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Abstract

The search for heavy resonances (i.e. Kaluza-Klein Bulk Graviton and Radion)
decaying to a pair of standard model Higgs bosons is presented. Both Higgs
bosons decay further to b quark-antiquark pairs as the final state. The data used
for this analysis were from the proton-proton collisions at a center-of-mass en-
ergy of 13 TeV corresponding to an integrated luminosity of 2.7 fb~! and were
collected by the CMS detector during the Run-II of the LHC in 2015. These res-
onance particles have masses that are > 1 TeV, thus the Higgs bosons are highly
Lorentz-boosted and each H — bb can be reconstructed as one hadronic jet. A
new tagging algorithm called “double-b tagger” is used to identify the bb pairs
inside the Higgs jet. The “Alphabet” method is used to estimate the background.
The predicted background shows good agreement with the data and no signifi-
cant data excess was observed. The results are then interpreted in terms of 95%
CL; upper limit on the production cross section of the resonances. No exclusion
was made on both Bulk Graviton and Radion mass between 1000 to 4500 GeV.
A larger data sample is needed to exclude from the given mass range for the
assumed WED model parameter.
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Chapter 1

Introduction

The standard model (SM), or colloquially known as the “periodic table of ele-
ments for particle physics”, is perhaps the most accurate illustration of numer-
ous theoretical and experimental accomplishments of particle physicists around
the world over the past decades. It consists of quarks and leptons, the build-
ing blocks of matter, and its interactions are defined by the exchange of force
carriers: the photons for electromagnetic interactions, the W and Z bosons for
weak interactions, and the gluons for strong interactions (Figure 1.1). Moreover,
the recent discovery of the Higgs boson (H) [1-3] at the Large Hadron Collider
(LHC) (Section 2.1) has been a great addition to the SM by generating the masses
of all elementary particles and breaking the electroweak symmetry [4].

In spite of its achievements, the SM is not yet a perfect model. It still does not
yet include one of the four fundamental forces, the gravitational force, and does
not provide sufficient explanations for phenomena such as the expansion of the
universe, matter-antimatter asymmetry, and the dark matter among others [5].
Also, with the discovery of the H boson, the search for new physics beyond the
SM (BSM) has become more vivid.

This chapter briefly discusses the theory and strategy of the analysis. Previ-

ous studies that are related to the analysis are also shortly reviewed.
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FIGURE 1.1: Standard Model. Figure from Reference [6].
1.1 Theoretical Overview

Before the electroweak symmetry breaking (EWSB), the electromagnetic and
weak force are considered as one super force known as the electroweak force
(EW force) that has associated symmetry group of SU(2), ® U(1)y. The U(1)y
does not refer to the usual phase invariance which leads to the electromagnetic
force but a different version of electromagnetism whose analog of an electric
charge is known as a hypercharge [7].

The EW symmetry is broken by the vacuum resulting to the spontaneous

symmetry breaking (SSB) of the EW group to electromagnetic (EM) subgroup:

This process is called the Higgs mechanism where it generates the masses of the
weak gauge bosons (W* and Z) and produces a physical scalar particle Higgs

[8].

Since the discovery of the H boson in 2012, it opened a lot of avenues for
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understanding the dynamics of EWSB. The EWSB can be a way of finding a
new particle by measuring the coupling of H boson to other SM particles and
particularly, to itself (self-coupling). Higgs self-coupling is crucial since it is the
only way to reconstruct the Higgs potential which is important on knowing the

mechanism of EWSB [9, 10].

1.1.1 Self-Coupling Higgs

In SM, the particles obtain masses through its interactions with the Higgs field.

This Higgs scalar field ¢ introduces a complex SU(2);, doublet in the form of:

+
- (5)

The Lagrangian for this doublet is described by:

L= (0"¢)1(0u0) — 1*0Td — A(¢'0)” (1.3)

The first term is the kinetic term and the last two terms describe the potential
(Higgs potential), V(¢) = p2¢'¢ + A(¢¢)?. It has two free parameters; the 1, de-
scribing the doublet’s mass, and )\, defining the shape of the doublet’s potential
[7].

The minimum value of the Higgs potential is the vacuum expectation value
(VEV) with a value of v = 246 GeV. After the SSB, the doublet is then rewritten

as:

¢= % (v +OH0> (14)

where HY is the excitation from VEV. From the Higgs potential, the H boson

then obtained mass, M} = —2u* = 2M\v?, along with a cubic and a quadratic
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self-coupling;:

0y _ oy,2 )’ o (H)? (H°)'  v'A
_ g2 (HO)? (H°)? (H°)'  v'A '
= Mg+ A=+ A= =

3M%
2

where the A\ggg = % is the Higgs trilinear self-coupling and A\gyyn = =
is the Higgs quadrilinear self-coupling. These Higgs self-couplings can only be
studied via Higgs pair (HH) production [10, 11].

The problem with studying the HH pair within the SM is that its produc-
tion cross sections’ is low (10.0 fb for gluon-gluon fusion process at 8 TeV and
o(g9 — HH)(A = 1) =33.86 fb~! at 14 TeV) [9, 11]. Yet, BSM suggests a paral-

lel study where the cross section of HH pair can be increased via production of

resonance particles.

1.1.2 Warped Extra Dimensions

In the proposal of Randall and Sundrum (RS Scenario) [12], it considers a Warped
Extra Dimension (WED) showing a mechanism where the effective difference
between Mp;?2 and M,...° is the result of the existence of one finite additional
spatial dimension with non-trivial metric. The extra dimension is compactified
in a circle but the symmetry of the warp factor permits the identification of the
other sides of the circle in a way that the extra dimension can be described as a
line segment between two four-dimensional manifolds known as branes (Planck
and TeV brane). The five-dimensional space defined between the two branes is

called as bulk (see Figure 1.2) [13].

Cross section (o) is a quantity in which its magnitude is proportional to the probability of a
particle yields into a particular outcome. It has the unit of an area.

?Reduced Planck mass Mp; = Mp;/+/87 GeV with a value of ~ 2.4 x 10'® GeV.

3 M., car is the natural mass scale for the mediators of weak force with value of 100 GeV.
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FIGURE 1.2: Scheme of dimensions on RS theory. The Gravity (Planck) and

Weak (TeV) branes are four dimensional boundaries of the extra dimension ¢

compactified on a interval (0,). It also shows the metric behavior along the
extra dimension. Figure from Reference [14].

The most general solution to solve the Einstein equation of motion while

maintaining the four-dimensional Poincaré invariance is in the form of:

ds? = e 2Oy, da"da® + r2de? (1.6)

where the ;,v =1, ..., 4 are used for the four-dimensional directions, 7, is the
standard basis for orthogonal vectors in Minkowski space, o is the “warp” factor,
r. is the radius of the extra dimension, and ¢ is the fifth dimension. The full

classical action is defined as:

S = SGram'ty + STeV + SPlanck + SMatter (17)

where S¢yqavity is the bulk gravitational action, Sr.y is the action of visible sector
field, Spigner is the action of hidden sector field, and Sy, is the action matter

fields. The pieces of gravitational action confined on the branes are denoted by
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Stev/Planck- The gravitational part of the action can be written as:

STeV/Planck = - / d49€\/ g(¢ =0, 7T)/\Tev/Pz(mck (1.8a)

SGmwity = /d4l’/ dqﬁ\/g(—Abmk + 2M§R> (18b)

where the A’s are vacuum energy densities on the branes/bulk, R is the Ricci
tensor, Mj is the five-dimensional Planck mass and ¢xy is the 5D metric. If
denoting the trace of the space-time metric as ¢ = —g%, the unity of volume

reads (— f d5SL’\/§) If Abulk = APlanck = _ATeV = A, then [12]

a(¢) = relolk, (1.9a)
| =A
k= Ve (1.9b)

where the function o(¢) is linear on the extra dimension and acts as an exponen-
tial warp factor along the compact extra dimension, and the & is the curvature
factor where this form is dependent on the relation between the negative cos-
mological constant and the brane tensions. Integrating out the extra dimension,
the four-dimensional reduced Planck mass is now defined as [14]:

Mg

MZ, = (- e 2mhre) (1.10)

The curvature factor k is often assumed to be in the order of M;5 in such a
way that any value of k7. > 1 does not produce strong hierarchy between the
mass parameters of the theory (k, M5, and Mpy) [14].

The Higgs mechanism can be injected in this theory in the same manner as

the SM construction®. If the Higgs doublet is restricted to propagate only on the

*Higgs doublet could be a composite state of the heavy Kaluza-Klein (KK) fermions, bounded
by an additional strong force [15-18] or excitation of QCD [19]. However, the phenomenology
of the singlechannels would not differ much from the simple scenario in the effective theory.
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TeV brane, its four-dimensional VEV will then be:
v=e ey, (1.11)

where the v is the five-dimensional Higgs VEV. If the v, is assumed of the order
of the five-dimensional mass scale M5, the separation between Planck (Gravity)
and EW (Higgs mass) scales is produced by the metric when kr. ~ 11. This
Planck-EW hierarchy reduction is the most celebrated model feature of WED
scenarios [14].

The k and 7, are free parameters of the theory. Probes on the range of validity
of classical gravity constrain the value of the compactification radius r.. The
combinations k = k/Mp; and kr. are used as the basic parameters of the theory
to avoid extremely large or small numbers [14].

In the RS scenario, the localization of the Higgs doublet on the TeV brane re-
sults on the warp factor reducing the hierarchy problem. The quantum fluctua-
tions of the space-time metric are then interpreted as particles. A five-dimensional
Graviton field (spin-2) corresponds to the fluctuations around the 3+1 infinite
part of metric while the Radion, a spin-0 field, corresponds to the fluctuations

around the finite size of the spatial extra dimension [13, 20].

Kaluza-Klein Graviton

The finiteness of the extra spatial dimension makes the four-dimensional ef-
fective theory to contain excitation modes, acting as heavy resonances, known
as Kaluza-Klein (KK) modes. Its mass properties are directly calculable from
space-time geometry. If the size and curvature of the extra dimension are cho-
sen such that the Planck-TeV hierarchy is solved in the full theory, the mass first
KK mode of Graviton field (spin-2) is anticipated to be in the TeV range [13].
The KK Graviton can be described in two different models from the stand-

point of WED that depends on the choice of localization of the SM matter fields.
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First, the RS1 model where gravity is the only one allowed to propagate in the
extra-dimensional bulk, with the KK Graviton couplings to matter fields is de-
fined as k/Mp; [12]. Second, the bulk RS model [21, 22] where the matter fields
are allowed to propagate into the extra-dimensional bulk. This analysis uses the
bulk RS model where it also follows the characteristics of the SM gauge group,
with the right-handed top quark localized on the TeV brane (so-called elemen-

tary top hypothesis) [23].

Radion

The Radion is an element added to the WED models to stabilize the size of the
extra dimension /. The benchmark points of the model are expressed in the terms
of the dimensionless quantity k/Mp;, and the mass scale Ar = v/6e % x Mp,
where Ay is interpreted as the ultraviolet cut-off of the theory [24]. The mixing
between the scalars Radion and Higgs boson [24, 25] can be induced by adding
a scalar-curvature term [26]. The mixing is anticipated to be small due to the EW
precision tests [27] thus the Higgs-Radion mixing possibility is neglected in this
analysis [23].

Since the Radion does not depend strongly on the scenario unlike the KK

Graviton, either the RS1 or bulk RS scenario can be used [24].

1.2 Overview of Analysis Strategy

The main objective of the analysis is to look for heavy resonances (i.e. Kaluza-
Klein Bulk Graviton and Radion) that decay into two H bosons with large mo-
menta. Each H boson decays further into a b quark-antiquark pair (bb) as its
tinal state (See Figure 1.3). Since the resonances are massive (> 1 TeV), the H
bosons will be highly Lorentz-boosted. The bb pair will then have a small an-

gular separation (AR ~ 2(my/pn)) that can be reconstructed as one massive jet
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FIGURE 1.3: Feynman diagram of the production of heavy resonance X that
decays into a pair of H bosons. Each H boson decays further into bb pair final
state.

which corresponds to the H mass (125 GeV). This phenomenon is called boosted
regime.

The H — bb decay is an interesting channel to study because of its large
branching ratio® (BR) with a value of 0.5824 at My = 125 GeV [28] (See Fig-
ure 1.4). However, the signal is also buried within a large quantum chromody-
namics (QCD) background (¢,,(QCD) ~ 107 pb).

A new tagging algorithm, named double-b tagger (Section 3.2.1), is used in
this analysis that aims to reconstruct the bb pairs inside H jet. N-subjettiness
(Tn) (Section 3.4.4) was also used to measure the degree of jet constituents on
how it can be organized as N subjets. Furthermore, the Alphabet method (Sec-
tion 4), an extension of the ABCD method, is used as a technique to estimate the
background.

The data used in the analysis are collected in proton-proton (pp) collisions
at the LHC at center-of-mass energy /s = 13 TeV that correspond to a 2.7 fb™*

integrated luminosity® during the Run-II in 2015.

®Branching ratio, or branching fraction, is the probability of a particle decays into one partic-
ular final state.

®Integrated luminosity is the instantaneous luminosity integrated over the given time in-
terval, L;,y = [ Ldt. It directly relates to the number of observed events. The instantaneous
luminosity is the proportionality factor between the number of events per second dR/dt and the
cross section 0y, 4 = L - o),
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FIGURE 1.4: Branching ratio with uncertainties of Higgs boson for low mass
range. Figure from Reference [29].

