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Abstract

A search for heavy resonances decaying to a Higgs boson and a Z boson is pre-
sented. The analysis is based on the data collected in 2015 with the CMS detector
at a center-of-mass energy /s = 13 TeV, corresponding to an integrated luminos-
ity of 2.51 fb~!. The Higgs bosons are reconstructed from high momentum bb
quark pairs that are detected as a single massive jet, while the Z bosons are re-
constructed from electron pairs and muon pairs. The analysis is separated in
electron and muon channels, with single and double b-tag categories. A 95%
upper limit on the production cross section of o x x B(X — ZH) is derived from
the combination of four categories with a limit of 0.063 pb to 0.265 pb for m x from
800 to 4000 GeV.
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Chapter 1

Introduction and Theory Overview

1.1 Introduction

This thesis presents the search of a heavy resonance decaying into a Z boson
and a Higgs boson at center-of-mass energy of 13 TeV using 2.51 fb~! proton-
proton collision data collected with the CMS detector at the LHC. The Z boson
further decays into two charged leptons (electrons or muons), while the Higgs
boson decays into two b quarks. The Feymann diagram of the signal production
is presented in Figure 1.1.

In this search, the high-momentum Higgs boson is reconstructed as a mas-
sive jet, and is identified by a b-tagging algorithm. The leptonic decay of Z is
considered in order to discriminate against the large multijet background. The
heavy resonance signal appears as an excess in the spectrum of the invariant
mass of the jet and the two leptons. This analysis is a part of the search for heavy
resonances decaying into one vector boson plus one Higgs boson (V' H) [1].

The organization of this thesis is described as follows. In the next section, a
brief overview of Heavy Vector Triplets Model described by a simplified phe-
nomenological Lagrangian is presented. A specific explicit model is then intro-
duced, which is the benchmark model in this analysis. In Chapter 2, an overview
of the LHC and the CMS detector with its sub-detectors are presented. Chap-
ter 3 reports the data sets and Monte Carlo samples used in this analysis. The

reconstruction of physics objects and their selections are also described, and the



FIGURE 1.1: Feymann diagram of the production of the heavy vector Z’, de-
caying into a Z boson and a Higgs boson. The Z boson further decays into two
charged leptons, while the Higgs further decays into two b quarks.

agreement of data sets and Monte Carlo samples are presented. The estima-
tion of backgrounds based on a data driven strategy is presented in Chapter 4.

In Chapter 5, various systematic uncertainties are described. In Chapter 6, the

results of this analysis are discussed, and a conclusion is summarized.

1.2 Theoretical Motivations

In the Standard Model (SM), the generation of masses for the weak gauge bosons
(W#* and Z) through electroweak symmetry breaking (EWSB) can be explained
by the Higgs mechanism [2]. The mechanism was confirmed by the ATLAS and
CMS experiments [3-5] at the CERN 50 years after the theory has been proposed.

However, the discovered Higgs boson with mass of 125 GeV is much lighter
than the Planck energy, which suggests that the SM may be incomplete. Vari-
ous theories postulate the existence of new heavy resonances that couple to the
SM bosons in an attempt to solve the hierarchy problem or naturalness prob-
lem. Some common models include the Little Higgs models [6, 7] and strongly

coupled Composite Higgs [8, 9].



Various models can be generalized in the Heavy Vector Triplet (HVT) frame-
work [10], which is a simplified approach based on a phenomenological La-
grangian. In the Simplified Model, only the relevant couplings and mass pa-
rameters are retained. The reason for this is that resonant searches are typically
not sensitive to all the free parameters of the specific model, but only to those
parameters that are related to the resonance mass and the interactions involved

in its decay and production.

1.2.1 Heavy Vector Triplet

Consider a heavy vector boson Vi, a=123, the simplified Lagrangian is de-

scribed as

Ly = — Lp yeplyie . TV yayme
vV = 4 (1 v 2 2

2
+ igVCHV:HTTaD“H + g—cFV; Z fut T fo (1.1)
%
!

+ quadrilinear terms

The first term' in Eq. 1.1 describes the interactions of V' with the SM weak
bosons. The second term in the equation is the interactions of V' with itself,
where the mass parameter my does not coincide with the physical mass of the
resonances. The third and fourth terms of the equation contains the interactions
of V with the Higgs current’ and with the SM left-handed fermionic currents’,
respectively. The quadrilinear terms* do not contribute directly to V decays and

single production processes, therefore these terms can be disregarded.

'The term Dy, V4 = D,V — D, Vi, where D,V = 8,V + ge***W VS
’The Higgs current term i H'7*D*H = iH t*D*H — iD*H T H.
3The fermionic currents Y fzv*7¢f1, involve the interactions of V to leptons, light quarks
and the third quarks family.

4The quadrilinear terms can be written as

g?vcvvvsachijD[“V”]c + ghevynVOV HTH — gcvvwsabCW“”“V:Vf.



In Eq. 1.1, besides the SU(2),, coupling constant g, another coupling constant
gv is introduced to represent the strength of V' interactions. In addition, the
term cy describes the V interactions with the SM vector bosons and with the
Higgs. Similarly, the term cp describes the V' interactions with fermions. They

are expected to be of the order of unity in most models.

