considered on top of the SM. The scalar singlet produces
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Figure 2.9: Feynman diagrams for interaction between (a) a pair of Higgs bosons
and a pair of top quarks, (b) a gluon pair and a Higgs boson, and (c) a gluon pair
and a Higgs boson pair.

another physical Higgs boson state after the spontaneous symmetry breaking.
The new Higgs boson may be heavier than the SM Higgs boson and can decay

to two SM Higgs boson.

e Two-Higgs Doublet Model (2HDM) [24] and minimal supersymmetric standard
model (MSSM) [25; 26]: In both the models, an additional scalar doublet of
the SU(2), group is considered. After the spontaneous symmetry breaking,
five Higgs states appear: two CP even neutral Higgs bosons h and H (where H
is heavier than h by convention), the CP odd pseudoscalar A and two charged
Higgs bosons H*. The ratio of the two vevs of the two scalar doublets is
represented by tanf = vy/v;. In the alignment limit [53], the lighter CP even
neutral Higgs boson h coincides with the SM Higgs boson and the heavy CP
even neutral Higgs H can decay to two SM Higgs bosons. The MSSM, where the
observed 125 GeV Higgs boson is considered as the CP even light Higgs boson

h, is called the habemus minimal supersymmetric model (hMSSM) [27; 28].
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e Warped Extra Dimensions (WED) [29; 30]: The WED models predict extra
dimensions, with an anti-de Sitter geometry, over the usual 4 dimensions of
space-time. In the WED models, resonant HH production is mediated by

either a spin-two massive Kaluza-Klein (KK) graviton or a spin-zero radion.

Although, physics motivation and phenomenology of the BSM models are very dif-
ferent, the resonant signal can be represented by a CP even scalar particle S decaying
to two Higgs bosons, with an intrinsic width which can be neglected compared to

the detector resolution (narrow-width approximation).

Figure 2.10: Feynman diagram for resonant H H production.

2.12 Decays of B meson as a probe for BSM physics

The B? meson is composed of a b anti-quark and an s quark while its anti-particle BY
is composed of a b quark and an s anti-quark. BY (B?) can decay to any particular
final state either directly or after B — B? oscillation takes place. The interference
between these two decay amplitudes results in an asymmetry in the decay time and
amplitude distributions of BY and B? mesons. This asymmetry can be related to
the CP-violating phase ¢ [54]. The phase ¢; is related to the elements of the CKM

matrix by the relation ¢s ~ 25, where 5 = arg|—(VisV,)/(VesV)]. The value of



27

¢s depends on the decay amplitude and is precisely predicted in the SM to have
different values in BY (BY) decays to different final states. Presence of BSM physics
can significantly change the decay amplitudes from the SM predictions, where heavy
new particles enter the quantum loop. Hence, an accurate experimental measurement
of the decay amplitudes and ¢, in various decay modes of the BY(BY) meson is
required to look for hints of new physics, which may lie beyond the direct reach of

the LHC.

2.13 B — ¢¢ — 4 Kaons

In CMS, the measurement of the CP-violating phase (¢s) in B? decay has been
performed with the B® — J/ip¢ (with ¢ — KTK~) events [55]. A large branching
fraction and clean experimental signature of the two muons coming from the J/i
decay is the main reason for the choice of the final state. In the SM, the B — J/ ¢

decay predominantly proceeds through the b — c¢s penguin diagram.

The B? — ¢¢ (with ¢ — KTK~) decay is forbidden at the tree level in
the SM and proceeds predominantly via a gluonic penguin b — s3s loop pro-
cess (cf. Fig. 2.11). B? — ¢¢ not only provides an independent measurement of
¢s, but also offers an excellent probe to search for new heavy particles that may
enter the penguin quantum loops. In the SM, the value of ¢ in the B? — ¢¢ decay
is small and QCD factorisation calculations show an upper limit of ¢, < 0.02 [56-58].

The first evidence of the B — ¢¢ decay was observed by the CDF experiment [59] at

the Tevatron. The CDF and later LHCb experiments also searched for C'P violation
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in this decay channel [60-63]. The latest LHCD results for the branching fraction and
C'P violation phase, as measured in this process, are B(B? — ¢¢) = (1.8440.054, +
0.07gyst &£ 0.11 55/ 5 £ 0.12400m) x 107° [64] and ¢ = —0.073 £ 0.11544 £ 0.027,,,

based on approximately 9000 B? candidates [65].

W, "~
b , S 0
t S
=0
Bs g
S
5 s 0

Figure 2.11: Feynman diagram for BY — ¢¢ decay.

Due to lack of a proper trigger, at present, it is next to impossible for CMS to
trigger on low-pr, fully hadronic final states, like B — ¢¢ — 4 Kaons. However,
during the High Luminosity LHC (HL-LHC) phase, tracking information will be in-
cluded in the Level-1 trigger of CMS which will empower CMS to trigger on such
final states for the first time. CMS Phase-2 Levell tracking and the prospects of
triggering BY — ¢¢ — 4 Kaons events during the HL-LHC, will be discussed in

chapter 6 and chapter 8 respectively.



Chapter 3

The CMS experiment at the LHC

3.1 The LHC

The Large Hadron Collider (LHC) [66] is presently the highest energy particle accel-
erator in the world. The accelerator, placed in a tunnel between 50 and 175 meters
below the surface in the Swiss-French border near Geneva, has a circumference of
27 km. Beams of protons or heavy ions are accelerated in opposite directions in the
LHC tunnel and are made to collide in four interaction points. Although the op-
eration of the LHC started in 2008, the first physics collision took place in 2010 at
a centre of mass energy, /s = 7 TeV. In 2012, the energy was increased to /s =
8 T'eV. The proton-proton collision energy at the LHC was further increased to /s

= 13 TeV during the long shutdown period 1 (LS1) during early 2013 to early 2015.

The proton beams go through several stages of acceleration through the CERN

accelerator complex, as shown in Figure 3.1, before being injected into the LHC

29
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tunnel. The acceleration steps are listed below,
e Protons are extracted from hydrogen atoms.

e The extracted protons are passed to a linear accelerator (LINAC2) [67], which

accelerates them to an energy of 50 MeV .

e From the LINAC2 the protons are passed to the Proton Synchrotron Booster (PSB) [68],

which accelerates them to 1.4 GeV'.

e The Proton Synchrotron (PS) [69] is the next accelerator in the chain. The PS
pushes the energy of the protons to 25 GeV. The PS also groups the protons

in bunches of 25ns (or 50 ns) according to the collision requirement.

e The proton bunches are then passed to the Super Proton Synchrotron (SPS) [70]

where they are further accelerated to 450 GeV .

e Finally, the proton bunches are transferred to the LHC tunnel and accelerated

to the collision energy.

The LHC is made out of eight straight sections and eight arcs. A simplified
schematic diagram of the collider is shown in Figure 3.2. Counter-rotating proton
or heavy-ion beams can be made to collide against each other at eight well defined

points around the tunnel, four of which house the following four detectors,

e A Large Ton Collider Experiment (ALICE) [71] studies the physics of strongly
interacting matter at very high energy densities, where formation of a novel

phase of matter, called quark-gluon plasma, is expected
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e A Toroidal LHC ApparatuS (ATLAS) [13] is a general purpose detector de-

signed to study physics at the electroweak scale including Electroweak Symme-

try Breaking and Higgs physics, as well as physics beyond the Standard Model,

by exploiting the full physics potential of the LHC

e Compact Muon Solenoid (CMS) [14] is another general purpose detector with

the same physics goals as that of ATLAS
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e The Large Hadron Collider beauty (LHCD) [72] is a forward detector designed
to investigate CP violation, matter-antimatter asymmetry etc. by studying

B-hadrons

Superconducting electromagnets are used to maintain the orbital motion of the
protons in the LHC. These magnets produce a maximum magnetic field of 8 Tesla,
operating at a temperature below 2° K. Dipole magnets are used to bend the protons,
whereas quadrupole magnets are used to focus the beams in the transverse direction.
The diameter of a proton beam after focusing is about 16 um.

Radio Frequency (RF) cavities are used to accelerate the protons up-to the final
energy. The RF cavities produce a field gradient of 5.5 MeV/m which provides
enough energy to accelerate the protons after compensating for the energy loss of
the protons due to synchrotron radiation.

The instantaneous luminosity of an accelerator depends on several beam param-
eters. Considering a Gaussian beam profile, the formula to compute instantaneous

luminosity is [73],

o N(?nbfrev’)/r

L= (3.1)

where,
e NV, indicates the number of bunches in each beam,
e 1 is the number of particles per bunch,

® f,.., is the revolution frequency,
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Figure 3.2: The schematic of the LHC.

e ¢, is normalised beam emittance,

33
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e (3* is the machine beta function,
e ~, is the Lorentz relativistic factor,
e F'is the geometric reduction factor.

The geometric reduction factor or F is defined by,
1/2

1+ @;)1 (3.2)

F:

where,

e (. is the beam crossing angle,

e o, and o* are the RMS size of the bunches along the longitudinal and transverse

directions respectively.

The design value of the peak instantaneous luminosity of the LHC is 103* em=2s7!

(equiv. to 10 Hz/nb). The delivered peak instantaneous luminosity for each running
year is shown in Figure 3.3 where it can be seen that the LHC has crossed the
designed luminosity from 2016 onward.

At the LHC, high instantaneous luminosity along-with large proton-proton cross
section results in a large number of interactions per bunch crossing. Most of these
interactions involve low momentum transfer and are of little physics interest. The
interaction vertices in one bunch crossing, apart from the vertex of physics interest,
are called pile-up (PU) vertices. As shown in Figure 3.4, the average value of pile-up

is <PU> ~ 27 for the 2016 data taking period. The high number of interactions
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Figure 3.3: The peak instantaneous luminosity versus time as delivered by the LHC
to the CMS experiment with stable beams in p-p collisions. The green, red, blue,
purple, orange, sky blue and deep blue colours represent 2010, 2011, 2012, 2015,
2016, 2017 and 2018 data-taking periods respectively.

also results in high multiplicity of particles crossing the detectors (~ 1000 charged
particles) per bunch crossing.

The total amount of data collected by an experiment over a data taking period
is represented by integrated luminosity, L, = f L dt, where L is the instantaneous
luminosity. Figure 3.5 shows the integrated luminosity for p-p collisions delivered by

the LHC to CMS for each running year.

3.2 The CMS Detector

The Compact Muon Solenoid (CMS) is a general purpose detector located at the LHC
collision point 5 of the LHC ring. Precise measurement of energy and momentum

of electrons, photons and muons and reconstruction of the interaction vertices with
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Figure 3.4: Average number of interactions per bunch crossing during 2016 data
taking period.
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Figure 3.5: The integrated luminosity delivered to the CMS experiment by the LHC
with stable beams in p-p collisions. The green, red, blue, purple, orange, sky blue
and deep blue colours represent 2010, 2011, 2012, 2015, 2016, 2017 and 2018 data
taking periods respectively.

high resolution are among the major characteristics of the detector. The detector

has been specifically designed to work in high radiation levels of the LHC.
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The CMS detector is composed of several sub-detectors covering a wide solid
angle around the beam pipe. The detector has a cylindrical shape with an overall
length of 28.7 m and a diameter of 15 m and weighs 14000 tonnes. The detector

consists of one central barrel and two endcap regions. A layout of the CMS detector

is shown in Figure 3.6.
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Figure 3.6: The layout of the CMS detector.

CMS uses a right-handed co-ordinate system. The origin of the co-ordinate sys-
tem is at the nominal interaction point. The z-axis points towards the centre of the
LHC, the y-axis points upwards (perpendicular to the LHC plane), and the z-axis is

along the anti-clockwise beam direction. The polar angle, 6 is measured from the
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positive z-axis and the azimuthal angle ¢ is measured in the z — y plane. The pseu-
dorapidity, 7, is defined as n = —log(tan(6/2)). The details of the CMS detector
can be found in Reference [14]. An overview of the various sub-detectors of CMS is
presented in the following sections.

The CMS beam pipe is 20 m long and made out of Beryllium (Be), which is a
very light material and has a very low probability of nuclear interaction for particles
emerging from p-p collisions.

The CMS detector has a superconducting solenoid [74], which produces a large
magnetic field of 3.8 Tesla. The enclosure of the superconducting solenoid, which has
an internal diameter of 6 m, acts as a support structure for sub-detectors. The silicon
tracker, the crystal electromagnetic calorimeter and the sampling hadron calorimeter
are placed inside the solenoid radially outwards from the beam pipe. The large
magnetic field produced by the solenoid enables CMS to measure the momenta of
the charged particles very precisely. The solenoid is made up of Aluminium conductor
and the solenoid coils are split in five separate modules, each containing four layers
of wound within a supporting cylinder. The magnetic flux is returned by a 1.8 m
thick iron yoke, which consists of 6 endcap discs and 5 barrel wheels. The return
yoke houses the muon detector subsystem. The magnetic field inside the return yoke

is around 2 Tesla.

3.2.1 Tracker

The CMS tracking system [75; 76|, which is placed closest to the beam pipe, has

been designed to work efficiently in the high radiation environment of the LHC.
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The CMS tracker is made up of several cylindrical layers of silicon pixel and strip
detectors. Charged particles, produced in p-p collisions and passing through these
detectors, register hits in the detector layers. The charged particles bend in the
tracker volume due to the presence of the strong magnetic field. Trajectories of the
charged particles, called tracks, are reconstructed by the tracker, by combining the
hits in different layers. The momenta of the charged particles are measured from
the radius of curvature of the trajectory. Reconstructed tracks are used to find the

primary and secondary vertices in the event.

The layout of the CMS tracker is shown in Figure 3.7. The tracker provides a
pseudorapidity coverage up-to |n| < 2.5. The total surface area of the CMS tracker
is 200m?. The amount of material that a particle has to traverse in the tracker
is quantified by material budget. The probability of multiple scattering increases
with increasing material budget which adversely affects the performance of the elec-
tromagnetic calorimeter which is placed immediately after the tracker. The tracker
design was optimised to keep the material budget as low as possible. The material
budget of the CMS tracker, in units of radiation length [77], is shown in Figure 3.8

as a function of 7.

The inner region of the CMS tracker is known as the pixel detector and is made
out of 66 million square silicon pixels. The size of each pixel is 100 ym in the r — ¢
direction and 150 um in the z direction. The thickness of the sensors is 285 pm. The
barrel region of the pixel detector consists of three layers situated at radii 4.3 cm,
7.2 em and 11 em respectively. There are endcap discs on each side of the barrel

region at a distance of 34.5 cm and 46.5 ¢m from the interaction point. To read out
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Figure 3.7: The layout of the CMS tracker.

| Tracker Material Budget |

g2

1.8

[ T0B
ETiB+TID
[ rixel

[l Beam Pipe

1.6

1.4
1.2

T T T T[T [ TP [ TT T[T [T T [ TT [ TT [ TTT[T

Figure 3.8: Material budget of the CMS tracker as a function of tracker 7, in units
of radiation length. The maximum around |n| ~ 1.4 is due to the presence of the
service materials in that region.



41

the full pixel detector 15840 read-out chips (ROC) are used. The ROCs are bump-
bonded to the pixel sensors. The pixel detector provides 3-dimensional measurement
of a hit needed for vertex reconstruction in CMS. The hit efficiency of the pixel

detector measured with 2016 data is shown in Figure 3.9a.
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Figure 3.9: (a) The hit efficiency vs instantaneous luminosity for the CMS pixel
detector measured with 2016 data. (b) The hit efficiency vs instantaneous luminosity
for the CMS Phase-1 pixel detector measured with 2018 data.

It can be seen from the figure that the hit efficiency of the first barrel layer
decreased significantly with increasing instantaneous luminosity in 2016. Keeping in
mind that the instantaneous luminosity would increase further in subsequent years,
the pixel detector was scheduled to be replaced by an improved one, known as the
Phase-1 pixel detector, at the end of 2016. The Phase-1 pixel detector, with less
material budget compared to the previous pixel detector, consists of four barrel

layers at radii 2.9 em, 6.8 ecm, 10.9 em and 16 ¢m respectively and three endcap
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discs on either side of the barrel region extending up-to 50 ¢m from the interaction
point. The Phase-1 pixel detector was also designed to improve vertex resolution and
b-tagging performance of CMS. The hit efficiency vs instantaneous luminosity for the

CMS Phase-1 pixel detector measured with the 2018 data is shown in Figure 3.9b.

The outer strip tracker surrounding the inner pixel detector is made up of 9.6
million silicon strips. The outer tracker is divided in four regions, as shown in
Figure 3.7: four layers in the inner barrel (TIB), six layers in the outer barrel (TOB),
three inner discs (TID) on either side of TIB and nine endcap discs (TEC) on each
side. The barrel layers cover the radial distance from 25 ¢m to 110 em. The endcap
discs cover up-to 110 em in radius and 280 ¢m in z. The thickness of the sensors is

320 pm for the TIB and TID. For TOB and TEC, the sensor thickness is 500 pum.

The pitch of the detector modules, defined as the distance between two adjacent
strips, varies from 80 — 205 um depending on the position of the modules. As particle
flux decreases away from the interaction point, the pitch is higher at higher radii.
The first two layers of TIB and TOB, TID rings 1 and 2 and TEC rings 1, 2 and
5 are equipped with stereo modules. The stereo modules are built with two silicon
sensors which are mounted back-to-back with a relative angle of 100 mrad between
the strips of the two sensors. The stereo modules provide 3-dimensional positions of

the hits with the help of the two sensors.

An iterative tracking algorithm is used to reconstruct the tracks with the hits
reconstructed in the tracker layers [1]. The tracking algorithm produces a set of
tracks in each iteration and the hits corresponding to the reconstructed tracks are

ignored in the successive iterations.
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Good momentum resolution is among the primary requirements of a tracking
detector. The track pr resolution as a function of || is shown in Figure 3.10 for
single muon MC simulated events in the CMS tracker. For muons of pr in the range
1 — 10 GeV, the pr resolution is around 1 — 4% over the entire n range. The track
impact parameter resolutions as a function of 7, both in the transverse plane and
the longitudinal direction, are shown in Figure 3.11. As can be seen from the figure,
the transverse and longitudinal impact parameter resolutions are ~ 10 — 20 um and
~ 30 — 100 pum respectively, for muons of pr = 100 GeV. The tracking and vertex
reconstruction performance of the CMS tracker is presented in Ref [1]. The tracking
efficiency for muons with pr >10 GeV with respect to muon n and number of primary
vertices reconstructed in an event using 2016 data are shown in Figure 3.12. The
tracking efficiency has a high value of ~ 99% over the whole detector region which
decreases as the number of primary vertices increases, and falls to 94 — 95% for
number of primary vertices > 40. The above results confirm the power of the CMS

tracker.

3.2.2 Electromagnetic Calorimeter

The CMS Electromagnetic Calorimeter (ECAL) [78] measures energy of electrons and
photons precisely from the shower formed by those particles. The ECAL is a homo-
geneous calorimeter made of PbWQ, crystals and covers up-to |n| < 3. The PbWO,
crystals have high density (8.28 g/ cm?), small radiation length (0.89 ¢m) and Moliére
radius (2.2 ¢m) which allow CMS to have a compact ECAL. The PbWO, crystals

have fast response time, i.e. almost 80 % of scintillation light is emitted within 25ns.
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Figure 3.10: The pr resolution of the simulated muon tracks as measured by the
CMS tracker as a function of 7, for muons of pr = 1 (black), 10 (blue) and 100 GeV'
(red) [1]. The solid symbols represent the half-width containing 68 % of the residual
distribution around the mean value and stand for actual resolution. The open sym-

bols represent the resolution if the 90 % of the residual distribution around the mean
value is considered and show the effect of the extreme values.