1.3 Review of Related Literature

During the Run-I of the LHC, similar analyses for the search of resonant parti-
cle X and non-resonant HH decay channel were done by the ATLAS and CMS

collaborations in the pp collisions at /s = 8 TeV.

ATLAS Collaboration

In the ATLAS collaboration, a yybb [30] final state was studied using 20 fb~!
of pp collisions for both resonant and non-resonant HH production. Jets from
the hadronization of b-quarks (b jets) are selected using a multivariate tagging
algorithm (MV1) [31] that uses a neural network to combine the information
gathered in the event reconstruction, and is built to have an efficiency of 70%
for tagging b jets with light-quark or gluon jet and charm-jet rejection, as deter-
mined in a MC sample ¢t events. A 95% confidence level (CL) observed limit on
the cross section was set at 2.2 pb for non-resonant production. For production

via narrow resonances, the observed exclusion was set from 0.7 to 3.5 pb.

10
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A bbbb [32] final state was also studied with 19.5 fb~! integrated luminosity
but no evidence neither for resonant nor non-resonant HH production was ob-
served. It also uses MV1 tagging algorithm to identify the b jets. An upper limit
on the cross section of 3.2 and 2.3 fb was set for Kaluza-Klein Graviton (G’ )
with a mass of 1.0 and 1.5 TeV, respectively, at 95% CL. While an upper limit on
the cross section of 202 fb was set for non-resonant SM HH production at 95%
CL as well.

Searches for resonant and non-resonant HH production in bbr7 and yyW W*
[33] final states using 20.3 fb~! of pp collision data were done as well. No signif-
icant data excess was observed above the estimated background for both final
states. These results were then combined from the ybb and bbbb final states anal-
yses to obtain a 0.69 pb observed limit for non-resonant HH production at 95%
CL. The observed limits ranged from 2.1 pb at 260 GeV to 0.011 pb at 1000 GeV
for the narrow resonance search.

Recently, the ATLAS collaboration searched for HH production in the bbbb
final state with 3.2 fb~! of pp collision data at \/s = 13 TeV [34]. The analysis
was done in two ways: Resolved analysis for low mass range (400-1500 GeV)
that aims at event topologies with 4 b-tagged jets, and Boosted analysis with
mass above 1500 GeV that targets topologies with Lorentz-boosted H bosons
resulting in merged jets. The results showed no significant excess was observed
in the data beyond the background expectation. The background used in this
analysis consists mainly of multi-jets and ¢ events. 95% CL upper limits in the
24 to 113 fb range were observed for Kaluza-Klein gravitons within Randall-
Sundrum model with a mass range of 600 to 3000 GeV. 1.22 pb 95% CL upper

limit was observed for non-resonant production with mass above 1350 GeV.

11
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CMS Collaboration

In the CMS collaboration, a heavy scalar H that decays into a pair of SM-like H
bosons [35] was studied from a dataset corresponding to an integrated luminos-
ity of 19.5 fb~!. Multileptons (WW*r7, ZZ*77, and 7777 among other combina-
tions) and lepton+diphoton (yYWW*,yyZZ*, and yvy77) were considered as the
final states of this analysis. No significant deviation from the SM expectation
was found. The 95% CL upper limit was placed approximately on 2 pb.

In addition, a heavy scalar # that decays into a pair of SM-like H bosons
was studied but the final state consists of two 7 leptons and two b jets [36] from
a dataset corresponding to an integrated luminosity of 19.7 fb~'. Combined
secondary vertex (CSV) b tagging algorithm [37] are used to identify the b jets.
It exploits the information on the decay vertices of long-lived mesons and the
transverse impact parameter measurements of charged particles. In the end, no
significant excess is observed over the background expectation. The upper limit
was set on the H mass in the range of 260-350 GeV.

Resonant and non-resonant searches for particles that decay into HH pair
with a yybb [38] final state were done in data corresponding to an integrated lu-
minosity of 19.7 fb~!. This analysis also uses the CSV b tagging algorithm for b
jets identification. To improve the signal sensitivity, the events were classified
into two categories: medium purity where each event has exactly 1 b-tagged
jet, and high purity where each event has more than 1 b-tagged jet. The results
showed no evidence for a signal had been found above the background expec-
tation for both resonant and non-resonant search. The mass range between 325-
450 GeV was excluded for the first Kaluza-Klein excitation mode of the graviton
in the RS1 Randall-Sundrum model. For the non-resonant search, an upper limit
of 0.71 pb was set in its cross section.

The resonant HH production in the bbbb final state was done in two ways:

12
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one analysis was done in low mass region (270-1100 GeV) [39] with data cor-
responding to an integrated luminosity of 17.9 fb~! and the other was done in
high mass region (1150-3000 GeV) [40] with data corresponding to an integrated
luminosity of 19.7 fb~*. For the low mass region analysis, it uses a b tagging algo-
rithm called combine multivariate (CMVA) algorithm that combines the results
of three tagging algorithm: the jet probability (JP) algorithm, two soft lepton
tagging algorithm, and the CSV algorithm. No evidence for a signal was ob-
served. An exclusion was done in the 300-1100 GeV mass range of Radion and
380-830 GeV mass range of Kaluza-Klein Graviton at a 95% CL. For the high
mass region analysis, the massive resonance causes the HH pair to be highly
Lorentz-boosted. By this means, the bb pair can be reconstructed as one massive
jet. The CSV algorithm and 75 were used in this analysis. Again, no evidence
for a signal was observed. Radion scalar masses below 1550 GeV were excluded

for with scale Ap =1 TeV.
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Chapter 2

Experimental Apparatus: the LHC
and the CMS Detector

The data used in this analysis are collected by the Compact Muon Solenoid
(CMS) detector at the Large Hadron Collider (LHC). The CMS is one of the
general-purpose detectors at the LHC which aims to search for extra dimen-
sions, dark matter, and etc [41]. In this chapter, a brief overview of the LHC and

the CMS detector is presented.

2.1 Large Hadron Collider

Built by the European Organization for Nuclear Research (also known as “CERN”;
derived from Conseil Européen pour la Recherche Nucléaire) from 1998 to 2008, the
LHC is a particle collider, 27 km in circumference, and lies between 50 m to
175 m beneath the ground of the France-Switzerland border (Figure 2.1). It is
the largest and most powerful proton-proton collider in the world. It is also a
collaboration of more than 10,000 scientists and engineers coming from different
universities and research centers all over the globe [42, 43].

The experiment in the LHC starts with hydrogen gas that is injected into the
source chamber of the Linear accelerator 2 (LINAC2), in order to remove its
electrons. The bunch of protons left is accelerated with an electric field in the

LINAC?2 to reach its energy of 50 MeV. The protons are then fed to the Proton
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(4) (B)

FIGURE 2.1: Overview of the LHC (Top view (A) and underground sketch (B))
at the Swiss-French Border from Reference [44].

Synchrotron Booster (PSB) to accelerate up to 1.4 GeV. After the PSB, it is flung
on to the Proton Synchrotron (PS) where it is accelerated to 25 GeV. Packets
of protons are then channeled to the Super Proton Synchrotron (SPS) which is
specifically designed to receive the protons at this energy and further increase its
energy up to 450 GeV. Finally, the SPS launches the protons into the LHC. There
are two vacuum pipes in the LHC: one circulates the protons clockwise and the
other counter-clockwise. A total of 2808 packets of protons is launched by the
SPS in the LHC. The LHC boosts the energy of each proton to reach 6.5 TeV [45].

There are four intersection points in the LHC, which correspond to the four
main experiments; the “A Large Ion Collider Experiment” (ALICE), the “Large
Hadron Collider beauty” (LHCDb), the “A Toriodial LHC ApparatuS” (ATLAS),
and the CMS. ALICE is a heavy-ion (Pb-Pb nuclei) detector that studies the
physics of strongly interacting matter at extreme energy densities specifically
the quark-gluon plasma, a phase of matter thought to have formed just after
the big bang. LHCDb uses the particle “beauty quark” or “b quark” to study
the differences between matter and antimatter. ATLAS and CMS are the two
general-purpose detectors at the LHC with same specific goals, to search for ex-
tra dimensions, dark matter, and etc., but both detectors have different scientific

solutions and system design [41].
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FIGURE 2.2: Schematic view of the CERN accelerator complex. The dark blue

circle represents the LHC ring. The smaller machines are used in a chain to help

boost the particles to their final energies and provide beams to a whole set of

smaller experiments, which also aim to uncover the mysteries of the Universe.

Figure from Reference [46].

A center-of-mass energy of 13 TeV with 25 ns beam bunch spacing was at-
tained during the Run-II of the LHC in 2015. It was reported that 2244 proton
bunches per beam were providing an approximate of 5.0x10% cm~2s™! peak lu-

minosities and 4 fb~! total delivered integrated luminosity in both CMS and

ATLAS (see Figure 2.3) [47].

2.2 Compact Muon Solenoid

Located approximately 100 m beneath the ground of Cessy, France, the CMS
is one of the multi-purpose particle detectors operating at the LHC and has
multi-objectives such as studying SM, including the recently discovered Higgs
Boson, and searching for extra dimensions and dark matter particles. Despite
having the same objectives with the ATLAS detector, it has different scientific

solutions and distinct designs such as a high-field solenoid, a full-silicon-based
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FIGURE 2.3: Progression summary of 2015 proton run performance for the total
number of bunches, peak, and integrated luminosities. Figure from Reference
[47].
inner tracking system, and a homogenous scintillating-crystals-based electro-

magnetic calorimeter [41, 48].

CMS satisfies these following detector requirements in order to achieve its

objectives [48]:

e Good muon identification and momentum resolution over a wide range
of momenta and angles, good dimuon mass resolution (= 1% at 100 GeV),
and the ability to determine unambiguously the charge of muons with p

up to 1 TeV;

e Good charged-particle momentum resolution and reconstruction efficiency
in the inner tracker. Efficient triggering and offline tagging of 7’s and b-jets

requires pixel detectors close to the interaction region;

e Good electromagnetic energy resolution, good diphoton and dielectron
mass resolution (= 1% at 100 GeV), wide geometric coverage, 7° rejection,

and efficient photon and lepton isolation at high luminosities;
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CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
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Magnetic field  :3.8T
SUPERCONDUCTING SOLENOID
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MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers
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FIGURE 2.4: Cutaway view of the CMS detector from Reference [49].

e Good missing transverse momentum and dijet-mass resolution, requiring
hadron calorimeters with a large hermetic geometric coverage and with

fine lateral segmentation.

The most distinct feature of the CMS is the 13 m long, 6 m inner-diameter,
3.8 T superconducting solenoid (Section 2.2.2) located at the heart of the detec-
tor. From the inner to the outer layer of the magnet’s bore are the silicon-based
tracker (Section 2.2.3), the electromagnetic calorimeter (ECAL) (Section 2.2.4),
and the hadron calorimeter (HCAL) (Section 2.2.5). Outside of the magnet are
the muon chambers (Section 2.2.6) [48].

The overall dimension of the CMS detector is 28.7 m long, 15 m diameter,

and the weight is about 14,000 t [49].

2.21 Coordinate System

The origin of the CMS detector’s coordinate system is the nominal collision point

in the experiment. Its x-axis points towards the center of the LHC ring while its
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FIGURE 2.5: CMS coordinate system. The x-axis points towards the center of
the LHC ring, y-axis points vertically upward, and z-axis points along the beam
direction counter-clockwise. Figure from Reference [50].

y-axis points vertically upward. Hence, its z-axis points along the beam direc-
tion counter-clockwise. In the x-y plane, the radial coordinate is denoted by r
and the azimuthal angle (¢) is measured from the x-axis (Figure 2.5) [48]. Con-
ventionally, the spherical coordinate system is used due to the detector’s axis of
symmetry along the z axis.

Polar angle (9) is the angle measured relative to the z-axis (beam axis). How-
ever, considering that the rest frame of a hard collision is likely to be boosted
relative to the lab frame along the beam direction [51], its difference (A#f) is not
a good quantity to use since is not Lorentz-invariant. Thus, rapidity (y) [52],
a Lorentz-invariant quantity for boosts along the beam direction, is used and

defined as:

L (E+p\ _1 (P
y—§ln(E_pz>—tanh (E) 2.1)

For massless particles (particle’s mass is negligible when it is traveling near
the speed of light which is comparably similar to the events happening inside
the collider), rapidity is transformed to pseudorapidity () [52] which is defined

as:

n=—In {tan (g)} (2.2)
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With this, the angular separation between objects is defined as AR = /(Ay)? + (A¢)?,

or AR = /(An)? + (A¢)? if particles involved are massless. In addition, the
transverse momentum (py) is defined as the momentum computed from the

x and y components, which is transverse to the beam axis, and the transverse

energy (Er) is defined as £ = Esinf [48, 50].

2.2.2 Magnet System

The 13 m long, 6 m inner-diameter, 3.8 T superconducting solenoid of the CMS
weighs 220 t cold mass and can provide an enormous bending power! of 12 Tm
before the muon system measures the muon bending angle. It has a 2.6 GJ stored
energy at full current. To support its generation of 3.8 T field (by providing
41.7 MA-turn), the winding is composed of 4 layers, instead of the usual 1 or
2 layers, that is made from an augmented Niobium Titanium (NbTi) conductor
[48]. A detailed description of the CMS magnet’s parameter is in Table 2.1.

Its main objective is to bend the particles’ direction coming from the high-
energy collision inside the LHC. The particle’s direction is less bent by the mag-
netic field when it has higher momentum. This anticorrelation between the par-
ticle’s momentum and bending expresses that its momentum can be measured
by tracking its trajectory. Thus, CMS built the most powerful magnet possible
to have a highly accurate measurement of particles” momentum, as well as par-
ticles in high energies [53].