Masses

After the EWSB, only the photon stays massless due to the unbroken U(1)g,
while the weak bosons acquire a mass and a mixing with heavy vector V. The

mass matrix of the (Z, V°) and the (W*, V) are

9 mQZ cHﬁmsz
M3 = (1.2)
cHﬁmZﬁzV Th%/
and
) myy ca§mwmy
cHémeV mV

respectively, where

A A

mz = -
2 sin By cos Oy

mw — COS mez

~ 2 2 2 ~2
mv - mv + chVVHHU

_ gvv
va

3

Note that e ~ /4m/137, ¥ is the Higgs field Vacuum Expectation Value, which
has a value of 246 GeV, and 0y is the weak mixing angle.
By taking the determinant of the mass matrices in Eq. 1.2 and Eq. 1.3, the

relation of the physical masses M between charged and neutral heavy vectors



are connected by 6Oy .

miy, M3 = cos® Oyymy M (1.4)

In the experimental searches, the masses of new vectors should be at or above
TeV scale, but the masses of SM bosons myy,z should be preserved at about 100

GeV. A hierarchy in the mass spectrum is required to have

W7 (1.5)

Under the limit in Eq. 1.5, by expanding the determinant of the mass matrices
in Eq. 1.2 and Eq. 1.3, a simple approximate expressions for my and my are
given by

my ~ my(1 = ¢t
miy A 1y (1 — g €?)

Since my = cos Oy myz, the W-Z mass ratio is given by

— - ~ cos” Oy, (1.6)

Experimentally, the value of cos? §y is about 0.77. The charged and neutral
V's are degenerated by
M: = M;(1+ O0%)) (1.7)

It is clear that the mass splitting of charged and neutral states of V' is small
enough to be ignored. This implies that the two states have comparable produc-

tion rates.

Decay Widths

Given that the mixing angles between weak bosons and V' are small due to the

hierarchy in the mass spectrum, the couplings of the neutral and charged V' to



left- and right-handed fermion chiralities can be written as

N ~ 9%cr N
9L = -5 9r ~ ()
v 2 (1.8)
2 C

The (g%)s u in the Eq. 1.8 is the ordinary SM W and Z couplings with a nor-
malization of g}V = g/v/2. The g is electroweak coupling which has a value of
0.65.

The decay width I' for fermionic channels can be written as

g o My

) o (1.9)

1ﬁVi—>ff’ = 211\/0—>ff = Nc{f](

where N [f] is the number of colors (3 for di-quarks and 1 for di-leptons). The
parameters ¢y = ¢, ¢4, c3 control the relative branching ratios (BR) to leptons,
light quarks and the third family quarks.

The decay width for bosonic channels are

gic2 M
FVO—>WL+W5 =~ Fvi—wngZL ~ vz Fvi—vaih =~ %ﬂv[l +0(&%)] (1.10)

The channels that are not reported in the Eq. 1.9 and Eq. 1.10 are either forbidden
or suppressed.

Since the My is in the order of TeV scale, the £ should be very small. In this
case, for a given resonance mass, the decay widths are fixed by the couplings
g*cr/gv and gycy. The BRs and the production rate are controlled by the two

parameters g*cr/gy and gy cy.
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FIGURE 1.2: Theoretical production cross section as a function of resonance
mass for HVT Minimal Composite Higgs Model.

1.2.2 Explicit Model

It is now clear that the explicit model can be entirely described in terms of the
two couplings g*cr/gv and gycy and the mass My with a good approxima-
tion [10].

Consider a strongly coupled scenario, so called Minimal Composite Higgs
Model, where the Higgs doublet emerges from the spontaneous symmetry break-
ing of a global SO(5) symmetry to an SO(4) subgroup. In this scenario, the pa-

rameters cy and cp are fixed,

CHN—l, CFN1

In addition, gy 2 3 is set to represent the strong coupling. In this case, the
dominant BRs are bosonic decays due to gycy ~ —gy in Eq. 1.10, while the
fermionic decays are extremely suppressed due to g*cr/gy ~ ¢*/gv in Eq. 1.9.

The results of this model is particularly interesting for the present search,
since it predicts signal cross sections in the order of fb for resonances up to 2~3
TeV (Figure 1.2), branching ratios to vector bosons close to the unity (Figure 1.3),
and thus being accessible at the LHC Run-II.

If the coupling is very large (for example gy = 8), the total width will be
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FIGURE 1.3: Branching ratios as a function of the resonance mass for a W’ (left)
and Z’ (right) in the HVT Minimal Composite Higgs Model.
increased since the width of decays to dibosons grows with gy from Eq. 1.10.
But a very large coupling leads to an extremely broad resonance, which is not
interesting to the experimental searches for a narrow resonance. Therefore, the

g» has been constrained by gy < 4.



Chapter 2

LHC and the CMS Detector

The analysis is performed using the data collected by the Compact Muon Solenoid
(CMS) detector, which is one of the general purpose detectors at Large Hadron
Collider (LHC). CMS is designed to search for new physics beyond the Standard
Model (BSM), such as extra dimensions, dark matter and so on. In this chapter,

a brief overview of the LHC and the CMS detector will be presented.