The ECAL is, therefore, able to operate in the high pile-up environment of the LHC.

The crystals have low light output that depends on the operating temperature.

The layout of the ECAL, which consists of the central barrel (EB) and the end-
caps (EE), is shown in Figure 3.13. The EB covers up-to |n| < 1.479, while the EE
covers the region 1.479 < |n| < 3.0. Avalanche photo diodes (APD) and vacuum
photo triodes (VPT) are used to read out the scintillation light from the crystals in
EB and EE respectively. The EB has an internal radius of 1.29 m. The EB is com-
posed of 61200 crystals and is mechanically divided into thirty-six supermodules.

Each supermodule covers 10° in both positive or negative 6 directions. In order
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Figure 3.11: (a) Transverse and (b) longitudinal impact parameter resolution of the
simulated muon tracks as a function of n for muons of p; = 1 (black), 10 (blue) and
100 GeV (red) [1]. The solid symbols represent the half-width containing 68 % of
the residual distribution around the mean value and stand for actual resolution. The
open symbols represent the resolution if the 90 % of the residual distribution around
the mean value is considered and show the effect of the extreme values.

to improve the hermiticity, the crystals are mounted in a quasi-projective geome-
try with their axis tilted by 3° with respect to the nominal interaction point. The
crystals have a frontal surface area of 2.2 x 2.2 em? and a length of 23 em. The
EE sections are placed at a distance of 3.17 m from the nominal interaction point,
on both sides of the EB. The EE is divided in four Dees. Each dee covers 180° in
the ¢ direction. There are 14648 tapered crystals in the EE which are arranged in
a rectangular x — y grid and grouped in squared 5 X 5 mechanical structure called

super-crystals. The crystal dimensions are 2.86 x 2.86 x 22.0 cm3.

To distinguish between the showers generated by a photon and a neutral pion,
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Figure 3.12: (a) Tracking efficiency for muons coming from Z decay as a function
of muon |n|. (b) Tracking efficiency for muons coming from Z decay vs number of
primary vertices reconstructed in an event. The black dots and light blue rectangles
represent 2016 data and simulation respectively.

an ECAL preshower (ES) detector is placed in front of the EE. The ES is a sampling

calorimeter with two planes of lead followed by silicon sensors, and covers the region,

1.653 < |n| < 2.61. The lead in the ES acts as a radiator and the silicon strip detector

measures the energy deposit and provides the transverse shower profile.

The resolution of the ECAL is,

(%)2 = <jE>2 + (g)Q +C? (3.3)

where S, N and C' represents the intrinsic stochastic term, the noise term and the

constant term respectively. The fluctuations related to the shower development in

the crystal are represented through the stochastic term. For CMS, the energy region
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Figure 3.13: The layout of the CMS electromagnetic calorimeter.

of physics interest is around 100 GeV where the constant term is the dominant one.
The constant term is derived in dedicated beam tests with electron beams of various
energies. The energy resolution of the ECAL obtained in the beam tests is shown in
Figure 3.14, where one can see that the energy resolution better than 1 % for energies

> 20 GeV can be achieved.

3.2.3 Hadron Calorimeter

The CMS Hadron Calorimeter (HCAL) [79] is a sampling calorimeter with brass and

plastic as the absorber and scintillating materials respectively. Plastic scintillator
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Figure 3.14: The energy resolution of the electromagnetic calorimeter as measured
in beam tests.

is chosen due to its long-term stability and radiation hardness and brass because
of its non-magnetic nature and structural stability. Charged and neutral hadrons
deposit their energy in the HCAL through nuclear interactions. The radial range
of the HCAL is from R = 1.77m (the outer radius of ECAL) to R = 2.95m (the
inner radius of the superconducting solenoid). The layout of the HCAL is shown in
Figure 3.15 where the sub-components of the HCAL - hadron barrel (HB), hadron
endcap (HE), hadron forward (HF) and hadron outer (HO) are shown. The outer
hadron calorimeter (HO) is placed outside the superconducting solenoid.

The hadron barrel (HB), with a pseudorapidity coverage of |n| < 1.3, is segmented
into 32 x 72 towers. Each tower has a size of An x A¢ = 0.087 x 0.087. For
the first and last layers, stainless steel is used as the absorber material due to its

structural strength. For all other layers, brass(70% Cu and 30% Zn) plates of
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Figure 3.15: A longitudinal view of one quarter of the CMS detector in the r—n plane.
The layout shown is up-to the HCAL indicating the components of the HCAL: hadron
barrel (HB), hadron outer (HO), hadron endcap (HE) and hadron forward (HF)

thickness 155 mm are used as absorber. Plastic scintillators are used as the active
material and there are 17 scintillating layers in the HB. The HB is also divided in

two half barrels each of which holds 18 identical azimuthal sections.

The hadron endcap (HE) covers the region 1.3 < || < 3.0. Similar to the HB,
Brass plates are used as absorber in HE. The thickness of the brass plates is 79 mm.
The HE is segmented into 14 towers along the n direction and 72 or 36 towers along
the ¢ direction depending on the value of . For |n| < 1.6, the size of the towers is
An x A¢ = 0.087 x 0.087 and for |n| > 1.6, it is Anp x A¢ = 0.17 x 0.17. In the
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HE, there are 18 layers of plastic scintillator. Both in the HB and HE, wavelength
shifting fibres are used to carry the light output of the scintillators which are then
detected by hybrid photo diodes (HPDs).

The hadron forward (HF) calorimeter covers the region 3.0 < |n| < 5.0. The HF
is located at a distance of 11.2 m from the nominal interaction point of CMS and the
absorber depth is 1.65 m at such distance. In the HF, quartz fibres are used as the
active medium and steel is used as the absorber material. The signal is generated as
Cherenkov light in the quartz fibres.

The HO is placed between the magnetic coil and muon system to have adequate
sampling depth in the central barrel region. The HO consists of 5 rings and the
central ring has 2 scintillator layers on either side of an iron plate. The other rings
have only one scintillator layer. The HO acts as a tail catcher to complement the

hadron barrel. The solenoid is used as an additional absorber layer by the HO.

3.2.4 Muon System

The Muon system [2; 80] is the outermost sub-detector of CMS and is placed within
the return yoke of the CMS magnet. The yoke provides a high magnetic field (~
2T) and serves as the absorber for the hadrons. The Muon system is divided into a
central barrel and two endcap sections. The basic building blocks of the Muon system
are gaseous detectors. Three types of gaseous detectors, namely, drift tubes (DT),
cathode strip chambers (CSC) and resistive plate chambers (RPC) are used in the
Muon system. A longitudinal view of one quarter of the Muon system is shown in

Figure 3.16.
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Figure 3.16: Layout of one quarter of the CMS detector. The components of the
muon system: four DT chamber (MB1-MB4) in the barrel region, four CSC stations
in the endcap (ME1-ME4) and RPC stations are shown in green, blue and red colours
respectively.

The central barrel detector consists of drift tubes (DT) covering up-to |n| < 1.2.
The expected muon flux and intensity of the local magnetic field is low in this region.
The barrel region is made of four stations (MB1, MB2, MB3 and MB4) of DT cham-
bers which are placed within the barrel return yoke and the four stations form coaxial
cylinders around the beam axis. Each station consists of superlayers (SL) which are
made up of four DT layers. In the first three stations (MB1, MB2 and MB3), there
are 3 SLs, 2 of which measure the r — ¢ co-ordinate and the third one measures the

r — z co-ordinate. There are two SLs which measure the r — ¢ co-ordinate in the last
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station (MB4). The first three stations have 60 DT chambers and the fourth station
has 70 DT chambers.

The endcap is made of cathode strip chambers (CSC) covering the region 0.9
< |n| < 2.4. CSCs are chosen for the endcap because they can operate efficiently
under high magnetic field and high particle rate. CSCs also have a very fast time
response. Each endcap is made up of four finely segmented stations in order to
provide a good spatial resolution.

Resistive plate chambers (RPC), which have very fast time response, are installed
both in barrel and endcap covering the region |n| < 2.1. The RPCs are designed to
provide timing information of muon tracks to the muon trigger system. In the barrel,

two RPCs are installed per DT, while in the endcap, one RPC is installed per CSC.

3.3 The CMS Trigger and DAQ System

The total proton-proton inelastic cross-section is ~ 80 mb at 13 T'eV while the cross-
section for some of the interesting physics, like the Higgs physics is smaller by nearly
twelve orders of magnitude. As most of the interactions are of very little physics
interest, they can be safely discarded without loosing any physics potential. CMS
uses a two-level trigger system to select events where at least one collision of interest

occurs,

e Levell (L1) trigger - hardware based trigger designed to bring down the data
rate from 40 MHz to 100 kHz

e High Level Trigger (HLT) - software based trigger designed to bring down the
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data rate from 100kHz to 200 Hz

The schematic of the CMS trigger and DAQ system is shown in Figure 3.17. In order
to select potentially interesting events, the trigger system looks for presence of at

least one high pr physics object (electron, photon, muon, tau, jet etc.) in the event.
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Figure 3.17: The schematic representation of the CMS trigger/DAQ system.

The event selection logic at L1 is implemented on hardware, namely field-programmable
gate arrays (FPGA), application-specific integrated circuits (ASIC) and programmable
memory lookup tables (LUT) etc. The L1 trigger consists of a calorimeter trigger, a
muon trigger, and a Global Trigger (GT) sub-systems. The calorimeter trigger reads
the energy deposits in ECAL and HCAL with coarse granularity and forms e/~ can-
didates, jets, taus, Hp, Missing Transverse Energy etc. in the event and passes it
to the GT. Similarly, the muon trigger forms the muon candidates from the hits in
the muon chambers and passes to the GT. The GT combines the information of the
physics objects sent by the calorimeter and muon triggers to take a decision about
acceptance (L1 accept) or rejection of an event. The maximum allowed time taken

by the L1 trigger system to process an event is 3.2 us. The schematic representation
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of the CMS L1 trigger system is shown in Figure 3.18.
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Figure 3.18: A schematic representation of the CMS L1 trigger system.

When an event is accepted by the L1 trigger system, data with full granularity
from all the sub-detectors, and the objects formed at L1, are read out by the DAQ
and passed to the HLT for further processing. The HLT algorithm is software based
and the reconstruction of the physics objects are seeded by the L1 objects. Objects
are reconstructed with high precision using algorithms similar to the ones used in the
offline reconstruction. A sequence of reconstruction and selection algorithms with
increasing complexity are performed at the HLT. The raw data of the events, which
are selected by the HLT, are stored permanently for further processing.

The trigger selection algorithms are commonly referred as trigger paths. For
example, the trigger requirement to select an isolated muon of pr > 24 GeV, in

an event is defined as HLT_IsoMu24 or HLT_IsoTkMu24, depending on the muon
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reconstruction algorithm (discussed in chapter 4). The efficiency of the trigger path
HLT_IsoMu24 or HLT_IsoTkMu24 estimated using 2016 data, is shown in Figure 3.19,
with respect to pr and n of the muon object. From Figure 3.19a, it can be seen
that the muon trigger efficiency is high (> 90 %) after turn-on. The muon trigger
paths, used in the analysis of the HH — bbrr final state, are shown in Table 3.1.
The muon triggers of Table 3.1 use a slightly lower pr threshold (22 GeV') at the
HLT where the region of physics interest lies well above the pr threshold used. From
Figure 3.19b, it can also be seen that the muon trigger efficiency is uniform over g

within the detector acceptance.

HLT path names Trigger requirement
HLT_IsoMu22_eta2pl_v*
HLT_IsoTkMu22_eta2pl_vx*
HLT_IsoMu22_v*
HLT_IsoTkMu22_v*

Muon, with pr > 22 GeV and || < 2.1

Muon, with pr > 22 GeV

Table 3.1: Single muon trigger paths used in the HH — bbrT analysis.

The trigger efficiency, measured using 2016 data, for several electron trigger
paths, as a function of electron pr in the ECAL barrel region is shown in Fig-
ure 3.20a and as a function of electron n in Figure 3.20b [81]. The trigger path
HLT_Ele25_eta2pl_WPTight is used in the HH — bbrr analysis and requires the
presence of an electron, which has py > 25 GeV and || < 2.1 and which passes the
tight electron selection requirement (discussed in Chapter 4). The HLT_Ele25_eta2pl_WPTight
trigger path is efficient in the region of physics interest and is uniform over the rele-
vant 7 region of the detector.

The tau trigger paths, used in the HH — bbr7 analysis, are
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Figure 3.19: Muon trigger efficiency of one of the muon trigger paths used in CMS
as a function of (a) muon pr and (b) muon 7, as measured with 2016 data.

e HLT _DoubleMediumIsoPFTau35_Trkl_eta2pl_Reg
e HLT DoubleMediumCombinedIsoPFTau35_Trkl_eta2pl_Reg

and require presence of two isolated taus, with pr > 35 GeV and |n| < 2.1, in the
event. The efficiency of the trigger path
HLT_DoubleMediumIsoPFTau35_Trkl_eta2pl_Reg, for the 2016 data, as a function

of tau pr is shown in Figure 3.21.

3.4 CMS Data and Monte Carlo Events

In Figure 3.22, the amount of data delivered by the LHC to the CMS experiment and

the amount of data recorded by the CMS Data Acquisition (DAQ) system are shown
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Figure 3.20: Electron trigger efficiency, measured with 2016 data, for several electron
trigger paths used in CMS as a function of (a) electron pr and (b) electron 7. The
HLT Ele25 eta2pl WPTight is used in this analysis which requires the presence of
an electron of pr > 24 GeV and || < 2.1.

for the 2016 data taking period and the data-taking efficiency of CMS is around
92 %. The raw data from the detector are grouped in non-exclusive primary datasets
according to the results of the HLT selection. The raw data go through the recon-
struction step, which will be discussed in the chapter 4, and the reconstructed data
are stored for physics analysis. Information of detector calibration, namely align-
ment, channel inefficiency, gain of electronics etc. are included in the reconstruction
step.

A huge amount of Monte Carlo (MC) simulated events are produced for detector
studies and physics analysis. In CMS, production of MC events goes through the

following steps,

e LHE - the hard collisions are simulated with the help of specialised event gener-
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Figure 3.21: Tau trigger efficiency measured with 2016 data, as a function of tau pr,
for the tau trigger path used in the HH — bbr7T analysis.

ator software (e.g. MADGRAPH5_aMC@NLO [82]) and the final state particle

information of the events are written in the LHE format [83].

e Generation (GEN) - final state particles of the hard collision undergo parton

showering, hadronization and decay using Pythia [84] primarily.

e Simulation (SIM) - generated particles are passed through the CMS detector
simulated by Geant4 [85] (both detector geometry and response). The sim-
ulation step results in a collection of time-stamped energy deposits in each

detector cell.

e Digitisation (DIGI) - energy deposits obtained in the simulation step are digi-

tised by an emulation of the CMS front-end electronics. The DIGI step results
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Figure 3.22: The delivered (blue filled region) and recorded (yellow filled region) in-
tegrated luminosity to the CMS experiment by the LHC, in p-p collisions during the
2016 data taking period.

in an event format, similar to the raw detector data acquired by the experiment.

e Pile-up (PU) mixing - a number of digitised soft collisions (PU events) are mixed
with a digitised hard collision event to emulate the pile-up behaviour of real

data.

e Reconstruction (RECO) - digitised simulated events, after PU mixing, are

passed through the trigger system and then the reconstruction step.
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3.4.1 CMS data tiers

The reconstructed data and MC events contain physics objects of various levels of
complexities. To optimise storage of data and MC events several data-tiers with

decreasing event size are in use in CMS,

e RECO - contains all the reconstructed objects. The average size of a recon-

structed CMS event is ~ 4 M B.

e AOD - formed by dropping a large fraction of low level reconstructed objects
from the RECO data tier. The AOD data tier has a size of ~ 500 kB/event.

The AOD data tier was extensively used in CMS Run-1 physics analyses.

e MiniAOD - AOD tier event size turned out to be too large to be used in the
CMS Run-2 analyses. For this reason, the MiniAOD data tier was formed by
replacing low level reconstructed physics objects with high level ones, increasing
the pr threshold and reducing precision of physics objects from the AOD data
tier. The size of the MiniAOD data tier is ~ 50 kB/event.

e NanoAOD - formed by dropping most of the tracks from the MiniAOD data
tier. The NanoAOD data tier is saved as a flat ROOT [86] Tree structure. The

event size in NanoAOD is 1 kB.



Chapter 4

Physics Object Reconstruction in

CMS

The event reconstruction process in CMS, which consists of reconstruction of beam
spot, primary vertices and various physics objects, namely, electrons, photons, muons,
jets, b-jets, T leptons and missing transverse energy, and identification of the recon-

structed physics objects, is discussed in this chapter.

4.1 Beam spot reconstruction

The beam spot is a 3-D profile of the luminous region inside the CMS detector where
the p-p collisions take place. Reconstructed beam spot parameters are the position
of the centre and size of the luminous region. The beam spot parameters are usually
determined by taking an average over events collected in a period of 23 seconds,

which is known as a Lumi Section. The details of the beam spot reconstruction in

61
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CMS can be found in reference [1].

4.2 Primary vertex reconstruction

The primary vertices represent the points in space where the proton-proton inter-
actions take place. Reconstruction of primary vertices in an event proceeds in two

steps,

e Vertex finding, which groups tracks reconstructed in the event according to
their z-coordinate at the point of closest approach to the centre of the beam
spot. The vertex finding step is performed by a deterministic annealing (DA)

algorithm [87].

e Vertex fitting, which determines the vertex position assuming that it is formed
by the assigned tracks. The vertex fitting step is performed by an adaptive

vertex fitter [88].

The primary vertex, with the highest value of Y p% of the associated tracks, is

considered as the event vertex.

The details of the reconstruction of the primary vertices can be found in refer-
ence [1]. The vertex resolution in the x and z directions, as a function of the number

of tracks associated to the vertex, is shown in Figure 4.1.
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4.3 Particle Flow algorithm

To reconstruct and identify final state particles like electrons, photons, muons and
hadrons in an event, the Particle Flow (PF) Algorithm [89] is used in CMS which
correlates information from different sub-detectors, exploiting the excellent spatial
resolution of the detector. Higher level physics objects like jets, hadronic decay of
7 leptons, and missing transverse energy (MET) are reconstructed from the basic
physics objects reconstructed by the PF algorithm.

A transverse slice of the CMS detector and interaction of the particles, produced

in a p-p collision, in the detector is depicted in Figure 4.2, where one can see that,

e All the charged particles bend in the magnetic field and leave traces in the

tracking system, from which momentum and charge of the particles can be
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Figure 4.2: A transverse slice of the CMS detector highlighting interaction of different
final state particles with the detector materials.

measured

e Electrons and photons are more likely to deposit their energy in the ECAL

e Hadrons are likely to deposit a small fraction of their energy in the ECAL and

deposit most of their energy in the HCAL

e Muons produce track in the Muon chambers

A detailed description of reconstruction and identification of the various physics

objects is given in the following sections.
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4.4 Electron reconstruction and identification

An electron is reconstructed by the PF algorithm by matching an energy deposit
in the ECAL with a track in the tracker [90-92]. To get the best estimate of the
track parameters, the trajectory of the electron is refitted with a Gaussian-Sum
Fitter (GSF) [93; 94].