The magnetic flux is returned within the detector by the 10,000 t steel yoke.
It is composed of 2 endcaps, having three disks each, and 5 barrel wheels that
weigh from 400 t for the lightest to 1920 t for the central wheel, including the
coil and its cryostat. It also acts as a filter that only allows muons and weakly

interacting particles (e.g. neutrinos) to pass through [48, 53].

!Bending power (or “magnetic rigidity”) is characterized by the field integral [ B x dl, where
B is the azimuthal field component, and the integral is taken over the particle’s straight-line
trajectory without the field, from the inner to the outer radius of the toroid. Its unit is in Tesla-
meter (Tm).
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TABLE 2.1: Parameters of the CMS magnet.

General Parameters

Magnetic Length 125 m
Cold bore diameter 6.3 m
Central magnetic induction 4T
Total Ampere-turns 41.7 MA-turns
Nominal current 19.14 KA
Inductance 142 H
Stored Energy 26Q]
Cold mass
Layout Five modules mechan-
ically and electrically
coupled
Radial thickness of cold mass 312 mm
Radiation thickness of cold mass 3.9 X,
Weight of cold mass 220t
Maximum induction on conductor 46T
Temperature margin wrt operating temper- 1.8K
ature
Stored energy/unit cold mass 11.6 kJ/kg
Iron yoke
Outer diameter of the iron flats 14 m
Length of barrel 13 m
Thickness of the iron layers in barrel 300, 630, and 630 mm
Mass of iron in barrel 6000 t
Thickness of iron disks in endcaps 250, 600, and 600 mm
Mass of iron in each endcap 2000 t
Total mass of iron in return yoke 10,000 t

2.2.3 Inner Tracking System

Following the requirements of the LHC physics program, the inner tracking sys-
tem of the CMS is capable of providing an accurate and efficient reconstruction
of the paths of charged particles with p; > 1 GeV within || < 2.5 range. It can
also give an accurate measurement of secondary vertices and impact parameters
that are essential for effective heavy flavors identification. Its dimension is 5.8 m
long and 2.5 m in diameter enclosing the intersection point. The silicon-based
design is due to the requirement that the system must have high granularity and

quick response in a way that the paths are identified consistently and the bunch
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FIGURE 2.6: Schematic cross sectional view of the CMS tracker system. Each
line represents a detector module, double lines means back-to-back module.
Figure from Reference [48].

crossing are attributed precisely without overheating the system and causing
severe radiation damage by the intense particle flux [48].

There are two kinds of tracker subsystem in the CMS tracker; a pixel detector
and a strip tracker. The pixel detector has three barrel layers occupying a radial
distance from 4.4 to 10.2 cm while the strip tracker has ten barrel detection layers
with a radial coverage from 25.5 to 108 cm. Both subsystems are finished off by
an endcap; two disks for pixel detector and 3 plus 9 disks for strip tracker on
each barrel’s side. This extends the tracker’s acceptance up to || < 2.5. Overall,
the CMS tracker is composed of 1440 pixel and 15,418 strip detector modules.

The active silicon area of the CMS tracker is about 200 m? [48].

Pixel Detector

Being the closest to the interaction region, the pixel subsystem provides precise
tracking points in the transverse (r — ¢) and longitudinal (z) plane; thus it is re-
sponsible for the small impact parameter resolution for accurate reconstruction
of secondary vertices from b and 7 decays, and formation of seed tracks for the
outer track reconstruction and high-level triggering. It covers a range of || <

2.5 to match the acceptance of the central tracker [48].
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The dimension of the pixel cell is 100x150 ym?. It uses a concept called “n-
in-n” where the pixels contain n-implants placed in the n-substrate while the
back side is p-doped. This concept was chosen, instead of the usual single sided
“p-in-n”, because: (1) a high signal charge is guaranteed at moderated bias volt-
ages (< 600 V) after high hadron fluences, (2) the electrons have high mobility in
which the Lorentz angle increases thus satisfying the spatial resolution require-
ment, and (3) the necessity of constructing the back leads to the implementation
of the guard ring system which keeps all sensor edges at ground potential [54].

The 53 cm long three barrel layers (BPix) contain 48 million pixels with a
total area of 0.78 m? while the two 6-15 cm radius endcap disks (FPix) contain

18 million pixels covering a total area of 0.28 m? [48].

Strip Tracker

The strip tracker subsystem, which encloses the pixel detector subsystem, is
built with 24,244 single-sided “p-on-n” type microstrip sensors. A total of 9.3
million strip trackers that covers a total active area of 198 m? is used in this
subsystem. The sensors are manufactured on 6-inch wafers in a standard pla-
nar process having an n-doped float zone silicon with (100) crystal orientation.
There are two sets of sensors made: (1) the “thin” one with a 320 ym wafer thick-
ness and a 1.5 — 3.25 KQ2cm substrate resistivity, and (2) the “thick” one with a
500 pm wafer thickness and a 4 — 8 K{2cm substrate resistivity [55].

The subsystem can be divided into quarters; the four layers Tracker Inner
Barrel (TIB), the six layers Tracker Outer Barrel, the Tracker Inner Endcap (TID)
that is made of three small disks of the inner barrel on both side, and the Tracker
Outer Endcap (TEC) which is composed of nine big disks on both sides of the
tracker. The TIB and TID have a combined radius of 55 cm and delivers up to
4 r — ¢ measurements on a trajectory using “thin” sensors, parallel to the beam
axis for TIB and radial for TID. The TOB has a radius of 116 cm and uses “thick”

sensors. It provides 6 7 — ¢ measurements per trajectory. Lastly, the TEC covers
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the region 124 cm < |z| < 282 cm and 22.5 cm < |r| < 113.5 cm. It carries up to 7
rings of microstrip sensors (the inner 4 rings use “thin” sensors and the outer 3
rings use “thick” sensors) and delivers 9 r — ¢ measurements per trajectory [48,

55].

2.2.4 Electromagnetic Calorimeter

The ECAL system is situated right outside the inner tracking system. Its ob-
jective is to measure the EM particles’ energy such as electrons and photons.The
main material of the ECAL is the lead tungstate (PbWQ,) crystals; 61,200 mounted
in the barrel and 7,324 in both of the endcaps. PboWO, crystal is the chosen mate-
rial for it is highly dense (8.28 g/cm?), has short radiation length? (0.89 cm), and
small Moliere radius® (2.2 cm). The ECAL’s high-density crystals design makes
it radiation resistive, have a quick temporal response (~ 10 ns), and provide fine
granularity. Being a homogeneous crystal calorimeter, it also provides a good
energy resolution which enhances the search for H — v+ [48, 56].

The photodetectors used are avalanche photodiodes (APDs) in the barrel and
vacuum phototriodes (VPTs) in the endcaps. The ECAL barrel (EB) covers a
range of |n| < 1.479 with a granularity of 360-fold in ¢ and (2x85)-fold in 7. Its
crystals have a front face cross section of 22x22 mm? (0.0174x0.0174 in n — ¢),
and 26x26 mm? at the rear face. The centers of the crystals’ front face are at a
radius 1.29 m. The crystal has a length of 230 mm (25.8 X;). Overall, the barrel
crystal’s dimension is 8.14 m? in volume and 67.4 t in weight. The ECAL endcap
(EE) covers a range of 1.479 < || < 3.0. It is 315.4 cm away from the interaction
point longitudinally, considering the estimated 1.6 cm shift towards the interac-
tion point when the magnetic field is turned on. Both endcaps are divided into

2 halves, or Dees, with each, holding 3662 crystals. The crystals in the EE are

ZRadiation length X is the mean distance traveled by the relativistic charged particle in a
material over which its energy decreases to 1/e of its initial value by bremsstrahlung.

3Moliere radius R, is the distance in the transverse plane of an incoming particle that con-
tains > 90% of the shower’s energy deposition.
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FIGURE 2.7: CMS electromagnetic calorimeter; (A) One-quarter schematic cross

sectional view (dashed lines represent fixed n values) from Reference [57],

and (B) Layout of the crystal modules, supermodules, and endcaps, with the
preshower in front, in the CMS ECAL from Reference [48].

identically shaped and grouped in 5x5 crystals (also known as “supercrystals”,
or SCs) with a length of 220 mm (24.7 X,). It has a front face cross section of
28.62x28.62 mm?, and 30x30 mm? at the rear face. The dimension of the EE
crystal is 2.90 m? in volume and 24.0 t in weight [48, 56].

In front of the EE crystals, there is a preshower detector installed within the
range of 1.653 < || < 2.6. Its objectives are to filter neutral pions (), to identify
electrons from minimum ionizing particles, and to enhance the electron’s and
photon’s position determination with high granularity. It is made up of silicon
strip sensor with a lead absorber, which initiates the electromagnetic showers,
in front. Its total thickness is 20 cm [48].

The energy resolution [58] of the calorimeter can be parameterized as:

(%)2 = (%)2 + (%)2 +C? (2.3)

where S is the stochastic term, which depends on fluctuation in showering,
photo-statistics and photodetector gain; N the noise term, which depends on
electronic, digitization, and pile-up noise; and C is the constant term that de-
pends on leakage of energy, calibration, and non-uniformity of the longitudinal

light collection.
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2.2.5 Hadron Calorimeter

The HCAL system is placed mainly at the outer extent of the ECAL system (R
= 1.77 m) and the inner extent of the superconducting solenoid (R = 2.95 m).
It measures the hadron jets and neutrinos or exotic particles that result to the
apparent missing transverse momentum? (p7***). It is divided into four distinct
subsystems; the HCAL barrel (HB), the HCAL endcap (HE), the HCAL outer
(HO), and the HCAL forward (HF) [48, 59].

The HB is placed inside the superconducting solenoid that covers a range of
In| < 1.3. It consists of 36 azimuthal wedges that divide the barrel into HB+ and
HB-. These wedges are made out of flat brass absorber plates which are aligned
parallel to the beam axis. The main material used for the absorber is brass; eight
layers of 50.5 mm thick plates and six layers of 56.5 mm thick plates. This brass
plates are in the middle of two steel plate; 40 mm thick in front and 75 mm thick
at the back. The total absorber thickness is 5.82 interaction length® (\;) at 90°. A
3.7 mm thick Kuraray SCSN81 plastic scintillator is used as the active material
for the HB [48, 59].

The HE is within the range of 1.3 < |n| < 3, which is also inside the super-
conducting solenoid. Same with HB, it also uses brass as the main material for
the absorber and scintillator as the active material; 79 mm thick brass disks in-
terleaved with scintillator wedges, 9 mm thick Bicron BC408 for the first layer
and 3.7 mm thick SCSNS8]1 for the other layers. Combining HB and HE, the total
length of the HCAL system is ~ 10 J);, including the EM crystals [48, 59].

The HO is placed outside the superconducting solenoid that complements
the HB. This sequence is due to the constraint in the amount of material that

can be put in to absorb the hadronic shower. The HO catches the energy leakage

*Missing transverse momentum p7**** is the imbalance in the momentum measured in the
transverse plane that mainly comes from neutrinos (Neutrinos cannot be detected by the detec-
tors).

*Interaction length ), is the mean distance traveled by the hadron particles after which its
incident number is reduced by a factor of 1/e due to the nuclear/strong interactions.
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FIGURE 2.8: One-quarter longitudinal view of the CMS hadron calorimeter sys-

tem showing the layout of its parts: the hadron barrel (HB), endcap (HE), outer

(HO), and forward (HF) calorimeter. The dashed lines represent fixed 7 values.
Figure from Reference [48].

from the HB where ~ 5% of all hadron’s energy above 100 GeV are deposited. In
the ¢ plane, it has a 12-fold structure, with 30° component each that are divided
into six 5° sectors. In the 7 plane, it consists of five 19.5 cm thick iron “rings”;
Ring 0 covers a range of |n| < 0.35, Rings £ 1 cover 0.35 < |n| < 0.87 range, and
Rings + 2 cover 0.87 < |n| < 1.2 range. Ring 0 has two layers of HO scintillators
on either side at radial distance of 3.82 m and 4.07 m, while the others have single
HO scintillator layer at radial distance of 4.07 m. The HO extends the depth
of the HCAL system to a minimum of 11.8 ); excluding the HB-HE boundary
region [48, 59].

Lastly, the HF is situated 11.2 m away (along the z-direction) from the inter-
action point that is beyond || = 3.0. The HF extends the pseudorapidity range
of the HCAL system up to || = 5.2 using a Cherenkov-based, radiation-hard
technology. It is made of quartz fiber and steel, with the fibers parallel to the
beam axis. It is built in 20° wedges with each containing two 10° ¢ sectors [48,
59].

The energy resolution for the HCAL can also be parameterized using the

same canonical formula (Equation 2.3), though, the parameters are larger with
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usual values of 35 — 100% for S, 1 — 3 GeV for N, and 3 — 5% for C [60].

2.2.6 Muon Detector System

Muon is one of the most important particles in a particle detection experiment
as it provides clean signatures of interesting physics processes within a large
background rate. Hence, a robust and accurate muon measurement is one of
the main goals of the CMS, as it is stated in the name of the detector. The muon
detector system is placed at the outermost layer of the CMS. It has three primary
functions: identification, momentum measurement, and triggering of the muon.
Its design is capable of reconstructing the muon’s momentum and charge within
a large kinematic range of the LHC. It utilized three types of gas-ionization par-
ticle subdetector for muon identification: the drift tube chambers (DT) in the
barrel, the cathode strip chambers (CSC) in the endcap, and the resistive plate
chambers (RPC) in both barrel and endcap [48, 61].