2.1 Large Hadron Collider

The LHC [11] is the largest and most energetic proton-proton collider in the
world, built by the European Organization for Nuclear Research (CERN). The
LHC lies in a tunnel 27 km in circumference, and about 100 m in depth beneath
the France-Swiss border near Geneva. The layout of the CERN'’s accelerator
complex is presented in Figure 2.1.

The proton source of the LHC is the hydrogen gas. First, the hydrogen gas
is injected into a container which is surrounded by an electric field, in order to
break down the gas into its constituent protons and electrons. The proton beam
is then injected into a chain of accelerators, to increase their energies before en-
tering the LHC: the LINAC2 accelerates the protons to an energy of 50 MeV. The
beam is then injected into the Proton Synchrotron Booster (PSB), followed by

the Proton Synchrotron (PS), which accelerates the protons to 25 GeV. Protons
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FIGURE 2.1: The CERN'’s accelerator complex.

are then injected to the Super Proton Synchrotron (SPS) where they are acceler-
ated to 450 GeV.

Finally, the protons are injected to the two beam pipes of the LHC. The proton
beams will circulate in two separate vacuum pipes, one clock-wise and the other
counter-clockwise. The superconducting coils in the LHC generate two strong
antiparallel magnetic fields of 8.4 Tesla to bend the two clock-wise/counter-
clockwise proton beams along the same circular path. The proton beams are
accelerated to their maximum energy of 6.5 TeV. At Run-II in 2015, the center-of-
mass energy' /s reached 13 TeV.

The proton beam in LHC consists of 2808 bunches at full intensity, each

'The center-of-mass energy can be calculated by the formula

Ecom = V35 = \/m% +m3 +2(E1E2 + [py|pa)

If E; > m,, the expression can further be approximated to

ECOM ~ 1/ 4E1E2
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bunch containing 1.15x10'! protons, and has a bunch-crossing time of 25 ns.
It travels at 0.999999991c in the LHC. Once the proton beam reaches its maxi-
mum energy, it is brought from one vacuum pipe to the other at four intersection
points where the experiments (ATLAS, CMS, ALICE, and LHCb) are located.
Focusing magnets are located at the intersection points to reduce the transverse
dimensions of the beams, in order to achieve the desired luminosity values.
The design luminosity of the LHC is about 10** cm™?s™!. If the particle dis-

tribution in the bunches is Gaussian, the luminosity can be expressed as

I 1 NiNyf
 Ar 050y

(2.1)

where the N; and N, are the number of particles per bunch in the beams, o, and
o, are the root-mean-squares of the distribution in the directions transverse to

the beam, and f is the the bunch crossing frequency.

2.2 The Compact Muon Solenoid Detector

The CMS experiment [12] is one of the two general-purpose particle detectors
built in the LHC. It is designed to explore physics at the TeV scale, to look for
evidence of new physics beyond the standard model.

The CMS detector has various advantages on physical research. First, it has
good muon identification, momentum and mass resolution, and the ability to
determine the muon charge. Second, it has a good charged particle momentum
resolution and reconstruction efficiency in the tracking system. Third, it has a
good electromagnetic energy resolution and efficient photon and lepton isola-
tion at high luminosity. Lastly, it has a good missing transverse energy and dijet
mass resolution.

The CMS detector contains several subdetectors: the innermost layer is a

silicon tracking system and is surrounded with an electromagnetic calorimeter;
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FIGURE 2.2: An overview of the CMS detector.

outside the electromagnetic calorimeter is a sampling calorimeter for hadrons.
A magnet system provides a strong magnetic field of 3.8 Tesla in the tracker and
the calorimeters. Outside the magnet are the large muon detectors, which are
inside the return yoke of the magnet. Overall, the dimensions of the CMS are
in 21.6 m in length, 15 m in diameter, and about 14,000 tonnes in weight. The
overall layout of the CMS detector is presented in Figure 2.2. Each of the CMS

subdetectors are introduced in the following subsections.

2.2.1 Magnet System

In order to have a good momentum resolution for charged particles, the super-
conducting solenoid [13] is installed at the outer part of the HCAL system. The
inner free bore of the solenoid has a diameter of 6m and length of 12.5 m, en-
closed inside a 12,000 tonne yoke made of steel. It provides a strong magnetic

field of 3.8 Tesla, giving the total stored energy of 2.3 GJ in order to bend the
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paths of charged particles emerging from high energy collisions. Thus, the mo-
mentum and the charge-mass ratio of particles can be measured by tracing its
curved path in the tracking system.

The yoke is composed of five three-layered dodecagonal barrel wheels and
three endcap disks at each end. In the barrel region, the innermost yoke layer is
295 mm thick while the two outermost ones are 630 mm thick each. The yoke
contributes only 8% of the central magnetic flux density; its main role is to in-
crease the field homogeneity in the tracker volume and to reduce the stray field
by returning the magnetic flux of the solenoid. In addition, the steel plates play
the role of absorber for the four stations of muon chambers in order to reduce

fake muon background.

2.2.2 Tracker Detector

The CMS tracker detectors [14] occupy the region around the interaction region
of the LHC beams between 4 cm and 110 ¢cm in radius and up to 280 cm along
the beam axis and are situated in a 3.8 Tesla magnetic field. It is completely
made of silicon, with a sensitive area of over 200 m?. The layout of the tracker
detector is presented in Figure 2.3.