Energy deposited by an electron in the ECAL is shared among several adjacent
crystals. From beam tests, it has been found that 97 % of the energy of a 120 GeV
electron is contained in a 5 x 5 crystal matrix around the crystal with the highest
energy deposit (seed crystal) [91]. Hence, several crystals around the seed crystal
are combined to form a cluster. There is also a finite probability for electrons to
loose energy through bremsstrahlung while traversing through the tracker material.
The bremsstrahlung photons can form ECAL clusters with the same 7 value as the
cluster formed by an electron, but separated in the ¢ direction. Bremsstrahlung can
also lead to energy loss if the secondary electrons, created from pair-production of
the bremsstrahlung photons, get trapped partially or completely inside the magnetic
field and loose most of their energy before reaching the ECAL. To overcome the
situation, electron superclusters are formed by joining clusters in the ¢ direction to
also consider the amount of energy carried away by the bremsstrahlung photons.
Two separate algorithms are used in the barrel and endcap regions of the ECAL to
form clusters and superclusters [91].

A Boosted Decision Tree (BDT) [95] discriminant, which takes variables sensitive
to the amount of bremsstrahlung along the electron trajectory as input, as shown

in Table 4.1, is used to select the electron candidates. The BDT has been trained
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on all the electrons having pr > 10 GeV, in three regions based on electron n: two

for barrel and one for endcap. For all the three regions, two working points (WP),

tight (with 80 % signal efficiency) and loose (with 90 % signal efficiency) are chosen.

The definition of the three regions and the cut values on the BDT score corresponding

to the tight and loose working points are given in Table 4.2.

Observable
type

Observable name

Cluster shape

e RMS of the energy-crystal number spectrum along n and ¢; i, Cigie
e Super cluster width along 7 and ¢

Ratio of the hadronic energy behind the electron supercluster to the
supercluster energy, H/E

Circularity ((Esxs — Fsx1)/Fsx1)

Sum of the seed and adjacent crystal over the super cluster energy Ry

For endcap training bins: energy fraction in pre-shower E,s/E,q.
track-cluster Energy-momentum agreement o /Pins Fee/Pouts 1/ Eiot - 1/Din
matching Position matching Ay, Adin, Alseed
tracking Fractional momentum 10ss fyrem = 1 — Pout/Pin

Number of hits of the KF and GSF track Nxr, Ngsr
Reduced x? of the KF and GSF track x% -, X&gr
Number of expected but missing inner hits
Probability transform of conversion vertex fit y?

Table 4.1: Details of the input variables used in the electron identification classifier.

Regions Tight WP | Loose WP
Barrel (7] < 0.8) 0.941 0.837
Barrel (0.8 < |n| < 1.479) 0.899 0.715
Endcap (|n| > 1.479) 0.758 0.357

Table 4.2: Minimum BDT scores required for electron identification for tight and

loose WPs.

Isolation plays an important role in differentiating between prompt electrons and

electrons inside a jet. Electrons are required to originate from the event vertex with
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stringent cuts on the distance of the electron track from the event vertex along the
longitudinal direction, |A,| and in the transverse plane, A,

Electron isolation refers to the total amount of energy deposited in a cone around
the electron trajectory by charged and neutral particles from all the interaction
vertices. While the charged particles from pileup interactions can be easily excluded
from the estimation of isolation using the vertex information, the energy deposited
by the neutral particles from pileup interactions can not be subtracted and must be
parametrised in some suitable way.

The relative isolation of an electron can be expressed as,

b = (32 B a0, Y4 S - 8 o (A1)

where 37 pi*r9°4 is the scalar sum of transverse momenta of charged hadrons coming
from the event vertex, and Y ppe*@="9% and 7 pl. are the scalar sum of transverse
momenta of the neutral hadrons and photons respectively, inside the cone under
consideration. The neutral component from pileup interactions is estimated as a

fraction () of the charged component from pileup (> pZY), where 3 is estimated to
be roughly 0.5 [2].

4.5 Photon Reconstruction

The PF algorithm reconstructs photons from the ECAL superclusters by requiring
that no track should match the ECAL supercluster. Formation of an ECAL su-

percluster for a photon is analogous to that for an electron. The details of photon



68

reconstruction can be found in reference [92].

4.6 Muon reconstruction

The PF algorithm reconstructs muons combining information from the tracker and

muon chambers [2].

o Global muon reconstruction: In this case, for each track reconstructed in

the muon chambers (standalone muon track), a search is performed to find
a matched track in the tracker by comparing the parameters of the two tracks
propagated to a common surface. A global muon track is formed from a fit

with the hits from the track in the tracker and the standalone muon track.

Tracker muon reconstruction : Here, all the tracks from the tracker with pr >
0.5 GeV and momentum p > 2.5 GeV are considered as possible muon candi-
dates and propagated to the muon system taking into account the magnetic
field, the average expected energy loss and multiple Coulomb scattering in the
detector material. If an extrapolated track matches with at least one muon
segment from a muon station (a short track reconstructed by one DT or CSC

chamber), the track qualifies as a tracker muon.

A muon, reconstructed as global or tracker muon is usually considered as “loose”.

To differentiate between the prompt muons and muons from decays in flight, a “tight”

muon requirement is used, as follows,

e the muon must be reconstructed both as a global and tracker muon
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e the global fit x2/d.o.f. < 10

e the associated track in the tracker must satisfy the following conditions

matched with muon segments from at least two muon stations

> 10 tracker hits

— at least one pixel hit

transverse impact parameter, A,, < 2 mm

The efficiency of loose and tight muon reconstruction and identification, as mea-
sured with CMS data collected in 2015, is shown in Figure 4.3. The efficiency for the
loose muon selection criteria is above 99% over the entire n range. The variation in
efficiency for data and Monte-Carlo is within 1%. For the tight muon selection, the
efficiency is 95 — 99% depending on 7 and the variation for data and Monte-Carlo
is within 1 — 3%. The dips in efficiency for the tight muon selection near |n| = 0.3
are due to the effects of less instrumentation between the central muon wheel and
the two neighbouring wheels. The tight muon selection efficiency is systematically
higher for simulation compared to data due to imperfections in the modelling, which
are revealed by the stringent requirements for the muons to satisfy the tight muon se-
lection criteria. More detailed information about the loose and tight muon selection
efficiency can be found in the reference [2].

An isolation requirement, similar to that used for electrons, is used to differentiate

between prompt muons and muons inside a jet.
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Figure 4.3: Muon reconstruction and identification efficiency for (a) loose and (b)
tight muons as a function of 7, measured with CMS data collected in 2015 [2].

4.7 Jet Clustering

Jets are experimental representation of quarks and gluons, collectively known as
partons, produced in high-energy collisions, such as the p-p collisions at the LHC.
The initial and final state partons, involved in a collision, proceed through radiation
of gluons off quarks and gluon splitting into quarks to form a parton shower, and
eventually produce colourless hadrons through fragmentation and hadronization [96].
The unstable hadrons decay and the final clusters of collimated energetic particles
form jets. A precise understanding of the jet properties is essential as a test of
QCD and to estimate the contribution of multi-jet background to Standard Model

measurements and New Physics searches.

To know the properties of the quarks and gluons produced in the collision, it is

important to properly reconstruct the jets in an event. Jet reconstruction proceeds
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through clustering the final state particles or energy deposits in the detector using
suitable jet clustering algorithms to form jets. A jet clustering algorithm should be
infrared and collinear safe, i.e. the jet configuration should be independent of soft
emission or collinear splitting of any parton [97]. In CMS, jets are reconstructed
by clustering PF objects. By default, the anti-kr [98; 99] clustering algorithm is
used with the distance parameter, R = 0.4 (AK4 jets) and 0.8 (AKS jets). The jet
momentum is calculated by taking vectorial sum of the momenta of all the constituent
PF objects in the jet. The invariant mass of the AKS8 jets is calculated by the Soft
Drop Algorithm [100; 101]. A series of calibration steps is performed to properly

estimate the jet momentum and the uncertainty related to it [102; 103].

4.7.1 b-Jet

Hadrons containing bottom quarks have an average lifetime of 1.5 ps and an average
cr = 450 pm. A B-hadron having an energy of 50 GeV travels about 5 mm before
decaying. Therefore, events with B-hadrons are characterised by displaced secondary
vertices along the b-jet direction, as depicted in Figure 4.4. The secondary vertices
can be reconstructed, thanks to the excellent vertex resolution of the CMS tracking
detector, as shown in Figure 4.1. In CMS, a Combined Secondary Vertex (CSV) [104]
algorithm is used to separate b-jets from light quark or gluon jets. The CSV algo-
rithm combines all the variables sensitive to the presence of secondary vertices, in
a single discriminant. The threshold on the CSV discriminant for three b-tagging
working points are shown in Table 4.3.

The b-tagging efficiency and mis-tagging efficiency for c-jets and light quark jets,
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Figure 4.4: Secondary vertex formation for the b-jets.

Working Point | Cut on CSV discriminant
Loose 0.5426
Medium 0.8484
Tight 0.9535

Table 4.3: b-Tagging working points and corresponding threshold on the CSV dis-
criminant.

for the medium b-tagging working point is shown in Figure 4.5. The efficiency and
mis-tagging efficiency are calculated with t¢ + jets events using Monte Carlo (MC)

truth information.

4.8 Reconstruction of hadronic 7 decays

The 7 lepton decays dominantly to hadrons (BR ~ 66 %), giving rise to narrow jets
in the detector. The reconstruction of the hadronic decay of 7 is performed by the

Hadron Plus Strip (HPS) algorithm [3]. The HPS algorithm can reconstruct two
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gluon jets respectively.
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hadronic 7 (73,) decay modes:
e One prong - one charged hadron + > 0 neutral hadrons
e Three prong - three charged hadrons + > 0 neutral hadrons

The HPS algorithm considers anti-kr jets in an event as input, with R = 0.5, with
pr > 14 GeV and |n| < 2.5. The algorithm tries to identify a jet as a 73, candidate
by checking the compatibility of the constituents of the jet to be reconstructed as
one of the 7, decay modes.

Isolation of the 7, candidates is an important tool to differentiate between 73, and
quark or gluon induced jets. The MVA based isolation discriminant is computed by

a BDT which takes the following variables as input,

e the charged part of the isolation within a cone of size AR < 0.5 around the
7, candidate, similar to what has been discussed for electron isolation in Sec-

tion 4.4

e the neutral part of the isolation, calculated with a cone size AR < 0.5 and

= (.46, similar to what has been discussed for electron isolation in Section 4.4
e the decay mode of 7,

e the transverse impact parameter of the leading track of 7, and its significance

the distance between the production and decay vertices of 75, and its significance

The 7, identification efficiencies for different MVA isolation working points, as

measured in Z/v* — 77 — p1, events with 19.7 fb~! CMS data at 8 T'eV, are shown
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Figure 4.6: (a) 7, identification efficiency as measured in the Z/y* — 77 — um,
events and (b) Mis-identification efficiency of the jets as measured in the multi-jet
events [3]. Values obtained for different MVA isolation discriminant working points
are represented by different colours. The solid symbols represent the value obtained
with 8 TeV CMS data corresponding to an integrated luminosity of 19.7fb~!. The
open symbols represent the value obtained from the MC events.

in Figure 4.6a. The mis-identification efficiencies of the jets to be selected as 7,
candidates, for different MVA isolation working points, are shown in Figure 4.6b.
The mis-identification efficiency is measured using multi-jet events with 19.7 fb~*
CMS data at 8 T'eV. In both the figures, the value obtained with data is compared

with the expected value obtained from MC events.

There is also a finite probability of an electron or a muon to be reconstructed
as a 7, candidate. Specific discriminants have been constructed to veto the elec-

trons (against electron discriminant) and muons (against muon discriminant), erro-
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neously reconstructed as 7, candidates, using calorimeter and muon chamber infor-
mations. The mis-identification efficiency of the against electron discriminant, as
measured in Z/v* — ee events, for 8 TeV/ CMS data with an integrated luminosity
of 19.7fb~! is shown in Figure 4.7a and compared with estimates from MC. The iden-
tification efficiency of the against electron discriminant is ~ 70 % — 85 %, depending
on the working point. Similarly, the mis-identification efficiency of the against muon
discriminant, as measured in Z/v* — pp events, for 8 TelV CMS data with an inte-
grated luminosity of 19.7fb~! is shown in Figure 4.7b and compared with estimates
from MC. The identification efficiency of the against muon discriminant is above

99 %.

4.8.1 Missing Transverse Momentum

Weakly interacting neutral particles, like the neutrinos in 7 decays, escape detection.
The presence of such particles can only be estimated from the imbalance in the total
transverse momentum in the event, known as the missing transverse momentum, de-

miss

noted by p;™**. The magnitude of p7 is called missing transverse energy (MET)
and is denoted by B
The details of MET reconstruction in CMS can be found in reference [105]. The

pr is calculated by taking the negative of the vector sum of the momentum of all

the reconstructed PF candidates.
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Chapter 5

Search for Higgs boson pair

production in the bbr7 final state

In this chapter, a search for HH production in the HH — bbrT final state will be
described and the results based on data collected by CMS in 2016, corresponding to
an integrated luminosity of 35.9 fb™!, will be presented. The HH — bbrr final state
has a branching fraction of 7.3 % of overall HH decay. Three decay modes of the 7
lepton pair, namely, uy, ety and 7,7, where 73, represents the hadronically decaying
7 lepton, are considered. The three decay modes constitute 80 % of the total 7 lepton
pair decay.

The dominant sources of background to the HH — bbrr final state are,

e {t + jets, where both the top quarks decay to bWW. Leptonic or hadronic decay of
the two W’s may give rise to topologies similar to the signal. A representative

Feynman diagram for the process is shown in Figure 5.1a.

79
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Figure 5.1: Feynman diagrams of various background processes to the HH — bbr fi-
nal state, (a) tt + jets, (b) Z/v* — Il + jets, (c) di-boson, (d) single top, (e) W +,jets,
(f) Electroweak + two-jets, and (g) SM Higgs boson production.

o Z/v* — ll+jets(Drell-Yan), where the 7 lepton pair from Z/y* and jets,
which may be tagged as b-jets, can act as potential background. Figure 5.1b

represents the Feynman diagram of the process.

e Jets, in QCD multi-jets events, can potentially mimic both b-jets and 7 leptons.

There are also small contributions from di-boson, single top, W — [v + jets, Elec-
troweak + two-jets, and associated production of the SM Higgs boson processes.

Feynman diagrams for all such processes are shown in Figure 5.1.
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5.0.1 High Level Trigger

The 7 lepton pair decay signature has been used to trigger the events. For the bbur,
and bber;, final states, SingleMuon and SingleElectron trigger paths are used to select
events. Similarly, for the bbr, 7, final state, double Tau trigger paths have been used.

The trigger paths used for each final state is shown in Table 5.1.

Channel HLT path name
bbuy, HLT_IsoMu22_eta2pl_v*

HLT_IsoTkMu22_eta2pl_v*

HLT_IsoMu22_v*

HLT_IsoTkMu22_vx*

bbety, HLT_Ele25_eta2pl_WPTight_Gsf_v*
bbb HLT_DoubleMediumIsoPFTau35_Trkl_eta2pl_Reg_vx*
HLT_DoubleMediumCombinedIsoPFTau35_Trkl_eta2pl_Reg_v*

Table 5.1: Trigger paths used for the bbyuy,, bber;, and bbr,7), final states.

5.1 Collision datasets

SingleMuon, SingleElectron and Tau primary CMS datasets of 2016 have been used
in the analysis of bbury,, bbety,, and bbr,7, final states respectively. The details of the

datasets are provided in Tables 10.1, 10.2 and 10.3 of Appendix 10.

5.2 Simulated events

The background and signal events are generated using various Monte-Carlo (MC)

physics process generators, namely MADGRAPH5_aMC@NLO [82], POWHEG 2.0 [106;
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107] etc. The NNPDF3.0 [108] PDF set is used in the physics generation pro-
cess. After the generation of the hard interaction step, events are interfaced with
Pythia8.212 [84] with the CUETP8M1 [109] tune to simulate multi-parton interac-
tions, parton showering and hadronization effects. The generated events are then
passed through the standard CMS simulation and reconstruction procedure.

The simulated events are also required to pass the trigger selection for trigger
paths mentioned in Table 5.1. To correct for the difference between the trigger
efficiency in data and simulation, the simulated events are weighted by the trigger
scale factors, defined as the ratio of the trigger efficiencies in data and simulation.

The trigger scale factors are computed using Z — [T]~ events.

5.2.1 Background datasets

The Z/v* — ll+jets, W — lv+jets, di-boson and SM Higgs boson background
events have been generated with MADGRAPH5 aMC@NLO 2.3.2 at Leading Or-
der (LO) with MLM merging [110]. The Electroweak + two-jets events have been
generated with MADGRAPH5_aMC@NLO 2.3.2 at LO precision. The tf + jets and
single top events have been generated with POWHEG 2.0 at Next-to-Leading Or-
der (NLO) precision. The background datasets are listed in Tables 10.4, 10.5, 10.6
and 10.7 of Appendix 10.

The tt+jets, Z/v* — ll+jets, W — lv+jets and single top events are nor-
malised to the respective cross-sections at the Next-to-Next-to-Leading Order (NNLO)
precision [111-113]. The di-boson events are normalised to the cross-section at NLO

precision [114]. The SM Higgs boson production is normalised to the cross-section,
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computed with QCD corrections at NNLO precision and Electroweak corrections at
the NLO precision [115-118].

The datasets for the Z/v* — ll+jets and W — lv + jets processes are shown
in Table 10.4 of Appendix 10. The “inclusive” Z/v* — Il +jets and W — v+ jets

events are generated with all possible values of,

e parton multiplicity
e b-parton multiplicity

e scalar sum of the transverse momentum of the partons (HT)

available at the matrix element level. There are also “exclusive” Z/~* — [l + jets
and W — [v+ jets datasets which are produced in certain selected regions of the
above mentioned variables. In order to increase the statistics, exclusive datasets are
merged with the inclusive dataset. The total simulated events are divided in mutually
exclusive sets (S) depending on the parton multiplicity, b-parton multiplicity and HT.

The obtained exclusive sets are merged with an event weight,

Inclusive
ng

S

(5.1)

where nleusive jg the number of events in the inclusive dataset belonging to the

particular set and Ng is the total number of events belonging to the particular set.

5.2.2 Signal datasets

MADGRAPH5 . aMCQ@QNLO 2.3.2 at LO precision has been used for both resonant

and non-resonant signal event generation. Resonant gg — X — HH — bbr7 events
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are generated under the assumption of narrow width of the resonant particle, X.
Separate datasets are produced for the resonant particle mass ranging from 250 GeV
to 900 GeV, and spin values of 0 and 2. The details of the resonant HH — bbrr
datasets are provided in Tables 10.8, and 10.9 of Appendix 10.