The DT covers a range of |n| < 1.2. Itis divided into 12 ¢-segments per wheel
creating 4 sections that are arranged in an alternating sequence with the plates of
the magnet flux-return yoke. Each section has 8 layers of tubes that measure the
coordinates of the muon in the transverse plane, and 4 layers in the longitudinal
plane except for the last outer section. A drift cell is the basic element of the DT
subsystem which has a transverse area of 42x13 mm? with a 50 um diameter
gold-plated stainless-steel anode wire at the center. This corresponds to a drift
time of 380 ns in a gas mixture of 85% Ar + 15% CO,. Four layers of cells in a
staggered parallel order create a so called superlayer (SL). A DT chamber is made
of 2 parallel SLs that measures the r — ¢ coordinates, and an orthogonal SL that
measures the » — z coordinates except for the last outer section [48, 61].

Higher muon rates and background levels, and strong non-uniformed mag-
netic field are the usual cases happening in the endcap regions of the CMS. The

CSC is preferred in this kind of situation since it has a fast temporal response,
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FIGURE 2.9: One-quarter cross sectional view of the CMS muon detector sys-
tem. Dark grey areas are the various muon stations and steel disks, light orange
areas are the drift tubes (DT) that are labeled muon barrel (MB), green areas are
the cathode strip chambers (CSC) that are labeled muon endcap (ME),and blue
areas are the resistive plate chambers (RPC; RB for barrel and RE for endcap).
The dashed lines represent fixed 7 and 6 values. Figure from Reference [61].

fine segmentation, and high tolerance on a non-uniform magnetic field. It cov-
ers a range of 0.9 < |n| < 2.4. It is divided into 4 sections attached on the front
of the endcap steel disks, transverse to the beam. A chamber consists of 6 layers
that can measure muon coordinates in both transverse and longitudinal plane.
Cathode strips on each chamber provide the precise measurements in the r — ¢
bending plane and run radially outward. Additionally, anode wires provide
measurements of 7 and muon’s beam-crossing time and run perpendicular to
the strips. All chambers have 50% CO,, 40% Ar, and 10% CF, gas concentration
[48, 61].

To have a precise measurement of the beam crossing time at the highest LHC
luminosities, the RPCs are added to the CMS muon detector system in both the
barrel and endcap region. It has an excellent time resolution, and a fast, inde-
pendent triggering system with a sharp pr threshold over a wide range (|| <
1.6). It is a double-gap chamber, operated in avalanche mode to ensure reliable

performance at high rates. In the barrel region, it is installed adjoining the 4
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sections of the DT; double layer in the 2 inner sections while single layer on the
2 outer sections. The double layering is for allowing the trigger algorithm to
function even for low pr that may stop before reaching the 2 outer sections. In
the endcap region, a plane of RPCs are installed adjoining only the first 3 sec-
tions of the CSC for the trigger can use the coincidences between sections to
reduce backgrounds, attain excellent py resolution, and improve time resolution
for brunch crossing identification. RPCs consists of 95.2% Freon (CoH,F,, also

known as R134a), 4.5% isobutane (i-C4H(), and 0.5% SF¢ gas mixture [48, 61].

2.3 The Trigger System

The proton beams in the LHC cross every 25 ns, which corresponds to a cross-
ing frequency of 40 MHz. At a nominal design luminosity of 10** cm~2s™!, each
crossing results to an average of 20 inelastic pp events producing about 1 MB
of zero-suppressed data. This means that for every second, there are approxi-
mately 40 TB of data produced which is excessively large for the current tech-
nology to process and store. In this case, a trigger system is used to reduce the
rate of the data [48, 62].

The trigger is the start of selecting events according to interesting physics
processes. The rejection or acceptance of an event is evaluated by its suitability
on whether it can be included in one of the various data sets (e.g. multi-leptons,
leptons+jets, electrons, and other samples) for data analysis. This selection must
be done by the trigger in real time [63].

The CMS trigger system is capable of reducing the data from 32 MHz to
O(100) Hz using a different sequential trigger level design. There are two levels
or steps; the first step is called the Level-1 Trigger (L1) (Section 2.3.1) which is
composed of custom-made, highly programmable hardware, and the second is
the High-Level Trigger (HLT) (Section 2.3.2) which is a software system imple-

mented in a commercial processor farm. Together, the L1 Trigger and the HLT
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FIGURE 2.10: The data flow of the CMS trigger system. L1 Trigger reduces the
rate of accepted events to less than 100 kHz and the HLT further reduces it to a
final output of 100 Hz.Figure from Reference [62].

can reduce the rate to be at least a factor of 10° [48].

2.3.1 Level 1 Trigger System

All the data coming from the calorimeters and the muon system are first filtered
by the L1 Trigger system. The system starts with the first component called
Trigger Primitive Generators (TPG) that look for energy deposits, and track
segments or hit patterns in the calorimeters and muon system, respectively. The
Regional Triggers then combine all the information gathered and rank the trig-
ger objects such as electrons, muons, and jets in a limited spatial region. The
ranking is based on the object’s energy or momentum and quality (L1 parameter
measurements). Lastly, the Global Calorimeter Trigger and Global Muon Trigger
determine the highest-ranking calorimeter and muon objects, respectively, and
transfer it to the Global Trigger, the last component of the L1 Trigger System.
The Global Trigger makes the last decision (based on the algorithm calculations
and the status of the subdetectors and data-acquisition (DAQ) system, which is

regulated by the Trigger Control System) whether to reject or accept the objects
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FIGURE 2.11: Architecture of CMS L1 trigger system. Figure from Refer-
ence [48].
before transferring it to the HLT for further evaluation [48]. The accepted events
are ordinarily called L1 accept. The architecture of the CMS L1 Trigger system
is depicted in Figure 2.11.
L1 Trigger has to analyze every bunch crossing thus, it only has 3.2 is latency
in between a given bunch crossing and the distribution of the trigger decision to

the detector’s front-end electronics [48].

2.3.2 High Level Trigger System

The reason of using the HLT system is mainly to avoid the issues when using
the “traditional” three-level trigger system. In a three-level trigger system, the
rate reduction of O(1000) can be attained in two stages: the “Level-2” trigger,
a custom-made hardware or software-based system, provides the quick large
rejection factor and then the “Level-3” trigger, a processor farm, does the selec-
tion based on more sophisticated algorithms. On the other hand, the speed and

rejection power of the Level-2 trigger, and the flexibility and sophistication of
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the Level-3 trigger are already incorporated in the HLT system. Additionally,
the CMS HLT can attain a full-granularity data from the whole detector includ-
ing the tracker, unlike the three-level trigger system which has to use “regional”
information from specific parts of the detector [64].

The HLT performs the readout of the electronics after the run in L1 Trigger
system (L1 accept). It then executes physics selection algorithm such as applying
reconstruction and identification criteria in order to identify interesting physics
events. The accepted events, together with a small sample of rejected ones, are
then forwarded to the online services that monitor the detector’s performance
and provides the means of archiving the events in mass storage. The event se-
lection of the HLT is comparable to the offline processing but is more efficient
even with lower resolutions [62].

The processing farm design is for achieving a reduction rate by a factor of
10 [63]. From the L1 Trigger, the HLT further decreases the rate of 100 kHz to a

final output of 100 Hz.
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Analysis Strategy

After all the information of the physics object is collected from the different part
of the detector, it can now be combined and reconstructed to the analysis of in-
terest. This process is done by the particle-flow algorithm [65, 66] (Section 3.1).
It is the one responsible for the identification and reconstruction of all the parti-
cles inside the collider. The reconstructed particles are then reconstructed again
to jets (Section 3.1.1) and now can be studied according to the strategy of the
analysis.

This chapter breaks down the methodology of the analysis. Techniques used

in this analysis are expounded as well.

3.1 Physical Object Reconstruction

The performance of the particle-flow (PF) algorithm depends on the following
factors [65]:

e Purity and efficiency of track reconstruction;
e Ability of the clustering algorithm to untwine overlapping showers;

e Capability of the linking method to connect together the deposits of every

particle in the subdetectors.
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The PF algorithm starts with extrapolating the tracks through the calorime-
ters. When a track falls within the boundaries of one or more clusters, the clus-
ters will be now linked to that certain track. The set of track and cluster/s con-
stitute a charged hadron (or electrons if the energy is all from the ECAL) and
the building bricks are no longer considered in the rest of the algorithm. Iden-
tification of muons is done beforehand so that its track will not be misidenti-
tied to a charged hadron. Due to the frequent Bremsstrahlung photon emission,
Gaussian-Sum Filter [67], a special track reconstruction, is used for electrons to
attach the photon clusters to the electrons and avoid energy double counting.
After all the tracks are treated, the residual clusters now result into neutral par-
ticles; photons in the ECAL and into neutral hadrons in the HCAL [65].

After the association of all particle’s deposit is the evaluation of its nature
and determination of its optimal 4-momentum from the combined information
in the subdetectors. If there is an excess in the calibrated calorimeter energy
of the clusters (linear combination of the ECAL and HCAL energy deposits)
associated to a track with respect to the track momentum that is higher than
1o, this excess will be attributed to an overlapping neutral particle (photon or
hadron) that carries an energy corresponding to the difference between the two
measurements [65].

Lastly, the resulting particles are then used for jet reconstruction, 7 recon-
struction and identification from its decay products, and isolated particles mea-

surement [65].

3.1.1 Jet Reconstruction

A jet is a group of hadrons produced by fragmentation and hadronization of par-

tons (quarks and gluons) that have small relative distances in momentum space.

Itis collimated as a cone-shape with a base of radius R = /(An)? + (A¢)2. These
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Parton level

‘p\ Particle Jet Energy depositions

in calorimeters
FIGURE 3.1: Sketch of a jet which is a collimated spray of stable particles from
the pp collision. Figure from Reference [72].
pieces of information that are collected from the detector are then combined to
reconstruct a jet by jet reconstruction algorithms.

There are two classes of algorithms to reconstruct jets. The first one is the
cone algorithm where it assumes that particles within the jets are already in
conical form and thus clustered base on 1 — ¢ space which results in jets that
have rigid circular boundaries. However, the cone algorithm has many issues
such as overlapping cones and so-called dark towers' [68]. Also, it is generally
infrared and collinear (IRC) [69] unsafe. The second is the sequential clustering
algorithm where it assumes that particles inside the jets have small differences
in its py’s and thus clustered based on momentum space which results in jets
with different areas in 7 — ¢ space. This analysis used the sequential clustering
algorithm because it is IRC safe and with the help of FASTJET program [70], it is

much faster than the cone algorithm [71].

Jet Clustering

All of the sequential clustering algorithms use the same method:

AR,
dij = min(p};', pi} )—RgJ (3.1a)
dip = pj (3.1b)

!Dark towers are energy clusters that are large enough to be considered as a separate jet or to
be included in a nearby jet but are not designated into either.
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FIGURE 3.2: A sample parton-level objects with randomly injected “ghost” par-

ticles clustered using (A) anti-k; algorithm, (B) Cambridge/Aachen (CA) algo-

rithm, and (C) k; algorithm, illustrating the “active” attachement areas of the
resulting hard jets. Figure from Reference [73].

Equation 3.1a is the distance variable between ith and 5 particle, where a is
an exponent corresponding to the clustering algorithm used, AR}, = (1; —n;)* +
(¢i — ¢;)? is the distance in 7 — ¢ space between the two particles, and R is the
radius parameter which determines the final size of the jet. The second equation
(Equation 3.1b) is the distance in momentum space between the beam axis and
the detected particle [71].

The parameter a changes its value depending on the clustering algorithm

used:
e a1 =-1: anti-k; algorithm
e a1 =0: Cambridge/Aachen (CA) algorithm
e a=1: k; algorithm

The sequential clustering algorithm aims to look for the minimum of the
whole set {d,;,d;p}. If it finds that the d;; is the minimum, the particles i and
j will then be combined into one (ij) using the summation of 4-vectors and the
two particles will then be removed in the list of particles. If it is the minimum
d;p, the it particle will be labeled as the final jet and removed in the list of
particles. The process of finding the minimum between d,; and d; is repeated

until all the particles are part of a jet that has a distance between the jet axes
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AR;; > R (inclusive clustering) or a chosen amount of jets have been found
(exclusive clustering) [71].

The distance variables of the Cambridge/Aachen algorithm (CA) do not de-
pend on the momentum and therefore its area sort of fluctuates and is to some
extent susceptible to the underlying event (UE) and pileup (PU). The CA algo-
rithm has the best declustering because of the purely spatial character of the
distance variables. Hence, it is best suited for studying jet substructure. The
kr algorithm is dominated by low pr and so prefers to cluster soft particles first
which results in a considerable fluctuation on its area and also susceptible to
the UE and PU. It is used to reconstruct the energy density due to the PU and
correct for jet energy and isolation. It is also good on resolving subjets due to
its method of clustering and less complicated in declustering than the CA al-
gorithm. Lastly, the anti-kt algorithm is dominated by high pr and so prefers
to cluster hard particles first. Thus, the area only fluctuates slightly and less
sensitive to the UE and PU. Although, its declustering is not good so it is not
recommended for studying jet substructure.

Since this analysis studies particles with high py, the anti-k; algorithm is
used for jet clustering with a distance parameter R = 0.8 (AKS8 jets). R = 0.8 is
used to cover the pr range of b quarks that are getting close to each other (bb pair
is reconstructed as one massive jet) . Clustered jets with a distance parameter

R = 0.4 (AK4 jets) are used for supporting studies.