The tracker detectors provide a high precision measurement of the three di-
mension trajectories of charged particles up to |n| < 2.5. These tracks are used
to reconstruct the positions of the primary interaction and secondary decay ver-
tices. Note that 7 is the pseudorapidity, » = — In[tan(#/2)], 6 is the polar angle of
a particle relative to the beam axis.

The tracker detectors consist of two tracking devices: the pixel detector and
the strip detector. The pixel detector is located at the innermost part of the track-
ing system. It has three layers in the barrel region with radii of 4.3 cm, 7.2 cm,

and 11 cm, respectively, and two disks on the endcap regions at 34.5 cm and 46.5
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FIGURE 2.3: Longitudinal layout of two quadrant of the Tracker System.

cm from the interaction point. The pixel detector consists of 66 million pixels,
covering about 1 m? total area.

The pixel detector is surrounded by the strip detector. The strip detector has
10 tracking layers in the barrel region with span radii from 25 cm to 110 cm and
along the z axis up to 120 cm: 4 layers in the inner barrel (TIB) and 6 in the
outer barrel (TOB). It also has 12 disks in the endcap region with radii up to 110
cm and in z up to 280 cm: 3 inner disks (TID) inside and 9 endcap disks (TEC)
outside the TOB.

2.2.3 Electromagnetic Calorimeter

The Electromagnetic Calorimeter (ECAL) [15] measures the energy of EM par-
ticles like electrons and photons. The ECAL can identify the EM particles and
determine the positions of EM particles with the help of the tracker system. The
ECAL has a coverage of 0 < |n| < 1.479, which is called the barrel region (EB);
and a coverage of 1.479 < |n| < 3.0, which is called the endcap region (EE).
There is a preshower system (ES) in the region of 1.479 < |n| < 3.0, installed
in front of the EE. The ES system is used to reject the photons from 7" decay,
thus improving photon reconstruction. The layout of the ECAL is presented in

Figure 2.4.
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FIGURE 2.4: Longitudinal layout of one quadrant of the ECAL.

The primary detection material in ECAL is made of high density (8.28 g/cm?)
lead-tungstate crystals (PbWQ,). The crystal has a radiation length X, of 0.89
cm and a Moliére radius R, of 2.2 cm. Note that a radiation length is the travel
distance after which an EM particle looses 63% of its original energy. Having a
smaller Moliére radius means that the ECAL has better position resolution and
separation for EM showers due to a smaller degree of EM shower overlaps. The
EB section contains 61,200 crystals, each of them having a dimension of 22x22
mm of front face and 230 mm (25.8X) of length. The EE section contains 7324
crystals, each of them having a dimension of 28.6x28.6 mm of front face and
220 mm (24.7X,) of length. While the EM particles interact with the crystals
by bremsstrahlung, the crystals can emit 80% of scintillation light within 25 ns.
This shows that the response time of the ECAL system is faster than the bunch-
crossing time of LHC.

Photodetectors are attached onto the back of each crystal. Silicon avalanche
photodiodes (APD) are used in the EB section since it can operate in a strong
transverse magnetic fields. It has an effective area of 25 mm?. Vacuum phototri-
odes (VPT) are used in the EE as it can works under unusual radiation environ-

ment. It has an effective area of 280 mm?.
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2.2.4 Hadron Calorimeter

The Hadron Calorimeter (HCAL) [16] measures the energy of hadrons, which
is the bound state of quarks and gluons. It also provides indirect measurement
of the presence of non-interacting, uncharged particles, which are identified as
missing transverse energy. In addition, the HCAL also helps in the identification
of EM particles and muons in conjunction with the ECAL and muon detector.
The layout of the HCAL is presented in Figure 2.5.

There are four distinct subsystems in HCAL: the barrel (HB), endcap (HE),
outer (HO) and forward (HF) calorimeters. The HB has a coverage of 0 < |n| <
1.4while the HE has a coverage of 1.3 < || < 3.0. Arangeof 1.3 < |n| < 1.41s
shared by HB and HE. HB and HE calorimeters are both sampling calorimeters,
which consist of plastic scintillators inserted between copper absorber plates.
The reason for using copper as an absorption material is that copper is a non-
magnetic material. Since both HB and HE are located inside the cryostat of the
superconducting solenoid, both experience a strong magnetic field.

The absorber plates are 5 cm thick in the barrel and 8 cm thick in the end-
caps. The plastic scintillator is 4 mm thick. When a hadron hits the absorber
plates, numerous secondary particles are produced. These secondary particles
flow through successive layers of absorbers and interact with those layers, thus
producing a bunch of hadronic particles, or hadronic shower. As this shower de-
velops, the particles pass through the scintillator, causing it to emit blue-violet
light. These optical signals are read out using wavelength-shifting (WLS) plas-
tic fibers and are converted into fast electronic signals by Hybrid Photodiodes
(HPD).

The HO calorimeter is installed outside the superconducting solenoid, in or-
der to catch the energy leakage from HB. In fact, about 5% of all hadrons above
100 GeV energy are deposited in HO.