In the case of non-resonant signal events, from all possible values of the BSM
couplings of the EFT, twelve shape benchmark points [11; 12] have been chosen, as
shown in Table 5.2. The benchmark points are representative of the kinematics of all
possible values of the coupling parameters of the EFT. Non-resonant signal datasets
for four benchmark points, namely 2, 10, 11 and 12 and two SM points (shown in
Table 5.3) have been produced. The box benchmark point in Table 5.3 corresponds
to the Feynman diagram shown in Figures 5.2a, whereas, the SM benchmark point
in Table 5.3 refers to the combination of both the Feynman diagrams shown in 5.2.
The simulated datasets are re-weighted, based on their matrix-level kinematics, to
model the non-resonant signal with additional values of the coupling parameters. The
details of the simulated non-resonant signal datasets are provided in Table 10.10 of

Appendix 10.
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Figure 5.2: Feynman diagrams for the SM H H production.



Benchmark | &) Ky Cy Cq Cog
1 75 | 1.0]-1.0] 0.0 | 0.0
2 1.0 |1.0] 0.5 |-0.8| 0.6
3 1.0 |1.0]-1.5] 0.0 | -0.8
4 -3.5|1151(1-3.0] 00 | 0.0
5 1.0 |1.0] 0.0 | 0.8 | -1.0
6 24 11.0] 00 | 0.2 |-0.2
7 50 [ 1.0] 0.0 | 0.2 | -0.2
8 15.0]1.0] 0.0 | -1.0| 1.0
9 1.0 [1.0] 1.0 |-0.6 | 0.6
10 10.0 | 1.5 | -1.0| 0.0 | 0.0
11 24 11.0] 00 | 1.0 |-1.0
12 15.01.0] 1.0 | 0.0 | 0.0

Table 5.2: The BSM shape benchmark points for

production [11; 12].
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the non-resonant HH — bbrr

Benchmark | ky | K¢ | c2 | ¢4 | Cag
Box 0.0 1.0]0.0(0.0]0.0
SM 1.0[1.0/0.0]0.0 0.0

Table 5.3: SM shape benchmark points for non-resonant HH — bbr7 production.

5.3 Event Selection

The event selection steps are as follows,

e clectron, muon, 7, and b-jet selection

e [ — 77 candidate selection

e H — bb candidate selection

e (Categorisation of events based on the jet configuration
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e H H candidate selection
e Choice of the final discriminating variable

Reconstruction and identification of electron, muon, 75, and b-jet have been dis-

cussed in Chapter 4.

5.3.1 Muon selection
Muon candidates are required to satisfy the following requirements,

e pr > 23 GeV

In| < 2.1

tight muon selection

I < 0.15 calculated with a cone size of AR < 0.4

Ay < 0.045 mm and |A,| < 0.2 mm from the event vertex

5.3.2 Electron selection

Electron candidates should satisfy the conditions listed below,
e pr > 27 GeV
o |n| <21
e pass the tight MVA selection requirement

o [, < 0.1 calculated with a cone size of AR < 0.3
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Variables WTh et ThTh
pr (GeV) > 20 > 20 > 45
| <23 <23 <21
MVA Isolation discriminator Medium | Medium | Medium
Against Electron discriminator | Very loose | Tight | Very Loose
Against Muon discriminator Tight Loose Loose
A,, from event vertex (mm) 0.045 0.045 0.045
|A,| from event vertex (mm) 0.2 0.2 0.2

Table 5.4: Selection conditions for the 73, candidate for different final states.

o A, < 0.045 mm and |A,| < 0.2 mm from the event vertex

5.3.3 713, selection

The selection conditions for the 73, candidates for the three different final states are

shown in Table 5.4.

5.3.4 Selection of the H — 77 candidate

In the bbuTy, (bbery) final state, events are required to have one muon (electron) can-
didate which passes the muon (electron) selection conditions mentioned above and
matches with the trigger object. The events are further required to have one 7,
candidate passing the 75, selection requirement listed in the p7, (e7;,) column in Ta-
ble 5.4. The muon (electron) and 7, candidates should have opposite charges and
should be separated by, AR > 0.1. In case there are more than one 73, candidates,
the one with the highest value of the MVA Isolation discriminant is chosen.

For the bbb, 7, final state, the events are required to have two 7, candidates, both
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passing the 7, selection criteria given in the 75,7, column of Table 5.4 and matching
with the trigger objects. The 7, candidates should have opposite charges and should
be separated by, AR > 0.1.

Events are rejected if an additional muon or electron other than the candidate
muon or electron is present in the event. The selection requirements for veto muons

are,

pr > 10 GeV

In| < 2.4

e Joose muon selection

I, < 0.3 calculated with a cone size of AR < 0.4

A,y < 0.045 mm and |A,| < 0.2 mm from the event vertex

Similarly, the selection requirements for the veto electrons are,

e pr > 10 GeV

In| < 2.5

pass the loose MVA requirement

I, < 0.3 calculated with a cone size of AR < 0.3

A,y < 0.045 mm and |A,| < 0.2 mm from the event vertex
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5.3.5 Selection of the H — bb candidate

Events are required to have at least two jets, passing the selection requirements
shown in Table 5.5. Jets should be separated from the lepton candidates by, AR >
0.5. The two jets having the highest CSV discriminator value are considered to form

the H — bb candidate.

Variable Condition
pr > 20 GeV
| <24

Neutral hadron fraction < 0.99

Neutral electro-magnetic fraction < 0.99
Number of constituents > 1
Charged hadron fraction >0
Charged multiplicity >0

Charged electro-magnetic fraction < 0.99

Table 5.5: Jet selection criteria.

5.3.6 Categorisation of events based on jet configuration

H — bb decay may give rise to the following possible scenarios depending on the

separation between the two b-quarks.

e if the b-quarks are separated by a distance of AR(b,b) > 0.8, each quark will
be clustered as a jet by itself, with both AK4 and AKS8 algorithms, as shown

in Figure 5.3a.

e if the b-quarks are separated by a distance 0.4 < AR(b,b) < 0.8, they will be

clustered as separate jets with the AK4 algorithm, but as a single jet with the
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Figure 5.3: Different possible scenarios depending on the separation of the two b-
quarks, (a) AR(b,b) > 0.8, (b) 0.4 < AR(b,b) < 0.8 and (¢) AR(b,b) < 0.4. In all
the cases, green and yellow cones represent AK4 jets and violet cones represent AKS8
jet.

AKS algorithm, as shown in Figure 5.3b.

e if the b-quarks are separated by a distance AR < 0.4, both the quarks will be
clustered into a single jet with both AK4 and AKS8 algorithms, as shown in Fig-
ure 5.3c, and highly sophisticated techniques would be required to reconstruct

the H — bb candidate, which was not attempted in the present study.

The first two scenarios fall in the “Resolved” and “Boosted” categories, respec-
tively. It is verified from simulation that the third possibility is relevant only for the
resonant H H production, when the mass of the resonant particle is above 900 GeV'.
In the present analysis, the resonant particle mass is considered upto 900 GeV and

therefore, the third scenario is not considered.
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In the “Boosted” category, the events are required to have an AKS8 jet, with
Maks_jer > 30 GeV, consisting of at least two sub-jets which geometrically match
the selected AK4 jets. The selected AK4 jets are required to pass the loose b-tagging
working point.

The rest of the selected events are classified as “Resolved” which is further clas-

sified depending on number of b-tagged jets in the event as,

e resolved 2jet-1tag (1blj), where only one of the two AK4 jet passes the

medium b-tagging working point

e resolved 2jet-2tag (2b0j), where both the jets pass the medium b-tagging

working point

5.3.7 HH candidate selection

To select the HH candidate(s) in an event, invariant masses of the H — 77 and
H — bb candidates are used.

The invariant mass of the H — 77 candidate is reconstructed using a dynamic
likelihood fitting technique, called SVFit [119]. The SVFit algorithm quantifies the
level of compatibility between a Higgs mass hypothesis and the measured momenta
of the visible decay products of the 7 leptons along with the MET reconstructed in
the event.

In the “Resolved” category, the invariant mass of the H — bb candidate is esti-

mated using the two selected AK4 jets. An elliptical mass cut on the H — 77 and
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H — bb candidate is applied,

(m., — 116 GeV')? N (my, — 111 GeV)?
(35 GeV')? (45 GeV')?

(5.2)

The radii (35 GeV for the H — 77 candidate and 45 GeV for H — bb candi-
date) and the centre of the ellipse (116 GeV and 111 GeV for H — 77 and H — bb
candidates respectively) are chosen according to the mass resolutions and expected
positions of the 125 GeV Higgs boson peak for the 77 and jet pair systems, estimated
using simulated events. This condition is optimised for the SM H H events with 80 %
signal efficiency and 85 % background reduction in the u7;, channel.

In the “Boosted” category, the invariant mass of the H — bb candidate is esti-
mated using the AKS jet. The invariant mass of the H — bb and H — 77 candidates

are required to satisfy the following condition,

80 < m,, < 152 GeV,
(5.3)

90 < my, < 160 GeV.

To further reduce the ¢t background in the semi-leptonic channels, two separate
BDTs, with two different sets of kinematic variables as input, have been used in
the search for resonant production. The BDTs for the resonant particle mass >
350 GeV and < 350 GeV are termed as high-mass (HM) and low-mass (LM) BDTs
respectively. For non-resonant production, the LM BDT is found to be useful with
a different training performed with the non-resonant H H signal events. The output
ROC curves for all the signal scenarios have been shown in Figure 5.4. For resonant

production, the point with 90 % background rejection is chosen as the working point
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while for non-resonant production, the point with 70 % background rejection is chosen

as the working point.

5.3.8 Final discriminating variables

To look for any excess in the data over background expectation, one or more suitable
variables, with good discriminating power, must be selected.

For resonant production, the combined invariant mass of the two Higgs candi-
dates (mgyp) is the natural choice, which is computed from the informations of two
lepton candidates, two jet candidates and MET in the event by the HHKinF'it algo-
rithm [120], and is denoted by m&#¥ " HHKinFit is based on the hypothesis that
the candidate leptons and jets originated from two 125 GeV Higgs bosons.

For non-resonant production, a mass bound variable called the stransverse mass (mr2) [4;
121; 122] is used which is designed for those cases, where two parent particles of equal

mass decay into a visible and an invisible components,

A= B+CA - B+ (5.4)

Where A and A’ are particles of equal mass and B (B’) and C(C’) denote the visible
and invisible components respectively. mpry is designed to provide the maximum
allowed mass of the particle A (A’).

The dominant background tf — bb WW — bbrrvv is such an example, where
the two identical mass parents both decay into a visible component (i.e. b-jets and
visible product of the 7 decay) and an invisible component (neutrinos in W decay

chain). In contrast, for signal (HH) events, one Higgs boson decays to bb (visible)



94

BDTResonantLM BDTResonantHM
T | 2
g A \\\ %’ '
f \Qs\ AN ﬁ
08 < 08
i \t:\\ : \@\v \\ \l
S E— !"\vclli i ggg g:}v/ \\ Y E— Mﬁ = 2;0“9"\:’\\\\’5'
_poimey N SRR
04 M, = 400 GeV i\ 04 M, = 400 GeV \\
- —— M, =500 GeV i - —— M, =500 GeV
i M, = 650 GeV \Q i M, = 650 GeV \\
0.2 M, =750 GeV 0.2 M, =750.GeV
- — M =900 GeV | - — My =900 GeV
i m; <30 GeV “ i m; < 30 GeV
OO Il Il Il 02 Il Il Il 04 Il Il Il 06 Il Il Il 08 Il Il Il 11 Il 00 Il Il Il 02 Il Il Il O 4 Il Il Il 06 Il Il Il 08 Il Il Il 1 Il
sig. eff. sig. eff.
(a) Resonant signals - LM (b) Resonant signals - HM
BDTResonantLM
s [
21
\\
0.8
I el
Tk =-2
K =-1
0.4 k). =0 )
Lo kx =1 i
i K =2
0.2 Ky =1
Lk =20
r m; <30 GeV
00 Il Il Il 02 Il Il Il 04 Il Il Il 06 Il Il Il 08 Il Il Il Il

]
sig. eff.
(c¢) Non-resonant signals - LM

Figure 5.4: ROC curves for ¢t background rejection and signal efficiencies for (a) low-
mass resonant production, (b) high-mass resonant production and (c¢) non-resonant
production with low-mass BDT.
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while the other decays to 7,7, (both visible and invisible). mpy may, therefore, be
used to separate signal from t¢ background as proposed in reference [4].
The transverse mass (my) of the particle A, decaying to a visible part B and an

invisible part C, can be calculated as,

mT(b?p, CTy M, M) = \/mg +m?2+2(ep e, — b;.c}), (5.5)

where

e by and my, are the transverse momentum and mass of the visible part (B) re-

spectively

e ¢ and m, are the transverse momentum and mass of the invisible part (C),

both being unknown and hypothesized
e cs are the transverse energy, defined as e = \/m? + p%

A similar equation can be written for the particle A’ decaying to a visible part B’
and an invisible part C’.

The mqpo of the event is calculated from the transverse masses of two A particles
as,

mT2(mb7 my, bTv b/T? p}za me, mc’) = T@m 'max(mT, m/T)7 (56)
c+cp=p7>

where,

e p> is the vector sum of the transverse components of the momentum of the

— Miss

two C particles, which is experimentally measured as pr
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The minimisation of the Equation 5.6 is performed over all the hypothesized values
of the ¢ and 077:, where ¢r + 677: =g
In the HH — bbr7 analysis, the mqy is calculated in a slightly different way,

following Reference [4], by assigning,
e my and my as mass of the two selected jets

by and b7T as transverse momenta of the jets

m. and m. as the experimentally measured mass of the two 7 candidates

— 3 - — Miss

e pr- =pr(n) +pr(r) +pr

As can be seen from Figure 5.5, the mpo variable is bounded by the top quark
mass for the tf background, by definition. As a result, mgs is expected to have a
good discriminating power for signal and background. However, in tf decay, due to
detector resolution effects and presence other decay modes of t¢ (like the jets from
W decay erroneously detected as 7, candidate), there will be an extension of the tail

of the mps distribution beyond the top quark mass.

5.4 Background estimation

Different sources of background events survive the complete chain of event selection
and must be correctly estimated. Shape and normalisation of background events are

estimated in the following way,

e Both the shape and normalisation of the tf + jets, SM Higgs boson production,
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Figure 5.5: mpy distribution for non-resonant H H signal events (solid red line) and

tt background (solid blue line) [4]

W — lv+jets, di-boson, single top and Electroweak + two-jets background

processes are estimated from MC simulated events

e The shape of the Drell-Yan background is estimated from the Drell-Yan LO MC

simulated events. However, jet emission in the Drell-Yan LO MC simulated

events may not be perfectly modelled. Hence a data-driven approach is used

to estimate the normalisation of the Drell-Yan background.

e Due to imperfect modelling of jet emission and limited MC statistics, QCD

background contribution is estimated using a data-driven approach

5.4.1 QCD multi-jet event

The contribution of the QCD multi-jet events, where jets can fake 7 leptons in the

detector, is estimated by a data driven approach using a jet-enriched control region.
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The background estimation is performed by a classic ABCD [123] method, as shown
in Figure 5.6 where charge of the 7 pair is plotted along the x axis and isolation
requirement on the 7 candidates is plotted along the y axis. The definition of each

region is as follows,

e Region (A): events in this region must pass the main selection requirements.
Therefore, this region is considered as the signal region in the analysis. The 7
candidates are isolated and have opposite charges in this region. The region is

also referred as the Opposite Sign (OS) isolated region.

e Region (B) : selection requirements are the same as in region A, except that the
opposite charge requirement between the two 7 candidates is inverted. The 7
candidates are isolated and have the same charge in this region. The region is

also called the Same Sign (SS) isolated region.

e Region (B’): this region is the same as region B, but the isolation requirement

is relaxed to increase statistics

e Region (C) : selection requirements are the same as in region A, except that the
7 candidates are required to fail the isolation requirement. The 7 candidates
are non-isolated and have opposite charges in this region. The region is also

called the Opposite Sign (OS) non-isolated region.

e Region (D) : the 7 candidates are required to have the same charge and fail the
isolation requirement. The 7 candidates are non-isolated and have the same
charge in this region. The region is also called the Same Sign (SS) non-isolated

region.
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Figure 5.6: A sketch of different regions used for the QCD background estimation.
The charge of the 7 pair is plotted along the x axis. while the isolation requirement
on the 7 candidates is plotted along the y axis.

The yield of the QCD events in the signal region A is estimated from the region
B, weighting by the OS/SS correction factor, which is estimated from the region C
and D, i.e.

(5.7)

The shape of the QCD events in the signal region A, is estimated from the region

B’, due to low statistics in the region B.
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5.4.2 Drell-Yan + jets background estimation

The Drell-Yan + jets is a major source of background in the present analysis. The
shape of the Drell-Yan + jets background is estimated from LO MC events, where
the modelling of jet emission at LO is known to be imprecise [124]. Therefore, the
normalisation of the Drell-Yan background is based on a data driven technique where
a Z/v* — ptp~ +jets control region is used which has no contribution from signal
events. Physics objects in the control region have kinematics similar to that of the
signal region.

Selection of the Z/v* — u*u~ + jets control region requires that events should
have two muons with opposite charges. Jet selection is the same as in the main
analysis. The invariant mass of the jet pair should satisfy 80 < m;; <160 GeV
while the invariant mass of the muon pair should satisfy, m,, > 60 GeV. To reduce
contamination from tf events, a cut on the missing transverse momentum, pp*s <
45 GeV is used. The events are grouped in three categories based on the number of

b-tagged jets,
e 7/v* + 0 b-Tagged jet
e Z/v* 4+ 1 b-Tagged jet
o 7/v* 4+ 2 b-Tagged jets

In each category, the MC Drell-Yan events are also split in three MC templates

based on the number of b-jets at the generator level,

o 7/v* + light jets
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o Z/y" 4+ 1b jet
o Z/v* + >2b jets

A single MC template for all the other backgrounds is also used.

The distribution of the invariant mass of the muon pair (m,+,-) is shown in
Figure 5.7, for all the three categories.

In all the categories, the m,,+,- distribution for data is fitted simultaneously with
the four MC templates described above, keeping the normalisation of the MC tem-
plates floating. The fit in three categories is shown in Figure 5.8. The normalisation
correction factors (scale factors) obtained for the three Drell-Yan MC templates are

shown in Table 5.6.

Z/y* + light jets | Z/v* + 1 b jet | Z/v* + > 2D jets
Scale factors | 1.412 4 0.0017 1.187 + 0.015 1.170 4+ 0.029

Table 5.6: Scale factors for normalisation of Drell-Yan + jets background.

The Drell-Yan MC events in the signal region are weighted with the estimated
scale factors to correct the normalisation and the error on the scale factors are con-

sidered as a source of systematic uncertainty.