Jet Grooming

It is crucial to remove the soft and wide-angle radiation components of the jet to
improve its mass resolution for jet reconstruction. Jet grooming algorithm does
this process while preserving the hard parton remnants that originates from the
heavy particles.

One technique of jet grooming algorithm is called pruning [74, 75]. Pruning

is based from other jet substructure (filtering [76] and top tagging [77]) that is
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modified to improve heavy particle identification. The pruning procedure starts
with a clustered jet by running it again in the jet clustering algorithm and then

checked for following conditions in each recombination ¢, j — p:

Zij = min(pri, Pri) Zeut (3.2a)

pr

ARU‘ > Doyt (32b)

If both of these conditions are met, the softer protojet is discarded and then
proceed with the algorithm. The resulting jet is the pruned jet [74].

The z., is the parameter of the algorithm with a default value of 0.10. The pa-
rameter D,,; chooses how much of the jet substructure can be pruned, a smaller
value means more pruning. However, a very small value can lead to overprun-
ing. Therefore, the D, is defined as D.,, = my/pr, for a reasonable starting
value where m  is the mass of the indetified jet and pr, is its transverse momen-
tum|[74].

This analysis used the pruning grooming algorithm since it has a better iden-
tification of heavy particle that decay into a jet and at the same time, suppresses

QCD background.

3.2 b-Tagging

Identification of jets coming from b hadrons is essential since it is extensively
used in different measurements such as the bottom or top pair production, H
boson searches, and various supersymmetric processes. The b-tagging algo-
rithms are used to find those jets which depend on b hadrons’ long lifetime, rel-
ative large mass, hard fragmentation fractions, and along with its semileptonic
decays [78].

In the CMS experiment, many b-tagging algorithms have been developed to

have a precise and efficient b jets identification with good background rejection.
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One of the many b-tagging algorithms is called double-b tagger [79]. It can

identify jets containing two b quarks which is suitable for this analysis.

3.2.1 “Double-b Tagger” Algorithm

The double-b tagger is a newly developed b-tagging algorithm that has adopted
the definition of the CSVv2 [80] algorithm to handle the bb topology but instead
of using the jet axis, defined by the primary vertex and jet momentum’s direc-
tion, the axes of the two N-subjettiness? are used to decipher the two b hadrons
decay chains for H — bb signal (see Figure 3.3) [79].

Discriminating variables that depend on reconstructed tracks, secondary ver-
tices (SVs) including two SV system are used as input to the MVA algorithm to
separate the signal (H — bb jets) from the background (inclusive QCD jets).
These input variables should not depend on the p; and mass of the jet to main-
tain the generality of the algorithm [79].

Each track with p;y > 1 GeV that are associated with a jet with AR < 0.8 is
linked to the closest 7-axis. The distance of a track to the 7-axis is defined as the
closest one to the axis and set to be < 700 xm to reject tracks from pileup. The
point on the track that is closest to the 7-axis must be within 5 cm of the primary
vertex. Pairs of tracks that are compatible with the kaon mass within 30 MeV are
rejected to reduce the contamination of the decay products of long-lived parti-
cles (e.g. neutral kaons). The impact parameter (IP) of a track with respect to
the primary vertex sets apart the b hadron’s decay products from prompt tracks.
It is computed in three dimensions and the impact parameter significance (SIP)
is the IP to its estimated uncertainty ratio. Input variables that are related to
the SVs coming from b hadron decay have been studied. SVs are distinguished
through the Inclusive Vertex Finder (IVF) [81, 82] algorithm using tracks with
pr > 0.8 GeV. The IVF algorithm uses as input the collection of reconstructed

tracks in the event. Jets with a cone-size AR < 0.7 and the closest T-axis within

2See Section 3.4.4 for description of N-subjettiness.
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FIGURE 3.3: Schematic of (A) fatjet b-tagging, (B) subjet b-tagging, and (C)
double-b tagger approaches.

that jet are to be associated to the reconstructed SVs. The track momenta of the
constituent tracks from all the SVs associated to each 7-axis are added to com-
pute the SV mass and the SV transverse momentum for that 7-axis [79].

The following are the input variables to the double-b tagger MVA discrimi-
nant [79]:

e The number of tracks associated with the jet;
e The first four SIP values for selected tracks ordered in decreasing SIP;

e For each 7-axis, the first two SIP values are considered for their respective
associated tracks ordered in decreasing SIP to further discriminate against
single b quark and light flavor jets from QCD when one or both SV are not

reconstructed due to IVF inefficiencies;

e The measured IP significance in the plane transverse to the beam axis, 2D
SIP, of the first two tracks (first track) that raises the SV invariant mass

above the bottom (charm) threshold of 5.2 (1.5) GeV;
e The number of SV associated with the jet;

e The significance of the 2D distance between the primary vertex and the
secondary vertex, flight distance, for the SV with the smallest 3D flight

distance uncertainty, for each of the two 7-axes;
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e The AR between the SVs with the smallest 3D flight distance uncertainty

and its T-axis, for each of the two T-axes;

e The relative pseudorapidity (7,¢;) of the tracks from all SVs with respect to
their T-axis for the three leading tracks ordered in increasing 7,.;, for each

of the two T-axes;

e The total SV mass, defined as the total mass of all SVs associated to a given

T-axis, for each of the two T-axes;

e The ratio of the total SV energy, defined as the total energy of all SVs as-
sociated to a given 7-axis, and the total energy of all the tracks associated
with the fat jet that are consistent with the primary vertex, for each of the

two T-axes;

e The information related to the two-SV system, the z variable, defined as:

2 = AR(SVy, SV;) - % (3.3)

where SV, and SV; are the SVs with the smallest 3D flight distance uncer-
tainty. The z variable helps to reject the bb background from gluon splitting
relying on the different kinematic properties compared to the bb pair from

the decay of a massive resonance.

Variables with enough classifier segregation that show small correlation with
the other inputs and better QCD background discrimination (at least 5%) are
selected as the discriminating variables. A total of 27 variables are used as an
input to the double-b tagger MVA discriminant [79].

The performance (ROC curve) of the double-b tagger compared to other b-

tagging algorithms is shown in Figure 3.4.
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FIGURE 3.4: ROC curve of double-b tagger (blue), subjet CSV (red), and fatjet

CSV (green) algorithms. This shows that the double-b tagger has better perfor-

mance on discriminating the signal from the background than the other tech-
niques.

3.3 Data and Simulated Samples

The data and Monte Carlo (MC) samples are processed using the CMS Software
(CMSSW) version 7_6_X during the Run-II of the LHC in 2015.

3.3.1 Data Samples

The data are collected in the pp collisions at the LHC with the CMS detector at
Vs =13 TeV in 2015. It corresponds to an integrated luminosity of 2.7 fb~! and
measured using the golden JSON file Cert_13TeV_16Dec2015ReReco_Collisionsl5

_25ns_JSON_Silver_v2.txt. The datasets used are provided in Table 3.1.

3.3.2 Trigger

Since the final state includes two H jets, the trigger places a requirement on the

scalar sum of the transverse momentum of all outgoing quarks and gluons, Hr.
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TABLE 3.1: List of 2015 dataset with its corresponding integrated luminosity
used in this analysis.

Integrated

Dataset Luminosity
(fo~)
/JetHT /Run2015C_25ns-16Dec2015-v1/MINIAOD 0.0177
/JetHT /Run2015D-16Dec2015-v1/MINIAOD 2.666

This analysis used a trigger path that requires H; > 800 GeV (HLT_PFHT800).
This criterion gives at least 99% trigger efficiency for events above 1200 GeV dijet
invariant mass (See Figure 3.5). The trigger efficiency is measured with respect

to the prescaled trigger requiring Hy > 300 GeV (HLT_PFHT350).

3.3.3 Simulated Samples
Signal Samples

The signal MC samples are generated with the MADGRAPH5_AMC@NLO [83,
84]. The PDF4LHC next-to-leading order (NLO) parton distribution function
(PDF) set [85-89], taken from LHAPDEF 6 [90], with 4-flavor scheme, is used. The
showering and hadronization processes are performed by the PYTHIAS8 [91] us-
ing the CUETP8M1-NNPDF2.3LO [92] tune. Simulation and event reconstruc-
tion of particles passing through the detector are then done by the GEANT4 [93].
Additionally, all signal samples belong to the RunIIFalll5MiniAODv2_76X
_mcRun2 campaign with the 25 ns asymptotic conditions and the width of sig-
nal is set to 1 MeV, consistent with the narrow-width approximation (NWA).

The list of all signal MC samples used is in Table 3.2 for Bulk Graviton and
Table 3.3 for Radion.
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FIGURE 3.5: Trigger efficiency of HLT_PFHT800 as a function of dijet mass mea-
sured w.r.t the prescaled trigger HLT_PFHT350.

Background Samples

The background used in this analysis is derived entirely from data. However,
simulated multijet events samples are used to develop the background estima-
tion technique before applying to data. Same with the signal MC samples, the
background MC samples are generated with the MADGRAPH5_AMC@NLO
and interfaced to PYTHIAS for parton showering and hadronization.

Other backgrounds such as tt+jets, W+jets and SM diboson process are ex-
pected to have a very small contribution to the background (< 1%). Conse-
quently, those backgrounds are not included in the analysis. The background

MC samples used are listed in Table 3.4.

Theory Prediction

This analysis used the NLO cross sections for Bulk Graviton [94] and Radion [95]
MC samples. The Bulk Graviton production cross sections are evaluated for

x/Mp; = 0.1, while the Radion production cross sections are evaluated for A =3 TeV
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TABLE 3.2: List of Bulk Graviton (Xg — HH — bbbb) Monte Carlo simulation
samples used in this analysis.

Process Number
of events
BulkGravTohhTohbbhbb_narrow_M-1000_13TeV-madgraph 50000
BulkGravTohhTohbbhbb_narrow_M-1200_13TeV-madgraph 50000
BulkGravTohhTohbbhbb_narrow_M-1400_13TeV-madgraph 50000
BulkGravTohhTohbbhbb_narrow_M-1600_13TeV-madgraph 50000
BulkGravTohhTohbbhbb_narrow_M-1800_13TeV-madgraph 50000
BulkGravTohhTohbbhbb_narrow_M-2000_13TeV-madgraph 50000
BulkGravTohhTohbbhbb_narrow_M-2500_13TeV-madgraph 49200
BulkGravTohhTohbbhbb_narrow_M-3000_13TeV-madgraph 49800
BulkGravTohhTohbbhbb_narrow_M-4500_13TeV-madgraph 48200

TABLE 3.3: List of Radion (Xg — H H — bbbb) Monte Carlo simulation samples
used in this analysis.

Number
of events

RadionTohhTohbbhbb_narrow_M-1000_13TeV-madgraph 50000
RadionTohhTohbbhbb_narrow_M-1200_13TeV-madgraph 50000
RadionTohhTohbbhbb_narrow_M-1400_13TeV-madgraph 50000
RadionTohhTohbbhbb_narrow_M-1600_13TeV-madgraph 49200
RadionTohhTohbbhbb_narrow_M-1800_13TeV-madgraph 50000
RadionTohhTohbbhbb_narrow_M-2000_13TeV-madgraph 49200
RadionTohhTohbbhbb_narrow_M-2500_13TeV-madgraph 49200
RadionTohhTohbbhbb_narrow_M-3000_13TeV-madgraph 49200
RadionTohhTohbbhbb_narrow_M-3500_13TeV-madgraph 48400
RadionTohhTohbbhbb_narrow_M-4500_13TeV-madgraph 50000

Process

and kIl = 35. The cross sections times the decay rate for both samples are pro-

vided in Table 3.5.
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TABLE 3.4: List of QCD background Monte Carlo simulation samples used in
this analysis with its cross sections at leading order (LO) taken from McM.

Process o (pb) Number of events
QCD_HT-100t0200 2.785e+07 (LO) 81,906,377
QCD_HT-200to300 1.717e+06 (LO) 18,752,566
QCD_HT-300to500 3.513e+06 (LO) 20,312,907
QCD_HT-500t0700 3.163e+04 (LO) 19,755,616
QCD_HT-700to1000 6.831E+03 (LO) 15,595,234
QCD_HT-1000to1500 1.207E+03 (LO) 4,966,123
QCD_HT-1500t02000 1.199+02 (LO) 3,964,488
QCD_HT-2000toInf 2.524E+01 (LO) 1,984,407

TABLE 3.5: Cross sections x branching ratio of Bulk Gravtion (X) and Radion
(XR) at next-to-leading order (NLO).

olpp = Xg — HH — bbbb) o(pp — Xp — HH — bbbb)

Myx (GeV) Kk/Mp; = 0.1 Ar =3TeVand kl =35
(b) (b)
1000 1.90E-01 2.11E+01
1200 7.60E-02 1.12E+01
1400 3.05e-02 5.99E+00
1600 1.32E-02 3.33e+00
1800 6.20E-03 1.92E+00
2000 3.06E-03 1.15e+00
2500 6.32E-04 3.46E-01
3000 1.49e-04 1.11E-01
3500 3.87E-05 3.78E-02
4500 3.02E-06 4.29e-03

3.4 Event Selection

Events with at least one reconstructed pp collision vertex, within |z| < 24 cm
of the detector’s center with respect to the longitudinal beam direction are re-
quired. Additional vertices that match to other overlapping pp collisions (pileup)

are reconstructed using charged particles tracks. Primary interaction vertex is
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3.4. Event Selection

assumed to correspond with the one that maximizes the sum in p? of these as-
sociated tracks. PF algorithm is used to reconstruct the particles as previously

described in Section 3.1.