As a requirement for an optimal missing transverse energy measurement,
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FIGURE 2.5: Longitudinal layout of one quadrant of the HCAL.

the HF calorimeter is installed 6 m downstream from the HE endcaps, and cov-
ers the forward region of 3.0 < || < 5.2 to extend the hermeticity of the central
hadron calorimeter system. Since the HF is located in a very high rate environ-
ment, quartz fibers are used as active element, and are embedded in a copper

absorber plates in HF calorimeter.

2.2.5 Muon Detector

The muon detector [17] provides the identification of muons, momentum mea-
surement of muons, as well as muon triggering. Muon detection is one of the
most important tasks in CMS, as muons provide clean signatures of interesting
physics processes over large kinematic backgrounds. The reason is that the high
momentum muons have a relatively longer life-time and can pass through the
inner detectors in CMS, which provides good discrimination power from other
particles. Moreover, the charged muons bend under strong magnetic fields and
leave tracks in the silicon tracker, as well as in the muon detector. Hence, the
transverse momentum of muons can be measured precisely. The high momen-
tum resolution of muons is provided by the high spatial resolution of the muon

detector, and the high magnetic field of the solenoidal magnet and its flux-return
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yoke. The layout of the muon detector is presented in Figure 2.6.

The muon detector consists of 3 types of gas-ionization particle detectors:
the drift tube chambers (DT), the cathode strip chambers (CSC), and the resis-
tive plate chambers (RPC). To match the cylindrical geometry of the solenoid,
the barrel region (0 < |n| < 1.2) is instrumented with DT, and the two endcap
regions (0.9 < |n| < 2.4) with CSC. RPC are interspersed in both the barrel and
endcap regions. The muon chambers must detect the traversing track at several
points along the track path to utilize the magnet to measure the deflection of
muons as they pass through its field. In the barrel region, the chambers should
be at several different values of the radial distance r from the beam line, and in
the endcap region at several different values of distance along the beam direc-
tion 2.

The barrel section has low background levels and the magnetic field is mostly
uniform. The DT system is installed here since it can measure muon trajectories
precisely. They are organized into 12 ¢-segments per wheel, where ¢ is the az-
imuthal angle, forming 4 stations at different radii interspersed between plates
of the magnet flux return yoke. Each station consists of 8 layers of tubes mea-
suring the position in the bending plane and 4 layers in the longitudinal plane.

The endcap sections have high muon rates and background levels in high
luminosity. The CSC system is installed here since it has fast response time and
can tolerate the strong, non-uniform magnetic field. Each endcap has 4 stations
of chambers mounted on the faces of the endcap steel disks perpendicular to the
beam. A CSC consists of 6 layers, each of which measures the muon position
in 2 coordinates. The cathode strips inside the CSC run radially outward and
provide a precise measurement in the » — ¢ bending plane. The wires provide a
rough measurement in the radial direction.

Besides these tracking detectors, the RPC system serves as a dedicated trig-
gering detector system with excellent time and spatial resolution. It can provide

a fast, independent trigger with a looser transverse momentum threshold over
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FIGURE 2.6: Longitudinal layout of one quadrant of the Muon Detector.

a large portion of the 1 range (|| < 1.6).

2.3 Trigger System

The proton-proton collisions at a center-of-mass energy of 13 TeV have a total
cross section of 70 mb, with luminosity of 10" mb~'s™!. Following the definition
of the event rate as the cross section times the luminosity, the event rate is about
7x10® Hz. This means that there are about 10° events per second in pp collisions.
A typical event occupies ~ 1 MB in the storage system, resulting in a raw data
rate of 1 PB per second. It is impossible to have the readout bandwidth or the
storage capability to store all of the data produced. Therefore, data reduction
is achieved by several trigger systems in CMS, which are the First Level (L1)
Trigger [18] and the High Level Trigger (HLT) [19]. The structure of the CMS

trigger system is shown in Figure 2.7.
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FIGURE 2.7: The CMS trigger and DAQ system.

2.3.1 First Level Trigger

The L1 trigger system processes data at a rate of 40 MHz, with an output rate of
100 KHz. It access the data from calorimeters and the muon system to perform
online event selection using electronic systems. The algorithms process data in
pipeline fashion, using pattern recognition and fast summing techniques, with-

out introducing dead-time.

2.3.2 High Level Trigger

The HLT is implemented in softwares running on a large computer farm of fast
commercial processors. It reduces the L1 output rate to 1 KHz, a sustainable
level for storage and physics analysis. The HLT software is similar to the offline
reconstruction algorithms, but is more efficient in complying with the strict time

requirements of the online selection.
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Chapter 3

Analysis Strategy

The purpose of this analysis is to search for a heavy resonance decaying into a Z
boson and a Higgs boson. The Z boson is reconstructed from the dielectron or
dimuon final state. The Z — ("I~ channel is chosen mainly because it has low
QCD and tf backgrounds. The Higgs boson is reconstructed via the bb channel
because the branching ratio of H — bb is the largest at my = 125 GeV. Note
that the b quarks are reconstructed as a single jet with large radius in the CMS
detector due to the high transverse momentum of Higgs.

In this chapter, the data sets and Monte Carlo (MC) samples used are pre-
sented, and the selection criteria of physics objects are introduced. The final se-
lection efficiency is also discussed and reported. The data and MC comparisons
of various kinematic variables are presented to show the agreement between

them.