5.5 Systematic Uncertainties

Two different sources of systematic uncertainties are considered,

e Uncertainties which affect the normalisation of different processes (shown in

Table 5.7)



35.9 0" (13 TeV) . 35.9 b (13 TeV)
> 10°CMS j b M WP ¢ Data S 10 E CMS bj uu M WP ¢ Data
[0} E preliminary channel 1 Drell-Yan 2b (O] | preliminary channel B Drell-Yan 2b
S s Drell-Yan 1b S t i Drell-Yan 1b
— 5| Drell-Yan Ob el Drell-Yan Ob
_‘110 E o*% tt 2 10 it
= F o ° [ Other bkg. = F [ Other bkg.
_g ni !9* ’. 2 bkg. uncertainty| _g - 2 bkg. uncertainty|
= 10 E 0 = o
P F Z 10°
© r © E
10° [ e .
E ) 102
10°

Q12 Q T2k s
. g SRR R = gé&&%ﬂ&\\\f\\ W\Q\\w
iy — T ook
() 70 80 90 100 1 1 120 a o 70 80 90 100 0
m, [(GeVf . TaeVf
(a) (b)
35.9b (13 TeV)
S Fcms bb i M WP + Daw
[0} F preliminary channel mm Drell-Yan 2b
9] r = Drell-Yan 1b
- L Drell-Yan Ob
. mtt
Z10°F [ Other bkg.
S F W\ bkg. uncertainty|
kS o
Z -
o I
102

Qi3 A ]
1.2) o
S TR ey
"a'guE R T A
A %870 " 8 90 10

* . (GeVf’

uu

(©)

Figure 5.7: m,+,- distribution for (a) Z + 0 b-tagged jet, (b) Z + 1 b-tagged jet,
and (c) Z + 2 b-tagged jets categories. The black dots represent data and coloured
filled histograms represent MC events. The MC events are stacked up. The ratio
between data and MC is also shown.

e Uncertainties which affect the shape of distributions for different processes (shown

in Table 5.8)
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Systematic value processes
Luminosity 2.5% all but multi-jet, Z/v* — Il + jets
Lepton trigger and reconstruction 2-6% all but multi-jet
Uncertainties related to 7, calibration 3-10% all but multi-jet
Uncertainties related to jet calibration 2-4% all but multi-jet
b-tag efficiency 2-6% all but multi-jet
Background cross-section 1-10% all but multi-jet, Z/~* — Il + jets
Z/v* — Il + jets SF uncertainty 0.1-25% Z/y* — Il + jets
multi-jet normalisation 5-30% multi-jet
scale unc. +4.3%/ —6% signals
Theory unc. 5.9% signals

Table 5.7: Systematic uncertainties, which affect normalisation of different processes.

Shape Uncertainties

Uncertainties related to 7, calibration
Uncertainties related to jet calibration
top pr reweighing
QCD background estimation
additional uncertainties for bins with low statistics

Table 5.8: Systematic uncertainties, which affect shape of distributions for different

processes.
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Figure 5.8: m+,~ distribution after the simultaneous fit in (left) Z + 0 b-tagged
jet, (centre) Z + 1 b-tagged jet and (right) Z + 2 b-tagged jets. The black dots
represent data points, The solid blue lines represent the obtained pdf combining the
three Drell-Yan MC templates. The dashed blue lines represent the MC template
for all other backgrounds.

5.6 Results

Figures 5.9, 5.10 and 5.11 show distributions of m&E%F% and my, in the bbuy,, bbety,
and bbr, 7, final states respectively, for different categories. The presence of resonant
signal should result in a localised excess in the m&#F distribution while that for
the non-resonant signal will end up in an excess of events in the tail of the mqpy
distribution. A binned maximum likelihood fit is performed simultaneously in all
the categories for the three final states. The fit is performed by the CMS Higgs
Combined Tool [125] where the mE@F# and mry distributions for data, background,
and signal events are used as input. The systematic uncertainties, discussed in the
previous section, are used as the nuisance parameters of the fit. As there is no
evidence of signal, a 95% CL upper limit is set on oy xB(HH — bbrt) using the

asymptotic modified frequentist approach [126; 127].
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Figure 5.9: Distribution of the final discriminating variables for the bbu, final state.
Panels a and d, show the distribution of m&%F% in the low-mass (LM) resonant signal
region for resolved 1blj and 2b categories respectively. Panels b and e show the distri-
bution of m&MFi in the high-mass (HM) resonant signal regions for resolved 1b1j and
2b categories respectively. g shows the distribution of m#&Fi in the resonant signal
region for the boosted category. Panels ¢, f and h show the distribution of mys in the
non-resonant signal region for resolved 1b1j, 2b and boosted categories respectively.
Data are represented by points with error bars and expected signal contributions are
represented by the solid (BSM H H signals) and dashed (SM non-resonant HH sig-
nal) lines. Expected background contributions (shaded histograms) and associated

systematic uncertainties (dashed areas) are also shown. The background histograms

are stacked.



106

CMS 35.9 b (13 TeV)
‘; resolved 161 7,5, ¢ Data
[ channel i
[0} Multjet
& [0 Drell-Yan
£z [ Otner bikg.
< [ SM Higgs boson
<l S\ Bkg. uncertainty
2 mg =270 GeV
° o(gg—~S)xB(S—HH) = 10 pb

0 300 350 400 450 500 550 600 650 700
KinFit
mi T [GeV]
(a)

CMS 359167 (13 TeV)
S + Data
) i
[0} Multijet
el [ Drell-Yan
tx [ Other bkg.
= [ SM Higgs boson
3 S\ Bkg. uncertainty
E =270 GeV
© 0(gg—S)<B(S—HH) = 10 pb

H
0 300 350 400 450 500 550 600 650 700
minFt [GeV]

. CMS 35.91b" (13 TeV)
'> resolved 1b1] 7T, 4 Daa
@ [
O, Multiiet
g [ Drell-Yan
EZ 4 [ Other bkg.
= [ SM Higgs boson
k<] QNN BKg. uncertainty
2 m =750 GeV
©° olgg—S)xB(S—HH) =1 pb

miSF [GeV]

(b)

CMS 359167 (13 TeV)

'; resolved 2b t,T, 4+ Data

[0} channel [kl

S Multijet
g [Z00 Drell-Yan
£ [ Other bkg.
XEI [ SM Higgs boson
S SN Bkg. uncertainty
z =750 GeV
° 0(gg—~SIB(S—HH) =1 pb

A\
N
\

300 400 500 600 700 800 900 1000
minFt [GeV]

35.9 b (13 TeV) CMS

CMS 3591 (13 TeV)

[ SM Higgs boson
NN Bkg. uncertainty
----- (k, =1, SM) x 100
(k; =20) x 10

i resolved 1b1]j T.t, ¢ Data
[ channel [
O, Multiiet
o [ Drell-Yan
é‘ [ Other bkg.
2
=z
°

my, [GeV]

()

CMS 359167 (13 TeV)

[ SM Higgs boson
NN\ Bkg. uncertainty
----- (k, =1, SM) x 100
—— (k,=20)x 10

'; resolved 2b T,1, + Data
10%channel g
[ [y
S, Multijet
~ [ Drel-Yan
é— [ Other bkg.
3
=z
°

0 50 100 150 200 250 300 350 400 450 500

my, [GeV]
(f)

359107 (13 Tev)

algg—-S)xB(S-—HH) = 0.5 pb
N

¢ Data boosted .,
it channel
Multjet
[ Drell-Yan
[ Other bkg.

[ SM Higgs boson
NN Bkg. uncertainty
—— mg =750 GeV

600 700 800 900 1000 00 50 100 150

(2)

miE [GeV]

KinFit
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and 2b categories respectively. g shows distribution of my;
region for the boosted category. Panels ¢, f and h show distribution of mps in the
non-resonant signal region for resolved 1b1j, 2b and boosted categories respectively.
Data are represented by points with error bars and expected signal contributions are
represented by solid (BSM HH signals) and dashed (SM non-resonant HH signal)
lines. Expected background contributions (shaded histograms) and associated sys-
tematic uncertainties (dashed areas) are also shown. The background histograms are

stacked.
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Figure 5.11: Distributions of the final discriminating variables for the bbr,7;, final
state. Panels a, ¢, e show distribution of m&# 7 in the resonant signal region for
resolved 1b1j, 2b and boosted categories respectively. Panels b, d and f show distri-
bution of mrs in the non-resonant signal region for resolved 1blj, 2b and boosted
categories respectively. Data are represented by points with error bars and expected
signal contributions are represented by solid (BSM H H signals) and dashed (SM non-
resonant H H signal) lines. Expected background contributions (shaded histograms)
and associated systematic uncertainties (dashed areas) are also shown. The back-

ground histograms are stacked.
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Figure 5.12: (a) 95% CL upper limits on the resonant HH production cross-section
times branching fraction as a function of the resonant particle mass (mg) [5]. The
red line denotes the expectation for production of a radion. (b) Excluded regions in
the my4 — tanf plane in the hMSSM scenario [5].

For resonant production, the 95% CL upper limit on oyyx B(HH — bbrT)
was set as a function of the resonant particle mass which is shown in Figure 5.12a.
Figure 5.12a also shows the expected production cross-section of a radion, with mass
scale, AR = 3 TeV and size of extra dimensions, kIl = 35, assuming absence of
mixing with the SM Higgs boson. The radion production cross-section and branching
fraction to HH are taken from [128]. Limits from Figure 5.12a were also used to
interpret in the hMSSM scenario. In the hMSSM interpretation of the results of this
analysis, the resonant particle is considered as the heavy CP-even Higgs state (H).

The excluded regions as a function of m4 and tang are shown in Figure 5.12b.

For non-resonant production, considering the theoretical uncertainties, the ob-

served 95% CL upper limit on oy xB(HH — bbr7) is 75.4fb (30 times the SM
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Figure 5.13: (¢) 95% CL upper limits on the non-resonant HH production times
branching fraction as a function of ky/k; [5], (d) Excluded regions in the k) — Ky
plane [5].

prediction) whereas the expected 95% CL upper limit is 61.0fb (25 times the SM
prediction). Limits are also set for different hypotheses with different values of
kx = Aggm /Ny and Ky = v /y?M assuming all other BSM couplings to be zero.
The signal kinematics depends on the ratio of x, and x; and therefore, the 95% CL
upper limit is set as a function of k) /K. The result is shown in Figure 5.13a, and the
exclusion is compared to the theoretical prediction for cross-section with x; = 1 and
2. These upper limits are used to set constraints on k) and x; values, as shown in
Figure 5.13b, with all other couplings set to zero. The branching fractions of H — bb

and H — 77 are set to be equal to the SM values.



Chapter 6

CMS Phase-2 Tracker and Levell

Tracking

The LHC is scheduled to undergo a major luminosity upgrade starting from ~2025
for about three years. The upgraded LHC, with a design instantaneous luminosity
of 5—7x10* cm~2s71, will be known as the High Luminosity LHC (HL-LHC). The
HL-LHC is expected to commence operation at the end of 2027, and should deliver
3ab~! of data to both ATLAS and CMS experiments in the next 10 years, which
will significantly enhance the physics potential of each experiment to look for rare

physics processes.

Along with the increased instantaneous luminosity, the <PU> per bunch crossing
will also increase to 140 — 200, which will pose new challenges to the experiments.
Increased instantaneous luminosity and pile-up will increase the trigger rates at each

experiment and induce higher radiation level, especially in the forward regions of the
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detector. To work efficiently in the extremely harsh radiation environment of the
HL-LHC, the experiments will have to undergo major upgrade, termed as Phase-2
upgrade. The key goals of the Phase-2 upgrade are to replace those parts of the
detector which will become inefficient due to radiation damage and at the same time
increase coverage and granularity of the detector taking advantage of the improved
electronics.

The CMS experiment has decided to incorporate the following upgrades,

e The 7 coverage of the muon chambers will be increased from |n| < 2.4 to |n| <

2.8 [129].

e The endcap electromagnetic and hadron calorimeters and the pre-shower detec-
tor will be replaced by a new forward calorimeter, called the High-Granularity

Calorimeter (HGCAL) [130].

e To mitigate the effect of the pileup interactions at the HL-LHC, a MIP Timing
Detector (MTD) [131], with a timing precision of 30 ps, will be installed between

the tracker and calorimeter.

e After the LHC Run-3, the current CMS tracker will become significantly inef-
ficient due to radiation induced damage. Therefore, a new, improved tracker

with better radiation hardness, lower material budget and higher granularity

will be installed [6].

The CMS trigger system will also be upgraded in order to take advantage of the
detector upgrade. Higher granularity of the sub-detectors will require larger number

of readout channels. The upgraded trigger system will have the following features,
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e The L1 trigger output rate is expected to increase from the current value of
100kHz to ~ 750 kH z. The L1 trigger latency will increase from the current

value of 3.8 us to 12.5 pus.
e Tracking information will be included in taking the L1 trigger decision.

e The output rate of the HLT is expected to increase from the current value of

1kHz to 7.5 kHz.

In this chapter, the CMS Phase-2 tracker and inclusion of tracking information
at the Levell trigger, which are relevant for the studies presented in this thesis, will

be discussed.

6.1 The CMS Phase-2 Tracker

The layout of the proposed CMS Phase-2 tracker is shown in Figure 6.1. The full
tracker is divided in two regions, the inner tracker (IT) made of pixel detectors and
the outer tracker (OT) made of pixel and strip detectors.

The inner tracker, which is placed closest to the interaction point, consists of
four barrel layers, within the radial region ~ 30 mm < r < ~ 160 mm and 12 discs
on either side of the barrel, extending up-to z ~ 2500 mm from the interaction
point. The inner tracker provides a pseudorapidity coverage up-to || < 4. The pixel
detectors provide high resolution three-dimensional hit co-ordinates which in turn
provide excellent vertex measurement.

The outer tracker is made up of six barrel layers, covering a radial region 21 cm

< r < 112 em and five endcap discs on each side of the barrel region, covering 1200
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Figure 6.1: The layout of the CMS Phase-2 tracker. The inner tracker is represented
by green and yellow colours, while blue and red colours represent the outer tracker.

< |z| < 2700mm. The CMS Phase-2 tracker is designed in such a way that the
outer tracker information can be used to reconstruct tracks at the L1 trigger. For
this purpose, the outer tracker detector modules perform local data reduction in the
front-end electronics, in order to limit the volume of data that has to be sent to the
off-detector L1 tracking system at 40 MHz. The proposed OT modules will have two
silicon sensors (top and bottom) separated by a few mm and the attached front-end
electronics will have the capability to select high-pr tracks in the presence of 3.8 Tesla
magnetic field of CMS. The concept of high-pr track selection will be discussed in

section 6.2. Two types of modules have been used in the outer tracker, namely,

e Pixel-Strip (PS) module: built with one macro-pixel sensor and one micro-

strip sensor (shown in blue in Figure 6.1).

e Strip-Strip (2S) module: built with two micro-strip sensors (shown in red

Figure 6.1).
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The actual specifications of the PS and 2S modules are shown in Table 6.1.
The three inner barrel layers of the outer tracker, immediately after the inner pixel
detector, will be made up of PS modules and the outermost three layers will comprise
2S5 modules. The endcap discs of the outer tracker will consist of both PS and 2S

modules, organised radially outwards from the beam-line, as shown in Figure 6.1.

Table 6.1: Main parameters of the 2S5 and PS modules of the proposed CMS Phase-2
tracker [6].

2S module PS module
~ 2 x 90 cm? active area ~ 2 x 45 cm? active area

No. of strips/sensor plane | Strip length | Pitch | No. of strips/macro-pixels | Strip/macro-pixel length | Pitch
2 x 1016 ~ 5 cm 90 pm 2 x 960/32 x 960 ~24cm/~ 1.5 mm 100 pm

6.2 Concept of pr discrimination

The concept of pr discrimination by the modules is demonstrated in Figure 6.2. The
readout electronics of a module is capable of correlating hits in the two sensors to
create an entity known as stub. The distance between the two hits in the two sensors
depends on the separation between the sensors and the pr of the particle forming
the hits. Since the low-pr particles bend more in the magnetic field, the two hits in
the two sensors will be more separated than that of a high-p; particle, for a fixed
separation between the two sensors. As shown in Figure 6.2, the stub formation
succeeds if the hits (or clusters) in the two sensors fall within a programmable search
window and fails otherwise. The outer tracker modules are designed to have a mini-

mum allowed pp threshold of 2 GeV for a stub to be accepted. The hit (or cluster)
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position in the bottom sensor, i.e. the sensor facing the interaction point, will be

assigned as the position of the stub.

programmable
search window

stub

Figure 6.2: The concept of pr discrimination.

1.6-4.0mm

The front-end electronics, attached to the PS and 2S modules, process analog
input signals from the detector, and produce binary hit information. The front-end
electronics subsequently use the hit information from adjacent channels which are

connected to top and bottom sensors to form stubs.

For the PS modules, the information of the strip sensor will be read out by a chip
known as the Short Strip ASIC (SSA) [132]. Similarly, the chip to read out the pixel
sensor is known as the Macro Pixel ASIC (MPA) [133]. The stub finding logic will

be implemented in the MPA.

Both the sensors of a 2S module will be read out by a chip called the CMS Binary
Chip (CBC) [7-9]. Each CBC will have 254 channels, with 127 channels connected
to the strips of the top sensor and the remaining channels connected to the strips of

the bottom sensor. The stub finding logic will be implemented in the CBC.
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6.3 L1 Tracking

At the L1 trigger, the stub data will be read out for each bunch crossing and the L1
track finding algorithm will perform pattern recognition to reconstruct tracks with
pr > 2 GeV by joining the stubs in different outer tracker layers. The L1 tracks
are tracking primitives and will be combined with the information from the other
sub-detectors to form the L1 trigger decision.

The analysis presented in this thesis uses tracks formed by a tracklet based track-
ing algorithm [6]. The algorithm forms track seeds or tracklets by joining a pair of
stubs in adjacent layers or discs, considering a helical trajectory from the nominal
interaction point. The tracklets are projected in other layers or discs. The projection
is performed using both inside-out and outside-in methods. If a stub is matched in
the projected layer or disc, the matched stub is included in the trajectory. A lin-
earised 2 fit is performed on the stubs matched to a trajectory to obtain the final
track parameters pr, 1, ¢g, the longitudinal impact parameter, z; and optionally the
transverse impact parameter, dy. Variables related to the quality of the track is also
returned by the algorithm. The schematic diagram of the tracklet based tracking
algorithm is shown in Figure 6.3. The L1 tracks will also be used for primary vertex
reconstruction [6] at L1.

The tracklet based tracking algorithm is implemented in the FPGA. The Phase-2
tracker is divided in 28 sectors along the azimuthal angle, for the implementation
of the tracklet algorithm. The number of sectors are chosen to contain the tracks
with highest curvature, i.e. pr = 2GeV, within at most 2 sectors. Track finding in

the 28 sectors is performed in parallel by the ATCA (Advanced Telecommunication
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Figure 6.3: The schematic of the tracklet based tracking algorithm. A portion of the
barrel outer tracker in the x — y view is shown. The blue and red lines represent PS
and 2S modules respectively. The light blue stars represent stubs. (a) The formed
seed or tracklet is represented by red stars. (b) A helical trajectory from the nominal
interaction point is formed using the tracklet and the trajectory is propagated to
other layers. (c) The matched stubs to the trajectory are represented by green stars.

Computing Architecture) blades. The ATCA blades are equipped with FPGAs and
each sector has one dedicated ATCA blade assigned to it. Tracklet formation is also
performed within sectors. A small amount of data is duplicated in the even layers so
that the tracklets can be formed locally in a sector processing unit. This also allows

to avoid gaps in any area of the detector coverage.

To reduce the combinatorics during tracklet formation and also to allow additional
parallel processing, each sector is further divided in small sections in z and ¢, called
“virtual modules” or “VM”s. Very few VM pairs can produce a valid tracklet and
the majority of the tracklets, produced by the VM pairs, will be inconsistent with a

high pr track originating from the interaction point.

The implementation of the tracklet algorithm in the FPGA consists of the fol-
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lowing steps:

e Stub organisation : The input stubs are sorted according to their layers and

virtual modules.

e Tracklet formation : Stub pairs are selected to form tracklets. An initial esti-
mation of the tracklet parameters is performed and the tracklets are projected

in other layers.

e Projections : The projections of the tracklets, which are pointed towards other
sectors, are transmitted. Also, the projections are routed according to the

virtual modules.

e Stub matching : A matching between the stubs and the projected tracklets are
performed and the difference in position between the stubs and the projected
tracklets are also calculated. The information of the matching is transmitted

between the sectors.

e Track fit : The track fit is performed and the initial estimation of the tracklet

parameters are updated.