3.4.1 Jet Kinematics Selection

As mentioned in Section 3.1.1, this analysis used AKS jets implemented with
FASTJET. The Falll5_25nsv2 jet energy corrections [96] were applied. Cor-
rections on the jets” 4-momenta [97, 98] and base on jet’s area in an event-by-
event scenario [99-101] are also used. Every jet is further required to pass tight
jet identification criteria [102] recommended by the JetMET POG (see Table 3.6).

The jets are arranged according to its p; and picked the two with the highest
pr, namely leading jet and sub-leading jet, respectively. Together with tight jet
identification criteria, the pre-selections of the jets include pr > 200 GeV and a

pseudorapidity range of || < 2.4.

TABLE 3.6: Requirements of a tight PF jet identification provided by the JetMET

POG.
Variable Cut
Neutral Hadron Fraction <0.90
Neutral EM Fraction <0.90
Number of Constituents >1
Muon Fraction <0.80
Charged Hadron Fraction >0
Charged Multiplicity >0
Charged EM Fraction <0.99

3.4.2 Higgs Mass Selection

The pruning algorithm is used after the clustering of the jets as mentioned in

Section 3.1.1. The mass of the two leading pruned jets is used in this analysis.
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Yet, a correction must be done since the pruned mass has a large shift with re-
spect to the nominal value My hence a jet energy calibration is applied to the
pruned masses. Only the L2-L3 (with L2-L3 residuals in the data) corrections
are applied since the L1 corrections are correlated with the pruning procedure.
Lastly, the corrected pruned mass must be within the 105 GeV to 135 GeV re-
gion to avoid contamination from the Z°H — bbbb process. This region will be

considered as the signal region.

3.4.3 Dijet Selection

Dijet invariant mass (//;;) is the sum of the 4-momentum of the two leading
jets and this corresponds to the heavy resonance invariant mass. Nevertheless,
to improve the dijet mass resolution and sensitivity, this analysis used reduced

dijet mass (1j¢?) as the main observable which is defined as:
M}nfd = Mj; — (Mjeny — My) — (Mjer2 — Mp) (3.4)

where M,y and M, are the pruned jet masses and My is the SM H boson
(125 GeV). The reduced dijet mass improves the resolution while maintaining
the peak position at ~ My (see Figure 3.6). A selection of Mj¢* > 800 GeV is
applied.

In addition, the two leading jets have to be relatively close in 7 since the sig-
nal events contain a massive resonance decaying to two energetic jet and it re-
duces the contribution from the QCD background thus a requirement of |An;;| <

1.3 is applied.

3.4.4 N-Subjettiness Selection

N-subjettiness (7y) [103-105] is an inclusive jet shape giving an absolute mea-

surement of the alignment of the jet energy to the subjets and is perfect for

50



3.4. Event Selection
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FIGURE 3.6: Comparison of dijet invariant mass (blue line) and reudced dijet
mass (gray line) distribution with Bulk Graviton sample Mg = 2 TeV.

boosted object identification. It is defined as:
1 :
™ — d_ ZpT,kmm(ARLk, ARQJg, ceey ARNJg) (35)
0
k

where k runs over the constituent particles in a given jet, pr, is the transverse
momentum of k, AR is the distance between a candidate subjet axis | and a

constituent particle k. The normalization factor d, is defined as:

do = ZPT,kRO (3~6)
k

where R, is the characteristic jet radius used in the original jet clustering algo-
rithm.

The QCD jets that have diffuse shower of wide-angle radiation can typically
result to a large 7; but it can have a large value of 7, as well. In this manner, the
ratio 7y /7y_1 is used to have a manageable offline parameter to modify the sig-

nal efficiency /background rejection while avoiding to do the particle clustering
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again. Moreover, the ratio 7; = 7/7 is found to be an effective discriminat-
ing variable to isolate boosted H bosons (H jets with two subjets) from the QCD
background with large invariant mass (QCD jets with single subjet) [103]. The
two leading jets have to satisfy 75; < 0.6 since this cut shows better discriminat-

ing power.

3.4.5 Tagging Selection

The double-b tagger discriminant is divided into three working points: loose
cut (discriminant value > 0.3), medium cut (> 0.6), and the tight cut (> 0.9). The
signal region is found to be at events where the medium cut is applied to the two
leading jets thus the medium cut is used in this analysis. The signal efficiency of

the medium cut is ~ 66% with a mistag rate of 4.4%.

3.4.6 Selection Distribution

The summary of all the event selection criteria applied is in Table 3.7. Event
selection cutflow efficiency for both Bulk Graviton and Radion are shown in
Figure 3.7 and the values are in Tables 3.8 and 3.9, respectively. Since the Radion
is a spin-0 particle, it produces less central jets than the Bulk Graviton and thus
have lower efficiency with respect to the selection criteria.

Different kinematic distributions for signal and background simulated sam-
ples are plotted in Figures 3.8 and 3.9. The event selections are not yet applied
on this comparison except for the trigger and pre-selections. Additionally, a 70 -
200 GeV H mass window [79] is applied on the corrected pruned mass. The
signal and background distribution are normalized to 2.7 fb~! data luminosity.
The cross section of the signal is set to 200 fb to have a better comparison with

the background.
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TABLE 3.7: Summary of all event selection criteria used in this analysis.

Trigger HLT_PFHT800
pr > 200 GeV
Higgs Jet Selection In| < 2.4

Jet Identification with

tight

working point

|An| <13
Mt > 800 GeV

Dijet Selection

105 GeV < L2-L3 corrected

Signal Region

pruned mass jet < 135 GeV

N-subjettiness

721 < 0.6 for both AKS jet

Tagging Selection

double-b tagger > 0.6

3.5 Data and MC Comparison

A comparison between data and simulation for different kinematic observables

is presented in Figures 3.10 and 3.11. The QCD background is scaled to match

the number of events available in data. This comparison is done before applying

the b-tagging selection (double-b tagger discriminant > 0.6). A mass window of

70 - 200 GeV [79] on the corrected pruned mass is used for this comparison.
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TABLE 3.8: Bulk Graviton event selection cutflow efficiency. The efficiency of
each column is taken w.r.t. the previous cut. The last column represents the full
event selection efficiency.

Mass Trig Fiducial Reduced Signal o double-b  Total
(GeV) selection mass  region tag Efficiency
1000 0.85 1.0 092 099 025 092 0.61 0.11
1200  0.96 1.0 0.89 1.0 027 091  0.59 0.12
1400  0.99 1.0 0.87 1.0 027 091 057 0.12
1600 1.0 1.0 0.86 1.0 026 090 054 0.11
1800 1.0 1.0 0.87 1.0 027 090 051 0.11
2000 1.0 1.0 0.86 1.0 026 0.89  0.50 0.10
2500 1.0 1.0 0.86 1.0 026 0.88 042 0.08
3000 1.0 1.0 0.87 1.0 025 087 037 0.07
4500 1.0 1.0 0.86 1.0 022 086 024 0.04

TABLE 3.9: Radion event selection cutflow efficiency. The efficiency of each
column is taken w.r.t. the previous cut. The last column represents the full
event selection efficiency.

Mass . Fiducial Reduced Signal double-b  Total
Trigger . : T21 -
(GeV) selection mass  region tag Efficiency
1000  0.64 099 084 099 024 092 0.1 0.07
1200 0.79 099 076 099 025 091  0.59 0.08
1400  0.86 099  0.70 1.0 026 090  0.57 0.08
1600  0.90 099  0.67 1.0 026 090 055 0.08
1800  0.92 099  0.65 1.0 026 0.89  0.52 0.07
2000  0.94 099  0.64 1.0 025 090 049 0.07
2500 097 099  0.62 1.0 025 088 042 0.06
3000  0.97 099  0.61 1.0 024 088 0.36 0.05
3500  0.98 0.99  0.60 1.0 024 087 030 0.04
4500  0.99 099  0.59 1.0 022 084 025 0.03
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FIGURE 3.10: Data and Monte Carlo comparison for pr (top), corrected pruned

mass (middle), and 7 (bottom) of leading (left) and sub-leading (right) AKS Jets.

QCD background MC sample has been normalized to match the number of data
events.

57



Chapter 3. Analysis Strategy

CMS Preliminary L=27fb'at (s=13 Tev CMS Preliminary L=27fb'at (s=13 Tev
25000 T 0
K] [ WQCD HT-700t01000 225000, T — EQCD HT-700t010
E L [ZJQCD HT-1000t01500 E - .| [DQCDHT-1000t01500
z 5 [JQCD HT-1500t02000 z r [JQCD HT-1500t02000 |
520000/ ~ |- EIQCD HT=2000t0Mm 1 g I ~"| [EIQCD HT-2000t0ln ]
u>.| N — —Data ] EZOOOO Data
15000] F [ ’j ]
r — ] 15000 g
10000 =] I B
[ ] 10000 ]
5000 ] 5000 J:
Ll Ll Ll Ll \7 Oiu Lol Ll Ll Ll Ll \7
o - O 2.0f -
s T E s _F —+ E
£ R {1 st o ]
© S | E o F e E
° T SRR R 7 ° 1.0F e 7
] 5F ]
01 02 03 04 05 06 07 08 05 10 086501 02 03 04 05 06 07 08 05 10
1,, (leading jet) T,, (sub-leading jet)
CMS Preliminary L=27fb"at (s=13 Tev CMS Preliminary L=27fbat (s=13 Tev
£ 60000 T T T T T T T T T £60000 5
2 [ | QLD HT-700to10f ] kel QLD HT-700to10¢ E
E - [IQCD HT-1000t01500 € [ZJQCD HT-1000t01500 |
550000; [Z1QCD HT-1500t02000 Z 50000 [JQCD.HT-1500t020G00.
@ - [C1QCD HT-2000toln m 5 [JQCD HT-2000toln ]
b o - Data ] E - Data 7
40000} 1 40000 1
30000 ] 30000 ]
20000 1 20000 1
10000 . 10000 .
— . . . ] T me N ]
e, L . ]
=SS o S==ss=s
1) = O 2.0f -
s . E s _F —— E
3 e g == 3 LSF S e
g —— f g l.Gf —— f
] 5F ]
09558 06 04 02 00 02 04 06 08 10 09598 06 04 02 00 02 04 06 08 10
double-b tagger (leading jet) double-b tagger (sub-leading jet)
CMS Preliminary L=27fb"at (s=13 TeV CMS Preliminary L=27fbat {s=13TeV
L 08 e e e e e e e e e P © 8000 .
3 F L BQCD HT-700t01000 | 3 F BQCD HT-700t02000
5 18000 = IQEH HT-1000t01500 +—] E 7000F QG HT-1000t01500.....
z - [CJQCD HT-1500t02000 | z F [CJQCD HT-1500t02000
g r [T1QCD-HT-2000to!nf. 1 S - [CJQCD HT-2000toInf .
2 o ~-Data E & 6000} Dal
3 !ﬁﬁﬂf—;‘% F
I N = ==

o - O 2.0F -
S E s _F E
s = 3 15F E
© < E 7
S B ++1'++ 4 { i ° 1-05 1
007200 7400 1600 1800 2000 2200 2400 085 0.2 0.2 0.6 0.8 1.0 12 T4

reduced mass An

FIGURE 3.11: Data and Monte Carlo comparison for 7; (top) and double-b

tagger (middle) of leading (left) and sub-leading (right) AKS Jets, reduced mass

(bottom-left), and An (bottom-right). QCD background MC sample has been
normalized to match the number of data events.
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Chapter 4

Background Estimation

For predicting a data-driven background, the ABCD method is one of the back-
ground estimation methods used which exploits a number of sidebands of the
signal region. It uses two uncorrelated variables that divide the parameter space
into 4 regions where one region is considered as the signal region and the other
regions are the control regions. In the case where the two variables are corre-

lated, the ABCD method is extended to the so-called Alphabet method.

4.1 “ALPHABET” Method

In this analysis, the Alphabet method uses variables that are defined based on
the mass (pruned mass) and tagging variable (double-b tagger) of the leading
H-jet. These variables are now used to define several regions, as outlined in

Figure 4.1:

o Pre-tag is the region where it passes all the selection in Table 3.7 except for
the two variables (mass and tagging requirements) for leading jet. This is

the superset of the events from the following regions;
e Sideband (SB) is the region where it fails the mass requirement;

e Anti-tag region (AR) passes the mass requirement but fails the tagging

requirement;

e Signal region (SR) passes both mass and tagging requirement.
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Tagging variable

Tagging requirement
Sp
o
w
7~
2
o

- - Jet mass
Mass window tagging

requirement

FIGURE 4.1: Schematic representation of the Alphabet method showing all the
regions used for predicting the background. All six regions comprise of pre-tag
region. The sidebands (SBs) are the regions that fail the H-jet mass requirement.
The anti-tag region (AR) passes the H-jet mass requirement but fails the double-

b tagger requirement. The signal region (SR) passes both the H-jet mass and

double-b tagger requirements.

The shape of the reduced mass distribution, but not the normalization, in the
AR and SR is expected to be similar. Since the double-b tagger discriminant does
depend on pruned mass (thus Alphabet method), the conversion rate (R,,¢), or
pass-fail ratio, must be measured as a function of pruned mass which is defined
as the ratio of the number of events passing and failing the tagging selection,
R,/¢ = Npass/Nyqi- The pass-fail ratio is measured in the SBs blinding the AR
and SR. It is then fitted with a quadratic function: f(a,b,c;z) = a + bx + ca?,
where the a4, b, and ¢ are coefficients obtained from the fit. In this manner, the fit
interpolates the pass-fail ratio through the SR and thus prediction can be made

by weighing every event in AR with the right pass-fail ratio according to AR’s

pruned mass.