3.1 Data Sets and Monte Carlo Samples

3.1.1 Data Sets

In this analysis, the data collected with CMS during 2015 RunD, with integrated
luminosity of 2.51 fb~! are used. The muon and electron data sets are collected

with a single-muon or a single-electron trigger, which will be explained in detail
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TABLE 3.1: Data sets Run2015D used in this analysis.

Samples Luminosity L [fb~']
SingleElectron-Run2015D-050c¢t2015-v1 0.877
SingleElectron-Run2015D-PromptReco-v4 1.635
SingleMuon-Run2015D-050ct2015-v1 0.877
SingleMuon-Run2015D-PromptReco-v4 1.635

TABLE 3.2: Filters used in this analysis.

Filters

CSCTightHaloFilter
eeBadScFilter
HBHENoiseFilter
HBHENoiselsoFilter

in latter section. All data sets used are listed in Table 3.1. Moreover, a list of fil-
ters [20] are applied on data in order to remove problematic or noise-dominated

events, are reported in Table 3.2.

3.1.2 Monte Carlo Samples
Signal samples

The signal samples are generated with the MadGraph5 [21] LO generator. The
showering and hadronization have been performed with PYTHIAS [22]. A full
detector simulation and event reconstruction has been performed with GEANT4 [23]
and CMSSW. The simulated signal MC samples are listed in Table 3.3. All signal
samples belong to the RunIISpringl5MiniAODv2-74X_mcRun2 campaign
with the 25 ns asymptotic conditions. Moreover, the samples are produced
assuming the narrow-width approximation, with the resonance width set to 1

MeV.
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Background samples

All physics processes yielding final states with one or two leptons in association
with one or two b quarks are considered as possible sources of background for
the analysis. The list of background samples used is reported in Table 3.4.

The Z+jets background is produced in several samples binned in Hr (the
scalar sum of the pr of the outgoing partons) starting from 100 GeV with the
MadGraph5 LO generator. The contribution of events with Hy less than 100
GeV is found to be negligible after requiring the Z pr to be greater than 200 GeV.
The inclusive t¢ sample has been produced with POWHEG [24] interfaced with
PYTHIAS, including all the possible decays of the W bosons. For the diboson
production processes, the WIW, WZ, and ZZ are inclusive processes generated
with PYTHIAS8, while the ZH has decay mode same as the decay mode of signal
and is generated with POWHEG.

The cross sections listed in the table are used to normalize SM backgrounds.
The cross sections of Z+jets samples are computed by MadGraph5 withan NLO/LO
electroweak correction [25] (k-factor) derived from the inclusive Z cross sec-
tion computed by FEWZ [26]. The amount of k-factor as a function of the Z
pr is presented in Figure 3.1. The cross section of ¢f samples are obtained from
TTbarNNLO group [27], while the V'V samples are computed from MCFM [28]

calculator.

3.2 Trigger

In this analysis, the events are selected online by the L1 trigger and the HLT. For
each Z — ete” and Z — p*p~ channel, a single lepton trigger path (a string
that identifies a list of selections performed at HLT) is used to select events. The
trigger paths used in this analysis are reported in Table 3.5. The same set of
trigger paths are applied for both data and simulated events. The single-lepton

triggers require at least one lepton.
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TABLE 3.3: Signal samples used in this analysis.

Samples

Number of events

Cross section o [pb]

ZprimeToZhToZlephbb_narrow_M-800_13TeV-madgraph-v1
ZprimeToZhToZlephbb_narrow_M-1000_13TeV-madgraph-v1
ZprimeToZhToZlephbb_narrow_M-1200_13TeV-madgraph-v1
ZprimeToZhToZlephbb_narrow_M-1400_13TeV-madgraph-v1
ZprimeToZhToZlephbb_narrow_M-1600_13TeV-madgraph-v1
ZprimeToZhToZlephbb_narrow_M-1800_13TeV-madgraph-v1
ZprimeToZhToZlephbb_narrow_M-2000_13TeV-madgraph-v1
ZprimeToZhToZlephbb_narrow_M-2500_13TeV-madgraph-v1
ZprimeToZhToZlephbb_narrow_M-3000_13TeV-madgraph-v1
ZprimeToZhToZlephbb_narrow_M-3500_13TeV-madgraph-v1
ZprimeToZhToZlephbb_narrow_M-4000_13TeV-madgraph-v1

48400
50000
50000
50000
50000
50000
50000
50000
50000
49800
49800

0.0282665
0.0153743
0.00790857
0.00421385
0.00233319
0.00133522
0.000785119
0.000227178
0.000071426
0.0000235715
0.00000797489
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FIGURE 3.1: Electroweak correction for the Z as a function of the transverse
momentum.

The trigger efficiencies of both of the trigger paths have been studied by the
EGamma and Muon POG [29, 30]. The trigger efficiency is defined as the fraction
of events passing offline selection that also satisfies online trigger requirements.

The good leptons are chosen with a tag-and-probe [31] procedure by select-
ing Z — [7l~ events. The tag-and-probe method is a data-driven method to
measure efficiency from data. A "tag" is a well identified lepton that satisfies
a tight lepton ID requirements. The "probe" is the other lepton that pass very
loose selection criteria. The method is used to count the events wherein both
"tag" and "probe" exist. The trigger efficiency is then evaluated by studying the
probe lepton efficiency as a function of both pr and 7 in data.