Duplicate Removal : The duplicate tracks are removed.

A schematic diagram of the implementation of the tracklet algorithm is shown in
Figure 6.4. The processing modules are represented by red boxes, whereas the blue
boxes represent the memory where the data are stored.

The system of 28 sectors is replicated n times using a round-robin time multiplex-

ing approach. Each time multiplexed unit is independent from each other and hence
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Figure 6.4: A schematic diagram of the implementation of the tracklet algorithm
in the hardware [6]. The red boxes represent the processing modules and the blue
boxes are the memory blocks, where the data is stored. The data flows from left to
right in the figure.

each unit gets a new event to process after n x 25 ns. The choice of number of time
multiplexed factor, n, is driven by a balance of cost, efficiency and needed processing
power. By construction, the system operates in a fixed latency. Each step, discussed
above, is performed for a fixed amount of time. If there are too many objects, some
may not get processed which will lead to an algorithmic inefficiency. For the system
in question, n= 4 — 8 have been considered to balance the mentioned factors.

A more detailed description of the tracklet based tracking algorithm and also

other methods for the Level-1 tracking can be found in reference [6].



Chapter 7

Test Beam Results for Prototype

2S modules

As described in Chapter 6, the outermost three barrel layers and the outer rings of
the endcap discs (with radius above 600 mm), of the CMS Phase-2 outer tracker will
be made of Strip-Strip (2S) modules. The front-end readout electronics attached to

the modules have been designed to be able to select high-py tracks.

The performance of the 2S modules is estimated under realistic beam (described
in section 7.3) conditions by studying the efficiency to find high pr tracks, uniformity
of the stub finding efficiency over the length of the detector module and ability of
the detector modules to work efficiently upto the expected overall HL-LHC radiation
level. In this chapter, test beam results for the prototype 2S modules, equipped with
the second revision of the CMS Binary Chip (CBC2), will be discussed.
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7.1 The CBC2

The block diagram of one of the 254 channels of the CBC2 is shown in Figure 7.1.
There are three I?C registers to control the main settings of each channel of the

CBC2,

e Vorn: controls the comparator threshold.
e Vs : controls the global DC baseline of the post-amplifier output.

o Vet : fine tunes the baseline of the post-amplifier output for individual chan-

nels on the CBC2.

The analog signal in a CBC2 channel from a strip, goes through the amplifiers and if
the amplified signal is higher than the comparator threshold (Vory), a hit is registered

in that channel.

preamplifier gain a:plifier Vdda ! t
100f J\ Offset
i :8Of /é' - comparator

O ,_1[,>}_\ 1”P - Q] b Ve D_% Ju
\:e/200kei‘ VeLus O—i> i)
h

—‘:'—’h postamp O/P 4-bits

offset adjust hysteresis
60k %11952: 8-bit value select

(per channel)

Figure 7.1: Block diagram of one of 254 channels of the CBC2 ASIC [7-9].

When a particle passes through a sensor, it deposits energy in one or more adja-
cent strips (channels). To get a more reliable estimate of the position of the incident
particle, adjacent hits are combined to form a cluster. The CBC2 uses the clusters

in the top and bottom sensors of a module to form stubs. In the CBC2, the central
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strip number in the cluster, in integer precision, is assigned as the cluster position.

The block diagram of the stub finding algorithm of the CBC2 is shown in Figure 7.2.

The stub finding algorithm consists of three steps,

o Cluster-Width-Discrimination (CWD) - The number of strips inside a cluster

is called the cluster width. Low pr tracks produce clusters with large width.
For stub formation, clusters with width < 3 are used. In the CBC2, a global
2-bit register is used to set the maximum allowed cluster width to 1, 2 or 3

strips and wider clusters are rejected.

offset correction and correlation - The pr discrimination algorithm, discussed
in section 6.2, is implemented in the logical block called offset correction and
correlation which looks for valid clusters within a programmable window in
the top sensor, for each cluster in the bottom sensor. In the CBC2, the pro-
grammable window can be set to a maximum value of £8 strips, around the
cluster position in the bottom sensor. The shift between the clusters of the
top and bottom sensors, depending on the position of the strips in r — ¢ plane
inside the module, can be corrected with an offset correction window. The

offset correction window can be set to a maximum value of +3 strips.

stubs readout - The CBC2 provides a binary value about the success or failure
of stub creation. A final version of the CBC chip will also be able to provide

the stub position which was not yet available in CBC2.

The details of the stub finding algorithm can be found in the references [7-9].
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Figure 7.2: Block diagram of the CBC2 ASIC [7-9].

7.2 Prototype 2S Modules

Two prototype mini-modules and one full-sized module have been studied in the
CERN test beam facility. The mini-modules have 254 strips connected to 2 CBC2s,
whereas, the full-sized module has two columns of 1016 strips connected to 8 CBC2s
in each column, on both sides. Each sensor of a module has n-type strips, with 5 cm
length and 90 pm pitch, on ~ 300 um thick p-type bulk. The key parameters of the

modules are shown in Table 7.1, where only the absolute values of the bias voltages

are provided.

Table 7.1: Details of modules used in various test beams at CERN.

Module type Number Sensor Sensor Bias

of CBC2s | active thickness (um) | separation (mm) | voltage (V)
Non-irradiated mini-module 2 270 2.75 250
Irradiated mini-module 2 240 3.05 600
Full-sized module 16 240 1.80 240
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It is important to study whether the 2S5 modules will be able to operate efficiently
throughout the HL-LHC period. For that purpose, one mini-module was irradiated
with 23 MeV protons at the Irradiation Center Karlsruhe [134] to a fluence of 6 x
10" n.,/ cm?* with an annealing of approximately two weeks at room temperature.
This is equivalent to 2 times the total amount of radiation expected in the 2S layers
during the HL-LHC phase. The irradiated mini-module has an active sensor thickness
of 240 um and a sensor separation of 3.05 mm. The irradiated mini-module is shown
in Figure 7.3. The non-irradiated mini-module has an active sensor thickness of

270 pm and a separation of 2.75 mm between the two sensors.

Figure 7.3: An irradiated 2S mini-module consisting of 254 strips and 2 CBC2s.

The current-voltage characteristics of the sensors of the irradiated mini-module
before and after irradiation is shown in Figure 7.4. The effect of irradiation can be
seen as an increase in the leakage current by three orders of magnitude.

The full-sized module has sensors with a dimension of 10 x 10 cm?, an active
sensor thickness of 240 ym and 1.8 mm separation between the two sensors. The

full-sized module is shown in Figure 7.5. There are 8 CBC2s on either side of the
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Figure 7.4: The current-voltage characteristics of a sensor of the irradiated mini-
module before (red) and after (black) irradiation to 6 x 10 n.,/cm? which shows
an increase in leakage current after irradiation. The measurements before and after
irradiation were taken at 20° C and —20° C respectively.

module. The rotation angle between the strips of the two sensors is kept below
400 prad. As the stub formation logic ideally assumes the strips of the two sensors
to be parallel to each other, the performance will deteriorate if the angle between

the two strips is higher than the tolerance of 400 prad.

7.3 Test beam setup

The schematic diagram of the test beam setup at CERN is shown in Figure 7.6. A
120 GeV pion beam has been used in the H2 beam line [135] in the north area with

(a) 2 x10® particles per spill, (b) 4.8s — 9.6s spill length, debunched and (c) 1 spill
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Figure 7.5: The full-sized 2S module used in the test beam.

every 14s — 48s. The direction of the beam is from left to right in the figure.
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Figure 7.6: The schematic diagram of the CERN test beam setup. The four scintilla-
tors used to generate the trigger, the six MIMOSA-26 planes and the fast timing plane
equipped with the FE-I4 chip are shown. The prototype detector under test (DUT)

is placed within the telescope system as shown.

The test beam setup consists of,

e Trigger system: fast timing detectors are placed at the front and rear of the
test beam setup to ensure that an incoming particle has traversed the full setup.

A pair of crossed scintillators, with photomultiplier tubes (PMTs), is used for
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trigger generation.

Telescope system : the trajectory of the incident particle is reconstructed by
a tracking detector called a telescope. The EUDET telescope [136] used in
the test beam has six planes of MIMOSA-26 [137] silicon pixel sensors and a
fast timing reference plane, equipped with the FE-I4 [138] chip. The active
area of the MIMOSA-26 sensor planes is 10.6 x 21.1 mm?. The MIMOSA-
26 planes are made up of square pixels with an area of 18.4 x 18.4 um? and
50 pm thickness. The pixels are arranged in 576 rows and 1152 columns. The
MIMOSA-26 planes provide a position resolution of 3.24 ym. The active area of
the fast-timing plane is 16.8 x 20.0 mm?2. The fast-timing plane has 336 rows
and 80 columns of 200 pm thick pixels. The FE-14 chip has a timing resolution
of 25 ns, which is the same as the CBC chip on the prototype 2S modules. The
tracking is performed with the EUTelescope [136] software framework. At first,
tracks are reconstructed using the hits on the MIMOSA-26 planes. If a hit is
found in the fast timing plane, which is compatible with the track, then the

timestamp of the hit is used as the timestamp of the track.

Detector under test (DUT) : the detector unit which is being examined is placed
within the telescope. The prototype 2S modules were placed in such a way
that there are three MIMOSA-26 sensor planes on either side of the DUT.
The performance of the DUT is studied using the track reconstructed by the

telescope as reference.
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7.4 Reconstruction

When a particle passes through a sensor, it deposits energy in one or more adjacent
strips (channels). If the deposited energy in a channel crosses the threshold (Vory),
the channel fires, which is commonly referred to as a hit. The CBC2 provides the
position of the hits. To get a better estimate of the position of the incident particle,
adjacent hits are combined to form a cluster and the central strip number, in integer
precision, of the cluster is assigned as the cluster position. The number of strips inside
a cluster is known as the cluster width. Figure 7.7a shows the cluster formation logic.
As mentioned in Section 6.2, a stub is formed successfully, if the clusters in the two
sensors are within a predefined matching window. The stub formation logic is shown
in Figure 7.7b. The clusters of width > 3 are not considered for stub formation.
The CMS binary chip is designed to correlate clusters in the two sensors of a module
using an embedded logic to form stubs and provide stub position. However, the
current revision of the CBC (i.e CBC2) provides the information on whether a stub
formation succeeds or not. Therefore, in the test beam data analysis presented in

this chapter, both clusters and stubs where reconstructed from the raw hit data.

In the analysis, an alignment is performed to correct for the possible offset be-
tween the DUT and the telescope. The alignment step performs a chi-square min-
imisation of the residual between the hits in the DUT and the expected impact point

of the track on the DUT to constrain the degrees of freedom of the system. The
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chi-square is constructed in the following way,

N
1 xt — b
2 DUT TkAtDUT
=<2 ( ). (7.1)

(o
i—0 tkres



131

where

e xpyr is the hit position in X, as defined in Figure 7.6

e xra:puT 1S the expected impact point on the DUT, calculated by extrapolating

the track from the telescope to the DUT surface facing the beam direction

® Oues 1S the average track pointing resolution

The sum in Equation 7.1 runs over all the events with at least one cluster in
each sensor of the DUT and one reconstructed track. The X and Z positions of
the first plane of the DUT, rotation () of the DUT around the Y-axis and the
distance between the two sensors of the DUT are kept as floating parameters of the
minimisation. If more than one clusters are present in any sensor, the one closest to
the expected impact point of the track is considered. To remove outliers, the sum
is further restricted to the events where the residual |zl — Ty A, pr| is Within a

30:1res distance from the mean value of the residual distribution.

7.5 Test beam measurements

During the test beam, for any study to be meaningful, it is crucial to establish the
optimal channel threshold (Vory) of the DUT. For this reason, Vory scans are per-
formed whenever any detector condition changes. Angular scans are also performed
with the angle of rotation around the Y-axis to study cluster and stub properties as

a function of the incident angle.
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7.6 Results

7.6.1 Performance of mini-modules

The average number of hits per event as a function of Vg, for both top and bottom
sensors of the irradiated and non-irradiated mini-modules, is shown in Figure 7.8.
Similarly, the average number of clusters per event as a function of Vg is shown in

Figure 7.9.

e . Top sensor (non-irradiated)

o Bottom sensor (non-irradiated)

Top sensor (irradiated)

o Bottom sensor (irradiated)

Mean number of hits per event

107 : nnnn

60

Figure 7.8: Average number of hits per event for non-irradiated and irradiated mini-
modules as a function of Vory. A bias voltage of 250 V (600 V) was applied to the
non-irradiated (irradiated) module.

In the test beam setup, one Vory unit corresponds to 375 electrons, as measured
in the laboratory with an external X-ray source. Higher numerical values of Vory

represent lower threshold in the CBC2. In both Figures 7.8 and 7.9, it can be seen
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Figure 7.9: Average number of clusters per event for non-irradiated and irradiated
mini-modules as a function of Very. A bias voltage of 250V (600 V) was applied to
the non-irradiated (irradiated) module.

that at low threshold (i.e. high Virh), the number of hits or clusters are very high,
as noise dominates. With increasing threshold (decreasing Vory), the number of hits
or clusters decreases and reaches a plateau region dominated by signal. When the
threshold is increased beyond the plateau region, the signal also gets rejected and

the number of hits or clusters decreases further.

For the non-irradiated module, the average number of hits or clusters in the
plateau region is 1 and for the irradiated module, the value is less than 1. The lower
charge collection of the irradiated module, due to smaller sensor thickness (as shown

in Table 7.1) and radiation induced effects, is the reason for lower average number
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of hits or clusters compared to the non-irradiated one.

The differential cluster occupancy as a function of Vg is shown in Figure 7.10.
For both the irradiated and non-irradiated modules, two peaks, for signal and noise,
are visible. For the non-irradiated module, the peak in the region Verg > 100 DAC
units, which is the low threshold region, corresponds to the noise while the peak in
the region Vorg < 100 DAC units, which is the high threshold region, corresponds
to the signal. The optimal threshold to collect the signal is set to Vorg = 106 DAC
units, since noise is very low at this value. For the irradiated module, the separation
between the signal and noise peak gets distorted due to radiation damage. However,
the noise peak in the region Vg > 106 DAC units and the signal peak in the region
Vorn < 106 DAC units, are still visible. The optimal threshold is set to Vorg = 110

DAC units for the irradiated module.

The stub efficiency is measured with respect to the tracks reconstructed by the
telescope using only single-track events. The track is extrapolated to the DUT plane
and the expected impact point of the track on the DUT (z7ga:pur) is obtained. The
residual between the measured stub position (xpyr) and xrgarpur is calculated and
if the value is within 40 of the residual distribution, the stub is considered to be
matched with the track. The stub efficiency is calculated from the events where a
track is matched to a stub with respect to the total number of single-track events

considered.

An angular scan is performed to emulate the effect of particle pr in the absence

of the magnetic field. The effective pr of a particle, traversing through the module
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Figure 7.10: Differential cluster occupancy for non-irradiated and irradiated mini-
modules as a function of Vory. A bias voltage of 250V (600 V) was applied to the
non-irradiated (irradiated) module.

inside a magnetic field of 3.8 Tesla, can be estimated with the following formula,

0.57 - R[m]

pr{GeV]~ sin ()

(7.2)

where R is the radial distance of the module from the centre of the CMS detector
and « is the incident angle of the particle on the DUT plane. The test beam setup
aimed to keep multiple scattering at the minimum. The effective py is estimated
from the measurement of the angle. In this test beam, the angle measurement was
not very accurate which resulted in a less precise estimate of the effective pr. The

stub efficiency for the two mini-modules as a function of the effective pr as well as
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beam incident angle is shown in Figure 7.11, where the effective pr was calculated
using R = 60 cm. For low pr (high incident angle), the relative shift in cluster
positions in two sensors of the module is large and hence there is a lower probability
of correlating the two clusters to form a stub. Hence, the stub efficiency at low
pr (high incident angle) is small. In Figure 7.11, a stub correlation window of 5
strips has been used. The different sensor spacing of the two mini-modules results

in different turn-on curves.
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Figure 7.11: Stub efficiency for the irradiated (blue) and non-irradiated (red) mini-
modules as a function of the incident angle (top x-axis) or the effective pr (bottom
x-axis ). As expected, for large angle of incidence, which corresponds to low effective
pr, the stub efficiency drops. A radius of 60 cm is used to calculate pr. The stub
correlation window is set to 5 strips.

The turn-on curves of Figure 7.11 are fitted with an error function of the form,

flpr) = 0.5A<1 + erf(w))7 (7.3)

Opr
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where,
e A is the efficiency at the plateau
e pr, is the turn-on threshold for which the efficiency is 50 %
e 0, is the width of the Gaussian in the error function

The relative pr resolution can be obtained from the ratio of the absolute resolution

op, and pr,.
For the non-irradiated module, the turn-on threshold is 1.88 GeV and pr res-
olution is 5%. The stub efficiency at the plateau is 99 %. From the high plateau
efficiency and sharp turn-on, it can be concluded that the non-irradiated module will
be able to select stubs with py > 2 GeV efficiently.

For the irradiated module, the stub efficiency at the plateau is 97 % and the pr
resolution is 6 %. From the results, it can be concluded that the stub finding logic of
the 2S modules will work with high efficiency throughout the lifetime of the HL-LHC.

For the irradiated module, three different angular scans were performed with
three different stub correlation windows. The stub efficiency as a function of the
effective pr for the three stub correlation windows is shown in Figure 7.12. From the

figure, it can be seen that the turn-on depends on the correlation window but the

efficiency value at the plateau does not.

7.6.2 Performance of the full-sized module

For the full-sized 2S module, the primary goal was to check the uniformity of response

over the dimension of the module. The stub efficiency per strip for the full-sized 25
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Figure 7.12: Comparison of stub efficiency for different angular scans with different
correlation windows for the irradiated mini-module. The incident angle is shown in
top x-axis and the effective py is shown in bottom x-axis. The choice of window size
leads to a shift in the turn-on pr, but the efficiency at the plateau remains the same.
A bias voltage of 600V was applied to the irradiated mini-module.

module is shown in Figure 7.13a. The module was operated at a bias voltage of
250V and the Verg was set to 115 DAC units. The operating points are derived
with a similar way, as of the mini-modules. The region between strips 185 and 239
was not scanned by the beam and therefore, no data are available from that region.
The large statistical uncertainty in efficiency, seen at the module edges, is due to
the limited amount of data obtained from the scans performed at the module edges.
From Figure 7.13a, it can be seen that the stub efficiency is 94-98% for most of the
detector region. The mean stub efficiency, obtained by performing a linear fit, using
asymmetric errors on each measurement, is 97.4 % and the strip-to-strip variation of

the stub efficiency is 1.3 %. The stub efficiency per CBC is shown in Figure 7.13b.
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Figure 7.13: Stub efficiency of a full-sized 2S module. The module was operated
at a bias voltage of 250 V and the Vory value was set to 115 DAC units. (a) Stub
efficiency per strip and (b) stub efficiency per CBC computed using data from strips
scanned by the beam.
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7.7 Conclusions

From the results presented in this chapter, it can be seen that the 2S modules will
be able to select tracks with pr > 2 GeV with high efficiency, which is the main
design goal of these modules. The stub efficiency over the full detector dimension of
the full-sized 2S module is 94-98%. The performance of the irradiated mini-module
also demonstrates that the 2S modules will be able to work efficiently even after the

radiation damage equivalent to the full HL-LHC running period.