Background in SR(Mprunea — Mu) = Ry/f(Mprunca — Mu) X AR(Mpruned — Mp)
(4.1)
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FIGURE 4.2: Dependence of the 5; on the jet pruned mass, before (A) and after

(B) the double-b tagger selection. The high dijet mass (> 1500 GeV), marked in

circle markers, is separated from the low dijet mass (700 - 1500 GeV) marked
with square markers. This shows that the 75, is dependent on the dijet mass.
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FIGURE 4.3: Dependence of the double-b tagger on the jet pruned mass, before
(A) and after (B) the 7; selection. The high dijet mass (> 1500 GeV), marked
in circle markers, is separated from the low dijet mass (700 - 1500 GeV) marked
with square markers. The double-b tagger shows no dependence on dijet mass.

4.1.1 Double-b Tagger as the Tagging Variable

The double-b tagger is chosen as the tagging variable because its pass-fail ratio is

around 10%, this guarantees enough statistics in the SB to do the estimation. The
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FIGURE 4.4: (A) Pass-fail ratio R,/ ; with the quadratic fit and fitting error, and
(B) predicted reduced dijet mass distribution in the signal region after applying
the “Alphabet” method with uncertainty.

double-b tagger also does not depend on the dijet mass or jet p; unlike the 7,
(see Figures 4.2 and 4.3). If a sample is dominated by the lower dijet mass, using
a tagging variable that has dijet mass or jet p; dependence will not be practical
since its pass-fail ratio will obviously be different for higher dijet mass. These

conditions make the double-b tagger a good candidate to use for the tagging

variable.

4.1.2 Result

Figure 4.4a shows the pass-fail ratio as a function of pruned mass with the
quadratic fit function. As mentioned above, the SR and AR are blinded for this
fit. The predicted background is shown in Figure 4.4b along with the observed
number events in the SR. The shape and normalization of the predicted back-
ground show good agreement with the data spectrum. Hence, the data has no

significant excess over the predicted background.
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Chapter 5

Systematic Uncertainties

Since the background is computed entirely from the data, all of the following
sources of systematic uncertainties are affecting the expected signal efficiencies

except for the systematic uncertainties coming from the multijet background.

5.1 Systematics on Signal Efficiency

Luminosity

The Lumi POG assigned a 2.7% total uncertainty on the CMS luminosity in

2015 [106].

Pileup

The uncertainty from the pileup is obtained by varying the measured minimum
bias cross section of pp collisions at 13 TeV (= 69 mb) by £ 5%. The relative
change of the signal efficiency is then used as the uncertainty of the pileup. The
uncertainty obtained ranges from 0.2% to 1.2%, depending on the mass point of

the signal MC sample.
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PDF and renormalization/factorization scale
PDF

The parton distribution function (PDF) is defined as a probability density for
finding a particle at a squared energy scale )* that carries a certain longitudi-
nal momentum fraction x. The PDF is computed by fitting the observables in
the experimental data. There are different groups that define the PDF but the
NNPDF 3. 0 is used as the default PDF set for the Run-II of the LHC [89].

The uncertainty of the PDF is derived from the relative standard deviation'
of the 100 PDF weights efficiency distribution. An uncertainty of 0.8 - 2.7% is

obtained depending on the mass point of the signal MC sample.

Renormalization/Factorization scale

The renormalization scale (:z) describes the scale of the physical quantity, de-
rived with QCD computations, with the energy of the interaction energy scale
while the factorization scale (1) characterize the evolution of the PDF of hadron
showers with the changes in the interaction energy scale. The uncertainty of the
scales are determined by varying the corresponding scale by factors of 0.5 and

2. An uncertainty of approximately 10~° is obtained.

791 scale factor

The signal yield is corrected by applying the efficiency ratio in data to the sim-
ulation of the 7, selection that has been computed in Reference [107]. The scale
factor (SF) for the 75, has been analyzed using a W jets in an augmented ¢ data
sample. The SF for the 75; < 0.6 cut is 0.979 £ 0.028 for each jet. A 5.6% uncer-

tainty is obtained assuming that the two leading jets are correlated.

1Relative standard deviation, or coefficient of variation, is a standard measurement of a dis-
persion in a probability or frequency distribution. It is the ratio of the standard deviation to the
mean, o /.
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H-tagging uncertainty

Since the SF of the 7; has been computed using a W jets in an augmented ¢t
data sample, an additional computation is needed in order to determine the
uncertainty for Higgs mass tagging and 7, selection. It is done by obtaining the
ratio of the hadronically decaying H jets efficiency to the W jets efficiency for
both PYTHIA 8 and HERWIG++. The ratio of these two showering algorithms
are then compared to measure this uncertainty. Consequently, an uncertainty of
10% has been added to adapt the SF from the W tagging point to the H tagging
point [108].

Jet energy-momentum scale

The uncertainty in the jet energy-momentum scale is obtained by applying the
jet energy corrections [109, 110] on the 4-momentum of each jet and varied
within £1o0 based on the p; and 7 of the jet. This uncertainty is treated as a

shape + normalization based uncertainty (see Figure 5.3).

Jet energy resolution

The jet energy resolution (JER) is characterized by the width of the reconstructed
jet energy distribution. In the data, the measured JER is usually worse than in
the simulation. Ergo, to take into account this difference with the data, the jets in
MC are smeared using the recommended procedure of the JetMET POG [111].

There are two smearing methods that can be utilized to match the jet p; res-
olution in simulation to data; the scaling method requires the presence of a
matching particle-level jet and the stochastic smearing that uses random num-
ber from a normal distribution.

The scaling method rescales the corrected 4-momentum of the jet with a fac-

tor:

ptcl
bPr — Pr

pr

CJER — 1+(SJER— 1) (51)
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where py is the transverse momentum of the jet being rescaled, p/+* is the tran-

verse momentum of the corresponding jet clustered from the generator-level
particles, and s g is the data-to-simulation core resolution scale factor. The fac-
tor c;ypr is set to zero if its value is negative. This method only works if there
is a well-matched particle-level jet and can result in a large shift of the response
otherwise. The following requirements are to be satisfied to know that there is a

well-matched particle-level jet:

Rcone Ci
AR = 5 lpr — P7| < 30ERPT (5.2)
where R, is the jet cone size parameter and oz is the relative py resolution
as measured in the simulation.
On the other hand, the stochastic smearing does not require a matching
particle-level jet and rescales the corrected 4-momentum of the jet with a fac-

tor:

CJER — 1+ N(O, O']ER)\/mal'(S?]ER — 1, 0) (53)

where N(0, o) denotes the random number sampled from a normal distribu-
tion with a zero mean and oz as the standard deviation. Again, the factor c;gr
is set to zero if its value is negative.

Yet, to have a better smearing result, the JetMET POG recommends the hy-
brid method which combines the two smearing method. If there is a well-
matched particle, the scaling method is applied; otherwise the stochastic smear-
ing will be applied. This uncertainty is treated as a shape + normalization based

uncertainty (see Figure 5.4).

Trigger efficiency

Systematic uncertainty on trigger efficiency is studied using events in data that

has been collected with a looser trigger selection with a prescaled path requiring
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FIGURE 5.1: Trigger efficiency of HLT_PFHT800 as a function of reduced dijet
mass mesured w.r.t. the prescaled trigger HLT_PFHT350 fitted with an error
function and varied within £1o of its uncertainty. Right-hand plot shows a
zoom-in image in 800 - 1200 GeV range (turn-on region).
Hp > 350 GeV (HLT_PFHT350). The measured efficiency is then fitted with an
error function and varied within +1o of its uncertainty. The measured trigger
efficiency is shown in Figure 5.1.
At 1 TeV, the uncertainty is ~ 6% but as the mass goes higher, the uncertainty

decreases until it is < 1%. This uncertainty is treated as a shape + normalization

based uncertainty (see Figure 5.5).

Double-b tagging

The SFs for the double-b tagger have been analyzed in an augmented gluon
splitting to bb data sample. The SFs of medium double-b tagger selection (double-
b tagger discriminant > 0.6) shown in Table 5.1 are obtained from Reference [79].
The SFs are applied in both leading and sub-leading jet. This uncertainty is

treated as a shape + normalization based uncertainty (see Figure 5.6).

TABLE 5.1: Medium double-b tagger selection data/MC efficiency ratio or scale
factor. The value of the scale factors are provided in Reference [79].

pr (GeV) <400 400 - 500 500 - 600 > 600
SFs 092£009 099+012 094+019 1.06+0.21
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Jet mass scale

The uncertainty in the jet mass scale is obtained by applying the jet energy cor-
rections [109, 110] on the pruned mass of each jet and varied within +1¢ based
on the pr and 7 of the jet. This uncertainty is treated as a shape + normalization

based uncertainty (see Figure 5.7).

5.2 Systematics on Background Shape + Normaliza-
tion

Multijet background

There are two sources of uncertainties studied for the multijet background. The
first and dominant uncertainty comes from the fitting of the SB region in the
pass-fail ratio (Figure 5.2a). The second one is done by using the weighted aver-
age? of the R, fit to determine the uncertainty on the dependence of the pass-

fail ratio in the pruned mass (Figure 5.2b).

5.3 Summary of the Systematic Uncertainties

All the sources of systematic uncertainties that affect this analysis are summa-
rized in Table 5.2. From all the shape + normalization based uncertainties, the
uncertainty coming from double-b tagger has the largest shift on the reduced
dijet mass after varying it within £10 while the H-tagging uncertainty is the

dominant uncertainty from all the normalization based uncertainties.

2Weighted average: 7 = > (w0, %)/ Y1 0; >
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FIGURE 5.2: (A) Background estimation with uncertainty in the fit to the SB
region, and (B) background prediction using the default method (black line)
and the weighted average of R,/ fit (blue line).

TABLE 5.2: Summary of all systematic uncertainties that affect this analysis.

Uncertainties Variation (%)
Luminosity 2.7
Pileup 02-1.2
To1 Scale Factor 5.6

10

H-tagging

PDF and Renormalization/Factorization Scale
Jet Energy-Momentum Scale

Jet Energy Resolution

Trigger Efficiency

Double-b Tagging

Jet Mass Scale

QCD Multi-jet Background

0.8-27/~107"
shape + normalization
shape + normalization
shape + normalization
shape + normalization
shape + normalization

shape + normalization
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5.3. Summary of the Systematic Uncertainties
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Chapter 6

Results and Discussion

The background prediction shows good agreement with the data and there is
still no significant data excess above the background. Even so, it does not mean
that there are no X — HH — bbbb events, there could be a downward fluctua-
tion of background in the data or the experiment could not distinguish the signal
events from the statistical fluctuation of the background. In this case, limits can
be set on the mass for the theoretical model of Bulk Graviton and Radion. Set-
ting limits is done to establish that there is a consistency between the data and
the background or to show a clear deviation from background agreeing to the
properties of the proposed new physics when there are low data statistics [112].

By this means, limit setting is used to interpret the results in this analysis.
The limits are obtained by asymptotic CLs method that is run in the HIGGS
CoMBINE TOOL [113] with accordance to the recommendation of the LHC Higgs

Combination Group [114].

6.1 Limit Setting

The limit setting starts with taking into account the cases of independent count-

ing search analyses n and defines a test statistic X which is a likelihood ratio
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that discriminates signal-like results from the background-like:

X = H X; (6.1a)
i=1
e~ i) (55 4 b))% e i
X; = n / n (6.1b)

where s; is the estimated signal in the ith channel, b, is the estimated background,
and d; is the number of observed candidates [115].

The confidence level for excluding the event where the desired particle pro-
duction and background are present at the same time (signal+background hy-

pothesis) is defined as:

CLs+b . Ps+b<X < Xobs) (62)

where the probability states that when both the signal and the background are at
their hypothesized levels, the test statistics is less than or equal to that observed

in the data. This probability is the sum of Poisson probabilities:

~(sitbe) (55 + by) %
Perb(X < Xobs) - Z H d/' (63)
XU <X ({d;}) i=1
where the X ({d;}) is the test statistics computed for the set of observed candi-
dates in each channel {d;}, and the sum runs over all the possible final outcomes
{d;} where its test statistics is less than or equal to {d;} [115].

For the background only hypothesis, its confidence level is defined as:
CLy, = Py(X < Xops) (6.4)

where the probability sum assumes that the background is only present. This
confidence level states that the test statistics is less than or equal to the observed

candidates [115].
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6.2. Limit Plot “Brazil-Band Plot”

The background only hypothesis is considered as the null hypothesis where
the data can be understood with existing physics explanations while the signal+
background hypothesis is considered as the alternative hypothesis where new
physics are needed to understand the data when the null hypothesis is rejected
[112].

The ratio of these two confidence levels would then results to:

o OLs+b

L= :
T (6.5)

where CL; is the approximate confidence in the signal-only events. Although
take note that the C'L; is not the exact confidence since it is not a probability but
a so-called modified frequentist method [112].

The C'L, is used to avoid the undesired effect of C'L,,, like excluding any sig-
nal and even the background itself at a high confidence level if there are too few
observed candidates to take into account for the estimated background [115].

An exclusion at 95% confidence level (CL; < 0.05) means that the prob-
ability to observe more than what is already found in the data with the sig-
nal+background hypothesis (normalized to the probability in the background-
only hypothesis) is less than 5%.