The study shows that it has more benefits using single lepton triggers with-
out isolation requirement but with higher p; threshold than non-isolated double-
lepton triggers with lower py threshold. The single-lepton triggers only require
at least one-lepton to pass the loose working point and to have a pr larger than

135 GeV. As the Z bosons usually have large pr in this analysis, if the leptons
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TABLE 3.5: HLT path used in this analysis.

HLT path

HLT_Ele105_CaloldVT_GsfIrkldT
HLT_Mu4b5_eta2pl

are produced parallel or anti-parallel to direction of Z boson, one of the leptons
will have a very low py. The single-lepton triggers are safe choices to keep this

kind of events.

3.3 Vertex and Pile-up

At the LHC, there is a probability that one single bunch crossing may produce
several pp collisions, known as pile-up (PU) events. Due to PU, several primary
vertices (PV) are typically reconstructed in an event. The PU contributions are
removed and only the most interesting collision event was retained. The pri-

mary vertex must pass the following requirements [32]:
e Number of degrees of freedom, Np,r > 4

e The distance along the beam axis z of the vertex with respect to the nominal

interaction point (0,0,0), |d.| < 24 cm

e The distance perpendicular to the beam axis of the vertex with respect to

the nominal interaction point (0,0,0), dy <2 cm

The primary vertex associated with the signal in each event is defined as the
one with the highest sum of square of the transverse momentum of the tracks
associated to it. The Springl5 v2 MINIAOD MC samples are generated sim-
ulating the PU conditions using the 25 ns asymptotic PU scenario. The MC sam-

ples are reweighted with the standard CMS PU reweighting technique [33, 34],
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FIGURE 3.2: Distributions of the number of reconstructed primary vertices after
reweighting in the electron channel (left) and muon channel (right).
in order to improve the agreement of PU distribution with data. The compari-
son between the distributions of primary vertices in data and MC after the PU

reweighting is shown in Fig. 3.2 for events after full selection.

3.4 Physics Objects

In the CMS experiment, all the physics objects are reconstructed by the Particle
Flow (PF) algorithm [35, 36]. This section briefly introduces the reconstruction
method of physics objects that are used in this analysis. Their preselections are

reported in detail.

3.4.1 Electron Reconstruction

An electron carries electric charge and is involved in electroweak interaction. It
can leave tracks in the tracker system and deposit its entire energy in the ECAL.
The electrons are reconstructed by associating a track reconstructed in the silicon

detector with a cluster of energy in the ECAL.
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Energy Clustering

In the CMS detector, the electrons lose their energy via bremsstrahlung before
reaching the ECAL. To measure the initial energy of the electrons accurately, it
is necessary to collect the energy of the radiated photons that spreads along the
¢ direction due to the bending of the electron trajectory in the magnetic field.
Two clustering algorithms, the Hybrid algorithm and the Multi-5x5 algorithm,
attempt to cluster the energy of electrons in the barrel and endcap sections of the
ECAL [37].

The Hybrid algorithm makes use of the geometry of the EB and properties
of the shower shape', collecting the energy in a narrow window in 7 and an
extended window in ¢. The algorithm starts from a seed crystal (crystal with
transverse energy Fr above a certain threshold), forming 1x3 or 1x5 crystal
dominos, each with their central crystal aligned in n with the seed crystal. The
dominos are then clustered in ¢ from the original seed.

Finally, all the non-overlapping clusters in a narrow 7 window are built to
collect the energy radiated by bremsstrahlung that falls outside the main cluster,
to form a cluster of clusters, or a superclusters (SC).

The Multi-5x5 algorithm also starts from the most energetic seed then col-
lects the energy in a cluster of 5x5 crystals. These clusters are then grouped into

a SC if their total F'r satisfy specific requirements.

Track Reconstruction

Particle tracks are generally constructed by the standard Kalman Filtering (KF) [38]
track reconstruction procedure.

The building of trajectories is initiated by looking for a seed in the inner

ISince the magnetic field inside the CMS solenoid is purely axial, the clusters belonging to
radiation from an electron will be nicely aligned in 7, but spread in ¢.
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tracker with the Seed Generator. Then, all the possible trajectories are con-
structed outward by the given seed with the Trajectory Builder. Among the pos-
sible trajectories, the best track candidates are kept with the Trajectory Cleaner.
Lastly, the final fit of the track is performed with the Trajectory Smoother, in
which all the collected hits are used to estimate the track parameters at each
layer.

In the electron tracks reconstruction, the dedicated Gaussian Sum Filter (GSF) [39]
is used instead of the KF, which improves the model of bremsstrahlung energy
loss distribution of electrons. It turns out that the GSF provides a better momen-
tum resolution of electrons compared to the KF.

Finally, the electrons are reconstructed by matching the SC to the GSF track.
The reconstruction efficiency of electrons with Er greater than 20 GeV is above

95%(90%) in EB(EE).