Chapter 8

Trigger level study of Bg — o — 4

Kaons using L1 Tracks for
HL-LHC

Triggering on rare, low-pr, fully hadronic final states, e.g. B? — ¢¢ — 4 Kaons
is not possible with the current CMS detector due to the lack of a proper trigger.
Inclusion of tracking information in the L1 trigger decision during Phase-2, as dis-
cussed in chapter 6, will enable CMS for the first time to trigger on such final states
by reconstructing the ¢ candidates from the L1 tracks and subsequently the BY can-
didates. In this chapter, the capability of CMS to trigger on the B? — ¢¢ — 4
Kaons process will be discussed. The main goal of the study is to optimise the signal
efficiency and additional trigger rate that will be introduced in order to include the

BY — ¢¢ — 4 Kaons final state in the CMS L1 trigger menu for HL-LHC.

141
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8.1 Dataset

This analysis is primarily based on tracks reconstructed at L1.

background datasets used in the analysis are listed below,

e Signal

— pp — BYB? events are produced with Pythia8 [84].

The signal and

— Decays of BY and BY have been simulated with EvtGen [139].

— Appropriate filters have been used at the generation step to select only

those events where the BY decays exclusively to a ¢ pair with at least

one ¢ subsequently decaying to K™K, with both kaons having pr(K) >

1.9 GeV. Figure 8.1 shows the true pr distribution of the softest kaon in

the generated events at this stage.
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Figure 8.1: True pr of the softest kaon in generated BY — ¢¢ — 4 Kaons events.
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— The generated events are passed through the Geant4 based CMS Phase-2
detector simulation, digitisation and L1 trigger simulation including L1

tracking (discussed in chapter 6).

— Signal event datasets with <PU> = 140 and 200 were used for the study,

with ~ 30 K events for each pileup scenario.

— At the analysis level, signal events, where all the four kaons originating
from B? — ¢¢ have pr(K) > 2 GeV, are considered as the denominator
to calculate signal efficiency. It should be noted that the signal efficiency
is slightly underestimated, as at the generator level acceptance or n cut

was not applied on the kaons.

e Background

— Single Neutrino gun events, with <PU> = 140 and 200 have been used,

with ~ 500 K events for each pileup scenario.

A similar analysis is also performed with tracks reconstructed at the physics (or
offline) level to ensure that, once an event is triggered, there is no further loss of

efficiency.

8.2 Event Selection

The analysis strategy is kept simple because the final goal is to implement the algo-

rithm on the L1 trigger hardware.
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8.2.1 Track Selection

In the analysis, only tracks with pr > 2 GeV (minimum pr threshold possible in the
tracker design), and |n| < 2.5 (geometrical coverage of the Phase-2 outer tracker),

have been considered.

8.2.2 Reconstruction of ¢ candidates

In the first pass, ¢ candidates are formed. All the selected tracks in an event are
considered to be kaons. A pair of tracks, which satisfies the following conditions, is

considered as a ¢ candidate:
e Tracks have opposite charges.

e Tracks are required to originate from the same vertex. To check the vertex
compatibility of the tracks, d, and dg,, defined as the distance between two
tracks along the beam axis(z), and in the plane perpendicular to the beam
axis (xy) respectively, are used. Figure 8.2a shows the distribution of d, be-
tween all the oppositely charged track pairs. Figure 8.2b shows the distribution

of d, between all the track pairs with opposite charges and |d,| < 1 ¢m.

e Finally, the invariant mass of the two tracks should be compatible with the
true ¢ mass, i.e the invariant mass should lie within 0.99 and 1.04 GeV. The
invariant mass distribution of all the track pairs, with opposite charges, |d.| <

1 em and d,,y < 1 cm, is shown in Figure 8.3.
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Figure 8.2: (a) d. between all the oppositely charged track pairs, (b) d,, between
all the track pairs having opposite charges and |d.| < 1 em for <PU> = 200. The
distributions are normalised to unit area. The dashed blue and solid red histograms
correspond to the Offline and L1 signal events respectively, while the green filled area
represents the background events.

8.2.3 Reconstruction of BY candidates

In the subsequent pass, reconstructed ¢ candidates are combined pair-wise to form

B? candidates with the following algorithm,

e ¢ pairs are required to come from the same vertex, which is ensured by checking
the vertex compatibility of the four tracks. For each ¢ candidate a vertex
position is assigned, which is equal to the average of the vertex positions of
the two tracks which form the ¢ candidate. Vertex compatibility of a ¢ pair is

checked using d, and d,, between the two ¢ candidates.

e The angular separation in the n — ¢ plane (AR) between the two ¢ candidates
should be 0.2 < AR(¢-pair) < 1. Figure 8.4a shows the distribution of AR(¢-
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Figure 8.3: Invariant mass distribution of all the tracks pairs, having opposite
charges, |d.| < 1 em and d,, < 1 em for <PU> = 200. The distributions are
normalised to unit area. The dashed blue and solid red histograms correspond to
the Offline and L1 signal events respectively while the green filled area represents
the background events.

pair) between all the ¢ pairs, with |d,|(¢-pair) < 1 e¢m and d,,(¢-pair) < 1 cm,
for <PU> = 200.

e The AR separation between the two tracks forming a ¢ candidate should be
AR(K*tK™) <0.12. Figure 8.4b shows the AR(K*K ™) distribution between
the tracks of the ¢ candidates, which form ¢ pairs with |d.|(¢-pair) < 1 em,

dyy(¢-pair) < 1 em and 0.2 < AR(¢-pair) < 1, for <PU> = 200.

e The invariant mass of the ¢ pair should be compatible with the true B?
mass. Figure 8.5 shows the distribution of the invariant mass of the ¢ pairs,
with |d,|(¢-pair) < 1 em, dyy(¢-pair) < 1 cem, 0.2 < AR(¢-pair) < 1.0 and
AR(KtK™) < 0.12, for <PU> = 200.

Events, where at least one B? candidate is found, are selected. If more than one
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Figure 8.4: (a) AR(¢-pair) distribution for all the ¢-pairs, with |d,|(¢-pair) < 1 ¢m
and dgy(¢-pair) < 1 cm, (b) AR(KtK™) distribution of the ¢ candidates, which
form ¢ pairs with |d,|(¢-pair) < 1 em, dyy(¢-pair) < 1 em and 0.2 < AR(¢-pair) <
1, for <PU> = 200. The distributions are normalised to unit area. The dashed blue
and solid red histograms correspond to the Offline and L1 signal events respectively,
while the green filled area represents the background events.

B? candidates are found in an event, the one having the mass closest to the true B?
mass is selected as the BY candidate in the event for further analysis. For the signal
events, a geometrical matching between the selected BY candidate and generator
level BY candidate is performed. Signal efficiency is calculated with events, where
the selected BY candidate matches with the generated one, as numerator and events,

which pass the analysis level generator filter mentioned in section 8.1, as denominator.

In each bunch crossing at the LHC, even if there is no hard collision, a large
number of minimum bias collisions always take place, which depend on the instanta-
neous luminosity. Therefore, it is meaningful to measure the L1 trigger rate using the

minimum bias collision events. In this analysis, two different background datasets,
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Figure 8.5: Invariant mass distribution of all the ¢-pairs, with |d,| < 1 ¢m, dyy <
1 em, 0.2 < AR(¢-pair)< 1.0 and AR(KTK™) < 0.12, for <PU> = 200. The
distributions are normalised to unit area. The dashed blue and solid red histograms
correspond to the Offline and L1 signal events respectively, while the green filled area
represents the background events.

one with 140 minimum bias collisions per bunch crossing (i.e <PU> = 140) and the
other with 200 minimum bias collisions per bunch crossing (i.e <PU> = 200), have
been used. With the expected collision rate of HL-LHC as 30 MHz, the L1 trigger
rate is defined as, background efficiency x 30000 kHz.

Three selection working points, namely loose, medium and tight, have been chosen
to have three different representative values of the event rate at the L1 trigger level.

Table 8.1 lists the optimised cut values for the three working points.

8.3 Results

The signal efficiency measured at the L1 trigger and Offline levels and the corre-

sponding L1 trigger rate are shown in Table 8.2 for <PU> = 140 and in Table 8.3
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Table 8.1: Baseline event selection conditions.

Working point loose \ medium \ tight
Tracks pr >2GeV, |n| < 2.5
Track pair dyy <1lcm, |d,| <1cem dyy < 0.5 em,|d,| <0.3 em
¢-pair dyy <1lcm, |d| <1cem dyy <05 em, |d.] <1 cem
d-pair 02<AR(6r1, d2) <L, AR(KT, K ) < 0.12
¢ mass (GeV) | 0.99 < My+p- < 1.04 1.0 < Mg+~ < 1.03
BY mass (GeV) | 5.27 < Mgy < 5.49 5.29 < Mgy < 5.48

for <PU> = 200. The pile-up dependence of the trigger rate is shown in Figure 8.6,
where the efficiency values are used for <PU> = 140. As can be seen from the tables
and the graph, for <PU> = 200, a rate of ~15 kHz must be added to the overall
L1 bandwidth for a signal efficiency of ~ 30 % with the medium working point. The
L1 trigger rate for the loose working point is 37.9 £ 1.5 kHz for <PU> = 200 which
is too high, while for the tight working point, the L1 signal efficiency is only 17.6
+ 0.8% for <PU> = 200. Tables 8.2 and 8.3 also list offline efficiency for all the

working points.

Table 8.2: Signal efficiency and trigger rate for loose, medium and tight working
points respectively for <PU> = 140. Uncertainties are statistical only.

Efficiency (%) Rate (kHz)
L1 Offline

Loose 34.0 £ 1.2 5826+ 1.7 18.0 £ 1.0
Medium 284 4+ 1.1 518+ 1.6 7.7+£0.7

Tight 196 +08 51.7+£16 29404

Baseline

The pr distributions of the four kaon tracks, which constitute the selected B?
candidate in an event, are shown in Figure 8.7, for medium baseline and <PU> =

200.
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Table 8.3: Signal efficiency and trigger rate for loose, medium and tight working
points respectively for <PU> = 200. Uncertainties are statistical only.

Efficiency (%) Rate (kHz)
L1 Offline
Loose 322412 57.7+£17 379+15
Medium 2754+ 1.1 51.9+ 1.6 13.7+£0.9
Tight 176 £0.8 51.9+1.6 4.7+05

Baseline
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Figure 8.6: Signal efficiency and trigger rate for different selection baselines and for
different pileup scenarios. Uncertainties are statistical only.

The effect of the py threshold on efficiency is clearly visible on the py distribution
of the lowest pr track.
Figure 8.8 shows the number of ¢ candidates in an event, whereas Figure 8.9

shows the transverse momentum of the two ¢ candidates which form the selected B?
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Figure 8.7: pr of the four (kaon) tracks that from the selected B? candidates, ordered
in terms of descending pr for <PU> = 200. The events are selected with the medium
baseline. The distributions are normalised to unit area. The dashed blue and solid
red histograms correspond to the Offline and L1 signal events respectively, while the
green filled area represents the background events.

candidate. No further optimisation could be achieved with these variables.

The pr of the selected B? candidate is shown in Figure 8.10 for medium baseline

and <PU> = 200.

To study the effect of the |d,| cut between any track pair on signal efficiency and
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Figure 8.8: Number of ¢ candidates reconstructed in an event, for medium baseline
and <PU> = 200. The distributions are normalised to unit area. The dashed blue
and solid red histograms correspond to the Offline and L1 signal events respectively,

while the green filled area represents the background events.
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Figure 8.9: Transverse momentum of the two reconstructed ¢ candidates which form
the selected BY candidate, for medium baseline and <PU> = 200. The distributions
are normalised to unit area. The dashed blue and solid red histograms correspond
to the Offline and L1 signal events respectively, while the green filled area represents
the background events.
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Figure 8.10: Transverse momentum of the selected B? candidate, for medium baseline
and <PU> = 200. The distributions are normalised to unit area. The dashed blue
and solid red histograms correspond to the Offline and L1 signal events respectively,
while the green filled area represents the background events.

trigger rate, the quantities are estimated by varying the |d.| cut in the range 0.3 —

1.0 em. The results are shown in Tables 8.4 and 8.5 for the medium baseline and

<PU> = 200 and 140 respectively. For this study d,, was set to 0.5 cm for both

track and ¢ pairs.

Table 8.4: Signal efficiency and trigger rate as a function of the |d.| cut between the
pair of tracks, for <PU> = 200. Uncertainties are statistical only.

|d-| (cm)

Efficiency (%) | Rate (kHz)

1.0

275+ 1.1 13.6 £ 0.9

0.9

272 £ 1.0 12.0 £ 0.9

0.8

26.8 £ 1.0 10.0 £ 0.8

0.7

26.0 £ 1.0 9.0 £ 0.7

0.6

263+£10 |76=£0.7

0.5

239£1.0 6.7 £ 0.6

0.4

21.5£0.9 5.9 = 0.6

0.3

17.6 £ 0.8 4.8 £0.5
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Table 8.5: Signal efficiency and trigger rate as a function of the |d.| cut between the
pair of tracks, for <PU> = 140. Uncertainties are statistical only.

|d.| (cm) | Efficiency (%) | Rate (kHz)
1.0 284+ 1.1 7.8 £0.7
0.9 28.0 £ 1.0 7.3 £ 0.7
0.8 276 £ 1.0 6.1 £ 0.7
0.7 27.0 £ 1.0 5.2+ 0.6
0.6 26.1 £1.0 5.1 £ 0.6
0.5 25.1 £1.0 48 + 0.6
0.4 23.1£0.9 4.0+ 0.5
0.3 19.6 £ 0.8 3.2 £0.5
0.2 13.5 £ 0.7 1.8+ 04
0.1 47+ 04 1.0 £ 0.3

The results presented in Table 8.4 have also been shown as a ROC curve for signal
efficiency vs trigger rate in Figure 8.11. The results obtained with <PU> = 140 are

also shown in the same figure.
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Figure 8.11: ROC curve of signal efficiency vs trigger rate due to variation of |d,|
between a pair of tracks over the range 0.3 — 1.0 cm for <PU> = 140 and 200.
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8.3.1 Effect of Level-1 tracking pr threshold on signal effi-

ciency and trigger rate

In order to study the effect of pr threshold on signal efficiency and trigger rate,
the minimum pr cut on the tracks was increased from 2 GeV to 3 GeV in steps
of 100 MeV. The results obtained for <PU> = 200 with the medium baseline are
shown in Table 8.6. Figure 8.12 shows the ROC curves of signal efficiency vs trigger
rate for all the three selection baselines for <PU> = 140 and 200 scenarios. From
Table 8.6, it can be seen that increasing the L1 tracking pr threshold will severely

affect the signal efficiency.

Table 8.6: Signal efficiency and trigger rate as a function of L1 tracking pr threshold
on the lowest-pr kaon track of the B? candidates, for medium baseline selection and
<PU> = 200. Uncertainties are statistical only.

pr (GeV) | Efficiency (%) | Rate (kHz)
2.0 275 £ 1.1 | 13.7+ 0.9
2.1 249 £1.0 9.4 4+ 0.8
2.2 222 +£0.9 7.8 £0.7
2.3 19.4 £ 0.9 5.8 £ 0.6
2.4 16.8 + 0.8 3.6 £0.5
2.5 15.0 &+ 0.7 244+ 04
2.6 13.2 £ 0.7 21+04
2.7 11.4 £ 0.6 1.2 £0.3
2.8 10.1 + 0.6 0.7+ 0.2
2.9 8.7+ 0.5 0.1 £ 0.1
3.0 7.7+ 0.5 0.0 £0.0
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Figure 8.12: ROC curves of signal efficiency vs trigger rate due to variation of L1
tracking pr threshold on the lowest-pr kaon track of the BY candidates over the range
2 -3 GeV for <PU> = 140 and 200. Green, blue and red lines correspond to loose,
medium and tight selection baselines respectively. Uncertainties are statistical only.

8.4 Summary

The present study shows that, with the inclusion of tracking at L1 for HL-LHC, CMS
can expect to trigger on ~30000 BY — ¢¢ — 4 Kaons signal events with 3000 fb™!
data using the medium working point. However, extracting the signal from a huge
background at the physics level is very challenging and requires a significant effort.

The encouraging results obtained for B — ¢¢ — 4 Kaons at L1 should motivate
CMS to look for other physics processes with hadronically decaying light mesons in
the final state. For example, in the process B — J/i ¢ decay, where J/ib decays to
two muons and ¢ decays to a kaon pair, the reconstructed ¢ candidate and invariant
mass of four tracks will allow CMS to lower the muon pr threshold at L1. Similarly,
for rare processes like H — ¢y and H — pvy, the trigger based on the photon

candidate can be combined with a track based light meson trigger to lower the energy
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threshold of the photon candidate at the trigger level. In all such cases, lowering the

threshold will increase the acceptance of such rare physics processes.



Chapter 10

Appendix

10.1 CMS Datasets for 2016

The single muon datasets, used in the HH — bbr7 analysis, for the bbu, final state

are shown in Table 10.1.

Dataset

Run Range

Luminosity (fb~!)

/SingleMuon/Run2016B-03Feb2017 ver2-v2/MINIAQD
/8ingleMuon/Run2016C-03Feb2017-v1/MINIAQD
/SingleMuon/Run2016D-03Feb2017-v1/MINIAQD
/SingleMuon/Run2016E-03Feb2017-v1/MINIAQD
/SingleMuon/Run2016F-03Feb2017-v1/MINIAOD
/8ingleMuon/Run2016G-03Feb2017-v1/MINIAQOD
/SingleMuon/Run2016H-03Feb2017 ver2-v1/MINIAQD
/SingleMuon/Run2016H-03Feb2017 ver3-v1/MINIAOD

273150-275376
275656-276283
276315-276811
276831-277420
277932-278808
278820-280385
281613-284035
284036-284044

5.788
2.573
4.248
4.009
3.102
7.540
8.391
0.215

Table 10.1: The single muon datasets, used in the HH — bbr7 analysis, for the bbur,

final state.

The single electron datasets, used in the HH — bbrT analysis, for the bber;, final

163
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state are shown in Table 10.2.

Dataset Run Range Luminosity
(fb~h)
/SingleElectron/Run2016B-03Feb2017 ver2-v2/MINIAOD | 273150-275376 5.788
/SingleElectron/Run2016C-03Feb2017-v1/MINIAOD 275656-276283 2.573
/SingleElectron/Run2016D-03Feb2017-v1/MINIAOD 276315-276811 4.248
/SingleElectron/Run2016E-03Feb2017-v1/MINIAQD 276831-277420 4.009
/SingleElectron/Run2016F-03Feb2017-v1/MINIAQD 277932-278808 3.102
/SingleElectron/Run2016G-03Feb2017-v1/MINIAQD 278820-280385 7.540
/SingleElectron/Run2016H-03Feb2017 ver2-v1/MINIAOD | 281613-284035 8.391
/SingleElectron/Run2016H-03Feb2017 ver3-v1/MINIAOD | 284036-284044 0.215

Table 10.2: The single electron datasets, used in the HH — bbr7 analysis, for the

bbet;, final state.