From the 95% confidence level exclusion, the asymptotic formula [116] is
then used to approximate the distributions of the test statistics under the rele-
vant hypothesis. The expected limit is the distribution obtained when using the
background-only hypothesis while the observed limit is when using the sig-

nal+background hypothesis.

6.2 Limit Plot “Brazil-Band Plot”

The observed and expected (with £1 and +20 band) 95% CL, upper limit on
o(pp — X)B(X — HH — bbbb) in both Bulk Graviton and Radion mass range
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FIGURE 6.1: Observed (solid line) and expected (dashed line) (with +1 (yellow)
and 20 (green) band) 95% CL, upper limit on o(pp — X)B(X — HH —
bbbb) in both Bulk Graviton (A) and Radion (B) resonance mass. The predicted
theoretical cross section (red line) for Bulk Graviton and Radion are also shown.

10;

1000-4500 GeV are shown in Figure 6.1. The predicted theoretical cross section
for Bulk Graviton (k/Mp; = 0.1) and Radion (A = 3 T'eV) are also shown in the
limit plot.

The trigger used in this analysis is not fully efficient on the lower mass region
(<1200 GeV). Nonetheless, “Alphabet” background estimation method does
not require a smoothness test and can predict the shape and normalization of
the QCD background precisely. This allows the lower mass region to be used
and examined effectively.

No exclusion can be made on both Bulk Graviton and Radion mass between
1000 to 4500 GeV at 95% C'L, upper limit since the observed cross section upper
limits for both the heavy resonance particles are still higher than the theoretical
cross sections. Larger data statistics are needed to exclude these heavy resonance
particles in this mass range for the assumed WED model parameters.

Since the Radion is a spin-0 particle, it produces less central jets than the
Bulk Graviton which is a spin-2 particle and is produced via gluon-fusion. This

causes the Radion to have lower efficiency than that of the Bulk Graviton. The
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observed cross section is inversely proportional to the signal efficiency and lu-
minosity hence the Bulk Graviton has higher sensitivity than the Radion if the
parameters of both theory models are tuned to have the same theory cross sec-
tions.

The observed limits reaching the 420 band between 1500-2000 GeV mass
range are coming evidently from the data and background prediction agreement

in Figure 4.4b.
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Chapter 7

Summary, Conclusion, and Outlook

This analysis looked for massive resonance particles (i.e. Bulk Graviton and Ra-
dion) that decay into two Lorentz-boosted H bosons in a bbbb final state. The data
used were collected using the CMS detector in the pp collisions at /s =13 TeV
corresponding to a 2.7 fb~! integrated luminosity at the LCH during the Run-II
in 2015.

A new b-tagging algorithm called double-b tagger is used to reconstruct the
bb pair inside the H jets. For a data-driven background, the “Alphabet” method
is used for background estimation. The predicted background has a good agree-
ment with the data. Therefore, there is no significant data excess found.

The results are then interpreted in terms of 95% CLs upper limit. No exclu-
sion has been made on both Bulk Graviton and Radion mass between 1000 to
4500 GeV.

Based on the results obtained, exclusion on the mass range of the heavy res-
onance particles at 95% CLs upper limit cannot be done due to the limited data
statistics. Higher data statistics is required to exclude from the given mass range
for the assumed WED model parameter or can even give strong evidence of the
existence of Bulk Graviton and Radion.

The 2015 run is just the beginning of the Run-II of the LHC. The CMS and
LHC are expecting to obtain higher luminosities for the next few years. This con-
tinuous data taking and analysis can lead to another discovery of a new particle

like the H boson or a better understanding of the nature of BSM physics.
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Aside from achieving higher data statistics, improvements can be done on
the techniques and selection criteria for the next set of data to be analyzed. For
instance, a new jet grooming algorithm called the soft drop algorithm [117] can
be used. It is suggested that the soft drop algorithm can do the theoretical cal-
culations easier than the pruning algorithm. Another improvement that can be
done is in the background estimation. From Figure 4.4b, “Alphabet” method
does not have enough statistics in the higher dijet mass region but it can be im-
proved by simultaneously fitting a parametric model for the background and
signal to the data in the signal region (SR) and anti-tag region (AR). Also, opti-
mization on the selections used can be done to have a better discrimination of

the signal from the background.
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Appendix A

Comparison of Different Heavy

Resonance Models

Kinematic distributions and acceptance of different heavy resonance models X
were studied. The models studied are listed on Table A.1.
Acceptance is defined as the ratio of the number of events after and before

the basic kinematic selections:

after
Acceptance = —<2nts (A1)

before
events

The basic kinematic selections used are as follows:
e pr > 30GeV

o |ny| <25

o |Angu| <13

The Table A.2 shows the results for the acceptance of kinematic selections
for resonance models. Models with spin 0 have acceptances of approximately
57%. The Bulk Graviton model has the highest acceptance of 86%. Finally, the
RS Graviton is the only model that has different acceptance for different masses.

Figures in A.1 and A.2 show different kinematic distributions for heavy res-

onance models [118]. Spin 0 models have the same trends for Mx = 2000 GeV.
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Appendix A. Comparison of Different Heavy Resonance Models

TABLE A.1: Different heavy resonance models with its spin and process.

Particle Name Spin Model Process
Radion 0 heft_radion Gluon fusion (GF)
2HDM H 0 2HDM in default MADGRAPH  Drell-Yan (DY)
Bulk Graviton 2 RS_bulk_ktilda GF

RS Graviton 2 RS_exovv GF + DY

TABLE A.2: Acceptance of the kinematic selections for heavy resonance models.

Particle ) Acceptance (%)

Spin
Name My =2TeV Mx =4.5TeV
Radion 0 57.6 57.1
2HDM H 0 57.2 57.4
Bulk Graviton 2 86.3 86.2
RS Gravtion 2 65.1 44.3

Spin 2 models that are produced via glusion fusion (GF) have the same trends
on its kinematic distributions.
In conclusion, the heavy resonance models can be categorized according to

its spin rather than each model.

96



So0.12f X— hh, M =2000 GeV ] ?r: | X— hh, M,=4500 GeV ]
B N 3 B . . T
£ | e Spin-0Radion (100% GF) : =0.10[~ ® Spin-0 Radion (100% GF) -
2 Spin-0 H (100% DY) ] £ ] Spin-0 H (100% DY) i i
<010~  Spin-2 Bulk Graviton (100% GF) — < 5 gp!n-g ggléﬁra};ltor} 8(1720 gvﬁﬁ)sv - 1
|- vSpin-2 RS Graviton (44% DY, 56% GF) 1 | v opin- raviton o DY, o E
-+ Spin-2 RS Graviton (100% GF) . 0.08f- +Spin-2 RS Graviton (100% GF) |
[ -+ Spin-2 RS Graviton (100% DY) 1 |+ Spin-2 RS Graviton (100% DY) ]
0.08}- - | . i
[ ] - o rleim i
[ 1 0.08]- < .
0.06|- . i & * 1
i ] I [ ]
- . 0.04}- BRSNS E] .
- ] | IS5 SRR ST TR SRR O ]
0.04f 1 i Hy
i ] i S RN 1
i 1 002l JAFIE ety |
0.02|- — e PR AN g "y
T e, ] ¥ PR
+ - + - :*i _,!,_ 1
[+ e v o ¥ » e
-:I:‘,-u‘ T R R R RN B, Ir;.’lzr! 0.0 e by P b s b \*‘
000 2000 1000 ) 000 2000 8000 3000 2000  -1000 0 1000 2000 3000
p,(X) [GeV] p,(X) [GeV]
,‘é UL | L ‘ LN ‘ L LI I LI ‘E‘ L ‘ L | T 1 11 | T 1. 1 71 T 111 UL
SO0 X hih, M =2000 GeV 7 5020 X hh, M =4500 GeV =
> I 1 > :
}_;“ [ e Spin-0 Radion (100% GF) T _;-“ 0.18f~ - Spin-0 Radion (100% GF) -]
2 - Spin-0 H (100% DY) 1 2 - Spin-0 H (100% DY) h
<pogl-  Spin-2 Bulk Graviton (100% GF) - <016l  Spin-2 Bulk Graviton (100% GF) 1
| -+ Spin-2 RS Graviton (44% DY, 56% GF) ] - v Spin-2 RS Graviton (87% DY, 13% GF) ]
|~ Spin-2 RS Graviton (100% GF) ] o1afb Spin-2 RS Graviton (100% GF) =
|+ Spin-2 RS Graviton (100% DY) | T Spin-2 RS Graviton (100% DY) .
0.06}- 5 - o " .
I g*w.‘ 1 0.12: oh ]
. s 1 ot} s n g
| g Yo | N | ]
», - p
0.04}- [ "*.:ab . 0.08f~ =
- - ’ : 0.06f~ =
“ L A
- N 1;0, 1 : ! :
0.02}- o XS N 0.04f " E
| W AKX . - " ]
L o v *'I‘\ ] 0.02 - i mi .
I o LY ] B e nts 1
000k Lo | 1 e ] I I . . N
-3 2 -1 0 1 3 3 2 -1 0 1 2 3
Rapidity of X Rapidity of X
T‘E‘ [T T T T T -E LA L L L L L L L L L LB L BRI
20.12}- X—>hh, M, =2000 GeV -1 > | X— hh, M_=4500 GeV ]
= x i 2012 - M,
£ | e Spin-0Radion (100% GF) 1 g | e Spin-0Radion (100% GF) ]
i - Spin-0 H (100% DY) ] i) - Spin-0 H (100% DY) 1
<0.10}— Spin-2 Bulk Graviton (100% GF) 1 <<0.10} Spin-2 Bulk Graviton (100% GF) -
[ v-Spin-2 RS Graviton (44% DY, 56% GF) 1 - v Spin-2 RS Graviton (87% DY, 13% GF) 1
[+ Spin-2 RS Graviton (100% GF) ] *Spin-2 RS Graviton (100% GF) ]
o008l * SPin-2 RS Graviton (100% DY) ] oosl- Spin-2 RS Graviton (100% DY) N
B AT '*" i k R T T *e, ]
- e “+ - .- : 4
| ‘ ie ;* * ¢! ; i | RN _
0.06}- [ - ‘ ] oosle v ]
. [+ - .
L v + .
0.04 e 004|818 5 w-mg) &
i B { B3 i
vi | *i K ,d‘ e ]
o i v s i
0.02 :_ 0.02% DT S
*, vl - *j DS DA * i
O.Oql‘.*llu.J‘.‘J...M‘mlm“h‘.I..llu\J"‘J; N P IS R L S S I BT P B
-1.0 08 -06 -04 -02 00 02 04 06 08 10 90 08 06 04 02 00 02 04 06 08 1.0
cosh cosd’

FIGURE A.1: pz (top), rapidity (middle), and cos(6*) (bottom) of heavy reso-
nance models for My = 2000 GeV (left) and Mx = 4500 GeV (right). Figures
from Reference [118].
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Appendix A. Comparison of Different Heavy Resonance Models
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FIGURE A.2: pr(H) (top), rapidity of H (middle), and Ang g (bottom) of heavy
resonance models for Mx =2000 GeV (left) and Mx = 4500 GeV (right). Figures
from Reference [118].
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Appendix B

Study of Neutrinos inside AKS8 b-jets

In Figure B.1, it was observed that there was a shift towards left, around 5 GeV,
on the pruned and soft drop'? mass of the sub-leading jet compare to the leading
jet. The difference is suspected to be caused by the contribution of neutrinos on
the energy repsonse of a heavy flavor jet since the b-hadrons decays semilepton-
ically, 20-25% of the time, to a charged lepton, a neutrino, and a charm hadron.
The charm hadron can further semileptonically decay into a charged lepton, a
neutrino, and a strange hadron. However, the Jet Energy Calibration (JEC) does
not take into account the difference between the jet flavors so there is a drop on
the mass and pr of the sub-leading jet.

The study is done by obtaining two leading AKS jets with the following se-

lections:

e pr > 300 GeV
o |y <25
e Loose Jet ID requirement

e 0.605 < CISVV2 k575e < 1.0

Afterwards, the two leading jets are matched with generator-level neutrinos,

originating from a charm or a b hadron, within AR < 0.8.

1Soft drop is a jet grooming technique that depends on two parameters; a soft threshold z ...
and angular exponent 5 [117].

2In this study, the pruned and soft drop are uncorrected though the 4-momentum of the AK8
jets are corrected with CMS official jet energy calibration (JEC).
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Appendix B. Study of Neutrinos inside AK8 b-jets
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FIGURE B.1: (A) Pruned (blue for My =2 TeV and green for Mx =3 TeV) and
(B) Soft drop (orange for Mx =2 TeV and red for Mx =3 TeV) mass distribution
for leading (solid line) and sub-leading jet (dotted line) for Bulk Graviton signal
samples. The sub-leading jet is approximately 5 GeV lower than the leading jet.

The Figures in B.2 show the average vector-summed neutrino pr as a func-
tion of the pruned mass for 1, 2, 3.5, and 4 TeV Bulk Graviton signal samples. It
can be observed that the neutrinos have higher contribution on the sub-leading
jet than on the leading jet. Moreover, the contribution of neutrinos on the sub-
leading tend to go higher as the mass points goes higher. Same observations can
be seen on the Figures in B.3 where instead of pruned mass, the figures are now
as a function of the jet pr.

In conclusion, the shift on the pruned and soft drop mass distribution of the

subleading jet in Figure B.1 are indeed caused by the neutrinos inside the b-jets.
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Appendix B. Study of Neutrinos inside AK8 b-jets
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