The tau datasets, used in the HH — bbr7T analysis, for the bbr,T, final state are

shown in Table 10.3.

Dataset

Run Range

Luminosity (fb=)

/Tau/Run2016B-03Feb2017_ver2-v2/MINIAQD
/Tau/Run2016C-03Feb2017-v1/MINIAOD
/Tau/Run2016D-03Feb2017-v1/MINIAOD
/Tau/Run2016E-03Feb2017-v1/MINIAQOD
/Tau/Run2016F-03Feb2017-v1/MINIAQOD
/Tau/Run2016G-03Feb2017-v1/MINIACD
/Tau/Run2016H-03Feb2017_ver2-v1/MINIAQD
/Tau/Run2016H-03Feb2017_ver3-v1/MINIAQOD

273150-275376
275656-276283
276315-276811
276831-277420
277932-278808
278820-280385
281613-284035
284036-284044

5.788
2.573
4.248
4.009
3.102
7.540
8.391
0.215

Table 10.3: The tau datasets, used in the HH — bbr7 analysis, for the bbr,7), final

state.
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10.2 Background Monte-Carlo datasets

The Z/v* — ll+jets and W — [v+ jets backgrounds datasets are shown in Ta-
ble 10.4. The datasets for the di-boson and the SM Higgs backgrounds are shown in
Table 10.5. The datasets for Electroweak background are shown in Table 10.6. The

datasets for ¢t and single top backgrounds are shown in Table 10.7.

| Dataset Name | Cross section (pb)
Drell-Yan datasets
Inclusive | /DYJetsToLL M-50_[1]1/[2] _v6_ext1-v2/[3] 5765.4 £ 1.7%
/DY1JetsToLL M-50_[11/[2] v6-v1/[3] 1175.2 £ 1.7%
/DY2JetsToLL M-50_[1]/[2] v6-v1/[3] 388.8 £ 1.7%
/DY3JetsToLL M-50_[11/[2] v6-v1/[3] 118.0 £ 1.7%
Exclusive | /DY4JetsToLL_M-50_[1]/[2] _v6-v1/[3] 64.01 £ 1.7%
/DYBJetsToLL M-50_[11/[2] v6-v1/[3] 81.52 + 1.7%
/DYBBJetsToLL M-50_[1]/[2] v6-v1/[3] 13.45 +£ 1.7%
W + jets datasets
Inclusive | /WJetsToLNu_[1]/[2] _v6-v1/[3] 61526.7 + 3.8%
/WJetsToLNu_[1]/[2] v6_ext2-v1/[3] ?
/WJetsToLNu HT-70T0100_[1]/[2] v6-v1/[3] 1727.8 £ 3.8%
/WJetsToLNu_HT-100T0200_[1]/[2] v6-v1/[3] 1632.5 + 3.8%

/WJetsToLNu_HT-100T0200_[1]/[2] -v6_ext1-v1/[3] ?
/WJetsToLNu HT-100T0200_[1]/[2] v6_ext2-v1/[3] 7
/WJetsToLNu HT-200T0400_[1]/[2] v6-v1/[3] 436.6 £ 3.8%
/WJetsToLNu HT-200T0400_[1]/[2] v6_ext1-v1/[3] 7
/WJetsToLNu_HT-200T0400_[1]/[2] _v6_ext2-v1/[3] ?

/WJetsToLNu_HT-400T0600_[1]/[2] v6-v1/[3] 59.4 £+ 3.8%
/WJetsToLNu_HT-400To600_[1]/[2] v6_extl1-v1/[3] ?
Exclusive | /WJetsToLNu_HT-600T0o800_[1]/[2] _v6-v1/[3] 14.6 £+ 3.8%
/WJetsToLNu_HT-600To800_[1]/[2] v6_extl1-v1/[3] ?
/WJetsToLNu_HT-800T01200_[1]/[2] v6-v1/[3] 6.68 + 3.8%
/WJetsToLNu_HT-800T01200_[1]/[2] v6_ext1-v1/[3] ?
/WJetsToLNu_HT-1200T02500_[11/[2] _v6-v1/[3] 1.61 £+ 3.8%
/WJetsToLNu_HT-1200T02500_[1]/[2] v6_ext1-v1/[3] ?
/WJetsToLNu_HT-2500ToInf_[1]/[2] v6-v1/[3] 0.0390 £+ 3.8%

/WJetsToLNu_HT-2500ToInf_[1]/[2] v6_extl-v1/[3] ?

[1] = TuneCUETP8M1_13TeV-madgraphMLM-pythia8
[2] = RunIISummer16MiniAODv2-PUMoriond17_80X mcRun2_asymptotic_2016_TrancheIV
[3] = MINIAODSIM

Table 10.4: Drell-Yan + jets and W + jets background datasets.
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Dataset Name ‘ Cross section (pb)
Di-boson datasets
/WWTo2L2Nu_[1]/[2] v6-v1/[3] 12.19 + 10%
/WWToLNuQQ_[1]/[2] v6-v1/[3] 50.00 £ 10%
/WWToLNuQQ_[1]/[2] v6_ext1-v1/[3] ”
/WWTo4Q_[11/[2] v6-v1/[3] 51.72 £ 10%
/WZTo3LNu-[1]1/[2] _v6-v1/[3] 443 + 10%
/WZTo1L3Nu_[1]/[2] v6-v1/[3] 3.03 £ 10%
/WZTo1L1Nu2Q_[1]/[2] _v6-v3/[3] 10.71 + 10%
/WZTo2L2Q_[1]/[2] _v6-v1/[3] 5.60 £ 10%
/ZZTo2L2Nu_[1]/[2] v6-v1/[3] 0.564 + 10%
/ZZTo2L2Q_[1]/[2] _v6-v1/[3] 3.22 £ 10%
/ZZTo4L_[1]/[2] v6_ext1-v1/[3] 1.21 £+ 10%
/ZZTo4Q_[11/[2] v6-v1/[3] 7.06 £ 10%
SM Higgs
/ZHToTauTau M125_[1]/[2] v6-v1/[3] 0.0559 517
/ZH_HToBB_ZToLL M125_[1]/[2] v6-v1/[3] 0.051574 1%
/ZH_HToBB_ZToLL_M125_[1]1/[2] .v6_ext1-v1/[3]
/ZH _HToBB_ZToQQM125_[1]/[2] -v6-v1/[3] 0.35775 1%
[1] = TuneCUETP8M1_13TeV-madgraphMLM-pythia8
[2] = RunIISummer16MiniAODv2-PUMoriond17_80X_mcRun2_asymptotic_2016_TrancheIV
[3] = MINIAODSIM

Table 10.5: Di-boson and the SM Higgs background datasets.

10.3 Signal Mote-Carlo Datasets

10.3.1 Resonant Datasets

The Spin-0 resonant pp — X — HH datasets, used in the HH — bbrT analysis are

shown in Table 10.8.

The Spin-2 resonant pp — X — HH datasets, used in the HH — bbr7 analysis

are shown in Table 10.9.



Dataset Name

Cross section (pb)

Electroweak Datasets

/EWKWPlus2Jets_WToLNu_M-50_[11/[2] _v6-v1/[3]
/EWKWPlus2Jets_WToLNu_M-50_[1]/[2] v6_ext1-v1/[3]
/EWKWPlus2Jets_WToLNu M-50_[1]/[2] v6_ext2-v1/[3]
/EWKWMinus2Jets _WToLNu_M-50_[1]/[2]_v6-v1/[3]
/EWKWMinus2Jets _WToLNu_M-50_[1]/[2] _v6_ext1-v1/[3]
/EWKWMinus2Jets_WToLNu_M-50_[1]/[2] _v6_ext2-v1/[3]
/EWKZ2Jets_ZToLL M-50_[1]/[2] v6-v1/[3]
/EWKZ2Jets_ZToLL_M-50_[1]/[2] v6_ext2-v1/[3]
/EWKZ2Jets_ZToLL M-50_[1]/[2] v6_ext1-v1/[3]

25.62 + 2%

20.25 + 2%

”

3.987 + 2%

”

[1] = TuneCUETP8M1_13TeV-madgraph-pythia8

[3]

MINIAODSIM

[2] = RunIISummer16MiniAODv2-PUMoriond17_80X mcRun2_asymptotic_2016_TrancheIV

Table 10.6: Electroweak background datasets

10.3.2 Non-Resonant Datasets

167

The non-resonant pp — HH datasets, used in the HH — bbrT analysis, are shown

in Table 10.10.
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Dataset Name | Cross section (pb)
tt Datasets

/TTTo2L2Nu_[1]/[2] v6-v1/[3] 873 £45

/TTToSemilepton_[1]/[2] v6-v1/[3] 364.3 £ 18.6

/TT_[11/[2] v6-v1/[3] 831.76 &+ 42.5

/TT_[11/[2] v6-v1/[3] 831.76 &+ 42.5
Single top Datasets

/ST_tW_antitop_5f_inclusiveDecays_[1]/[2] v6_ext1-v1/[3] 356 £ 1.9

/ST_tW_top_5f_inclusiveDecays_[1]/[2] v6_ext1-v1/[3] 35.6 £ 1.9

[1] = TuneCUETP8M1_13TeV-powheg-pythia8

[2] = RunIISummer16MiniAODv2-PUMoriond17_80X_mcRun2_asymptotic_2016_TrancheIV

[3] = MINIAODSIM

Table 10.7: ¢t and Single top background datasets

Resonant spin-0 samples

/GluGluToRadionToHHT02B2Tau M-250_[1]/[2] -v6-v1/[3]
/GluGluToRadionToHHT02B2Tau M-270_[1]1/[2] _v6-v1/[3]
/GluGluToRadionToHHT02B2Tau M-280_[1]/[2] -v6-v1/[3]
/GluGluToRadionToHHT02B2Tau _M-300_[1]/[2] v6_ext1-v1/[3]
/GluGluToRadionToHHT02B2Tau M-350_[1]/[2] -v6-v1/[3]
/GluGluToRadionToHHT02B2Tau _M-400_[1]/[2] v6_ext1-v3/[3]
/GluGluToRadionToHHT02B2Tau M-450_[1]/[2] -v6-v1/[3]
/GluGluToRadionToHHT02B2Tau M-500_[1]1/[2] _v6-v1/[3]
/GluGluToRadionToHHT02B2Tau M-550_[1]/[2] -v6-v1/[3]
/GluGluToRadionToHHT02B2Tau M-600_[1]1/[2] _v6-v1/[3]
/GluGluToRadionToHHT02B2Tau M-650_[1]/[2] v6-v1/[3]
/GluGluToRadionToHHT02B2Tau M-750_[1]1/[2] _v6-v1/[3]
/GluGluToRadionToHHT02B2Tau M-900_[1]/[2] -v6-v1/[3]

[1] = narrow_13TeV-madgraph
[2] = RunIISummer16MiniAODv2-PUMoriond17_80X mcRun2_asymptotic_2016_TrancheIV
[3] MINIAODSIM

Table 10.8: List of resonant spin-0 signal samples.
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Resonant spin-2 samples

/GluGluToBulkGravitonToHHT02B2Tau M-250_[1]/[2] -v6-v1/[3]
/GluGluToBulkGravitonToHHT02B2Tau M-260_[1]/[2] _v6-v1/[3]
/GluGluToBulkGravitonToHHT02B2Tau M-270_[1]/[2] -v6-v1/[3]
/GluGluToBulkGravitonToHHT02B2Tau M-280_[1]/[2] _v6-v1/[3]
/GluGluToBulkGravitonToHHT02B2Tau_M-300_[1]/[2] v6_ext1-v1/[3]
/GluGluToBulkGravitonToHHT02B2Tau M-340_[1]/[2] _v6-v1/[3]
/GluGluToBulkGravitonToHHT02B2Tau M-350_[1]/[2] -v6-v1/[3]
/GluGluToBulkGravitonToHHT02B2Tau_M-400_[1]/[2] v6_ext1-v1/[3]
/GluGluToBulkGravitonToHHT02B2Tau M-450_[1]/[2] -v6-v1/[3]
/GluGluToBulkGravitonToHHT02B2Tau M-550_[1]/[2] _v6-v1/[3]
/GluGluToBulkGravitonToHHT02B2Tau M-600_[1]/[2] v6-v1/[3]
/GluGluToBulkGravitonToHHT02B2Tau M-650_[1]/[2] _v6-v1/[3]
/GluGluToBulkGravitonToHHT02B2Tau M-750_[1]/[2] -v6-v1/[3]
/GluGluToBulkGravitonToHHT02B2Tau M-800_[1]/[2] _v6-v1/[3]

[1] = narrow_13TeV-madgraph
[2] RunIISummer16MiniAODv2-PUMoriond17_80X_mcRun2_asymptotic_2016_TrancheIV
(3] MINIAODSIM

Table 10.9: List of resonant spin-2 signal samples.

Non-resonant samples

/GluGluToHHTo2B2Tau_node_SM_[1]/[2] v6-v1/[3]
/GluGluToHHTo2B2Tau _node_box_[1]/[2] _v6-v1/[3]
/GluGluToHHTo2B2Tau _node_2_[1]/[2] v6-v1/[3]
/GluGluToHHTo2B2Tau_node_10_[1]/[2] v6-v1/[3]
/GluGluToHHTo2B2Tau node_11_[1]/[2] v6-v1/[3]
/GluGluToHHTo2B2Tau _node_12_[1]/[2] v6-v1/[3]

[1] = 13TeV-madgraph
[2] RunIISummer16MiniAODv2-PUMoriond17_80X_mcRun2_asymptotic_2016_TranchelIV
[3] MINIAODSIM

Table 10.10: List of non-resonant signal samples.
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Chapter 9

Conclusions

A search for Higgs boson pair production in the HH — bbrr final state, using
35.9fb~! data collected by CMS in 2016, is reported in Chapter 5 of this thesis for

both non-resonant and resonant HH production scenarios.

e Non-resonant HH production: The search has been performed through both
the SM and BSM Higgs couplings. The stransverse mass (mr2) has been used as
the final discriminating variable. Data and expected background distributions
of mpo are found to agree within the statistical and systematic uncertainties
and no excess is observed. Therefore, a 95% CL limit on the non-resonant
o xB(HH — bbrT) is set. The observed (expected) 95 % CL limit on the SM
non-resonant oy x B(HH — bbr) is 75.4 (61.0) fb, which is 30 (25) times the
SM prediction. The 95% CL limit on oy xB(HH — bbrT) is also estimated
as a function of k) /k; and is compared with the theoretical predictions for k;

= 1 and 2. The excluded regions at 95 % CL level, in the x; — k) plane, is also
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studied.

e Resonant HH production: The invariant mass of the two Higgs boson candi-
dates, calculated with a kinematic fit algorithm (m&#) has been the natu-
ral choice as the final discriminant. The invariant mass distributions of data
and background expectation agree within the statistical and systematic uncer-
tainties and no excess is found. Therefore, a 95% CL limit on the resonant
oy x B(HH — bbrT), as a function of the mass of the resonant particle, rang-
ing from 250 to 900 GeV, is set. The 95% CL limits obtained are interpreted
in the habemus Minimal Supersymmetric Standard Model (hMSSM) scenario

to set exclusion limits in the tanf8 — m4 plane.

The LHC machine will be upgraded to attain instantaneous luminosities which
will be 5 — 7 times higher compared to the current value. To work efficiently in
the high radiation environment of the High Luminosity LHC (HL-LHC), the CMS
detector will go through an extensive upgrade programme, known as the CMS Phase-
2 upgrade. One of the key features of the CMS Phase-2 upgrade is to replace the
current tracker with a new one (the so-called CMS Phase-2 tracker), which will have
better radiation hardness, lower material budget and higher granularity. The CMS
Phase-2 tracker will be equipped with modules, which will be able to reduce the data
volume for tracking at the Levell (L1) trigger system, by selecting high-ps tracks at
the detector front-end. Two different studies related to the CMS Phase-2 upgrade

have been reported in Chapters 7 and 8 of the thesis.

e The performance of a number of prototype Strip-Strip (2S) detector modules
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of the CMS Phase-2 tracker have been studied under realistic beam conditions.
The results obtained in the beam test data analysis show that the 2S modules
will be able to select tracks with pr > 2 GeV efficiently, even after withstanding
radiation damage until the end the HL-LHC period. The performance of the

2S modules is also found to be uniform over the full detector dimension.

Currently, CMS is unable to trigger on low-pp, fully hadronic, final states like
BY — ¢¢ — 4 Kaons, due to the lack of a proper trigger. Inclusion of the
tracking information in the L1 trigger will allow CMS to trigger on such final
states at the HL-LHC. The potential of CMS to trigger on B? — ¢¢ — 4 Kaons
using tracks at L1, has been studied where the results show that a moderately
high signal efficiency of ~ 30 % can be achieved at a manageable trigger rate

of 15kHz.
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SUMMARY

Measurement of the Higgs boson self-coupling is one of the major goals of the LHC,
where the Higgs boson pair (H H) production cross-section is one important handle.
A search for Higgs boson pair production in the HH — bbrr final state, using
35.9fb~! data collected by the CMS in 2016, has been reported in this thesis for the

following scenarios,

e Non-resonant H H production, where the Higgs boson pair is produced through
various couplings of the Higgs boson. Both Standard Model and beyond Stan-

dard Model (BSM) couplings are considered.

e Resonant HH production, where a BSM particle directly decays to pair of

Higgs bosons.

The analysis of HH — bbrt has been performed for the semi-leptonic and fully
hadronic decay modes of the 7 pair, which constitute ~ 80% of all 7 pair decays.
tt + jets, Z/v* — Il + jets and QCD multi-jet events are the major sources of
background in this analysis. There are also small background contributions from
the di-boson, single top, W boson production in association with jets, single Higgs
boson production and Electroweak + 2 jets events. No excess is found in data over
the expected background and a 95% CL limit on both resonant and non-resonant
orpxB(HH — bbrT) is set.

The LHC machine will be upgraded to attain instantaneous luminosities a factor 5
— 7 higher than the current value. In order to work efficiently in the extremely high

radiation environment of the High Luminosity LHC (HL-LHC), the CMS detector
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will go through an extensive upgrade programme, known as the CMS Phase-2 up-
grade. One key feature of the CMS Phase-2 upgrade is to replace the current tracker
completely with the so-called CMS Phase-2 tracker, with better radiation hardness,
lower material budget and higher granularity. The CMS Phase-2 tracker will be
equipped with modules, which will be able to reduce the data volume for tracking at
the Levell (L1) trigger system, by selecting high-pr tracks at the detector front-end.

The performance of a number of prototype Strip-Strip (2S) detector modules of
the CMS Phase-2 tracker have been studied under realistic beam conditions and the
results obtained have been presented in the thesis. The capability of CMS at the
HL-LHC to trigger on rare, low-pr, fully hadronic final states, like BY — ¢¢ — 4

Kaons, using tracks reconstructed at the L1 trigger, has also been reported.
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for the following scenarios,
* Non-resonant HH production, where the Higgs boson pair is produced through various couplings of
the Higgs boson. Both Standard Model and beyond Standard Model (BSM )couplings are
considered.

* Resonant HH production, where a BSM particle directly decays to pair of Higgs bosons.

The analysis of HH = bbtt has been performed for the semi-leptonic and fully hadronic decay modes of the
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thesis. The capability of CMS at the HL-LHC to trigger on rare, low-p+, fully hadronic final states, like B% > ¢
& - 4 Kaons, using tracks reconstructed at the L1 trigger, has also been reported.
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