3.4.2 Electron Selection

The selection criteria of the electrons in this analysis follow the recommenda-
tions of EGamma POG [40]. Since the backgrounds are rather low, a loose work-
ing point is preferred (average efficiency ~90%). The electron candidates are
selected with pr > 20 GeV and |n| < 2.5 and at least one of the two electrons
must have a pr higher than 135 GeV. The requirements for electrons are listed
in Table 3.7 with the cut values for the ECAL barrel and ECAL endcap. The

definition of the electron variables are explained in the following;:

e 1: The pseudorapidity of the electron track as measured at the inner layer

of the tracker and then extrapolated to the interaction vertex.

e 7sc: The pseudorapidity of the supercluster of electron, with respect to the

point (0,0,0).
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Er: Defined as Ep = FEqe X sinfyx, where 0y is the polar angle of the
electron track measured at the inner tracker layer and then extrapolated to

the interaction vertex.

Tinin: A measure of the spread in 7 in units of crystals of the electron’s

energy in a 5x5 block centered on the seed crystal.

An;, and A¢;,: The difference in 1 and ¢ between the track position as
measured in the inner tracker layer, extrapolated to the interaction vertex
and then extrapolated to the calorimeter and the 1 and ¢ of the superclus-

ter.

H/E: The ratio of the hadronic energy collected by the HCAL tower within

AR = /(An)? + (A¢)? < 0.1 centered on the electron position in the

calorimeter to the EM energy of the electron supercluster.

dy and d.: The distance between the electron trajectory and the PV in the

transverse and the longitudinal coordinates.

1/E — 1/p: The difference of the inverse of the energy and the momentum

of the electron.
missing hits: The exception of missing hits at the inner pixel system.

conversion veto: A flag to exclude electrons produced by photon conver-

sions.

In addition to the above requirements, the electrons are required to be iso-

lated. An isolation requirement is applied to suppress leptons coming from jets

due to misidentification or the decays of b hadrons or ¢ hadrons inside the jets.

The isolation [ is defined as the scalar sum of the pr of all the PF candidates,

excluding the lepton itself, within a cone of AR < 0.3 around the lepton di-

rection, after the contribution from pile-up and other reconstructed leptons are
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TABLE 3.6: Effective Area constants for computing pile-up corrections.

7| min |77|max EA

0.0 1.0  0.1752
1.0 1479 0.1862
1479 2.0 0.1411
2.0 22 0.1534
2.2 23 0.1903
2.3 24 0.2243
24 5.0 0.2687

removed. The relative isolation, obtained by dividing the simple isolation by the
lepton pr

]rel = I/pl;p (31)

is more frequently used in the analysis.
This analysis uses the relative isolation with effective area (EA) pile-up cor-

rections [37], which is defined as
15 = Ihtad + Inetad + I, — px EA (3.2)

where Ipaq is the scalar sum pr of the PF charged hadrons, Inetad is the scalar
sum pr of the PF neutral hadrons, and 7, is the scalar sum p; of the PF pho-
tons. The pile up correction term involves the energy density p multiplied by 7

dependent effective area. The effective area constants are listed in Table 3.6.

3.4.3 Muon Reconstruction

The muons are reconstructed independently in the inner tracking system and
in the muon system [31]. The muon track in the tracker is called tracker track,
while the muon track in the muon system is called standalone muon track. In

CMS, there are two reconstruction approaches based on these objects.
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TABLE 3.7: Electron identification requirements for Spring15 25 ns conditions.
EB: barrel cuts (|nsc| < 1.4442); EE: endcap cuts (1.566 < |nsc| < 2.5).

Electrons EB EE
pr (GeV) > 20 20
Tinin < 0.0103 0.0301
| A < 0.0105 0.00814
|Adin| < 0115 0.182
H/E < 0.104 0.0897
rellso(EA) < 0.0893 0.121
1/E—1/p < 0102 0.126
|do| (cm) < 0.0261 0.118
|d.| (cm) < 041 0.822
missing hits < 2 1
conversion veto yes yes

In the Global Muon reconstruction, a matching tracker track is found for
each standalone muon. Then, the global muon track is fitted using all hits in
both tracks by Kalman filter technique. In the Tracker Muon reconstruction, all
tracker tracks with specific requirements are extrapolated to the muon system.
If at least one muon segment (short track from the DT or CSC hits) matches
the extrapolated track, the corresponding tracker track is identified as a Tracker
Muon.

As the tracker track efficiency and the reconstructing segments efficiency in
the muon system are very high, about 99% of muons from pp collisions which
have high momentum are reconstructed either as a Global Muon and /or a Tracker

Muon.

3.4.4 Muon Selection

In this analysis, only global muons or tracker muons are used [41]. The muon
candidates are selected with p;y > 20 GeV and |n| < 2.4 and at least one of the

two muons must have a pr higher than 55 GeV. In addition, one of the two
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muons must be reconstructed as a Global Muon. Furthermore, the muons must
pass the requirements listed in Table 3.8. The meaning of each muon variable is

described as follows:

e muHits: The number of muon-chamber hits included in the global muon
track fit. This is required to suppress hadronic punch-through and muons

from decays in flight.

e muMatches: Muon segments in the muon stations. This is required to

suppress punch-through and accidental track-to-segment matches.

e muTrkLayers: Number of tracker layers with hits. This is required to guar-
antee a good pr measurement and also suppress muons from decays in

flight.

e muPixelHits: Number of pixel hits. This is required to further suppress

muons from decays in flight.
e muTrkPtErr/muTrkPt: The relative pr error of the muon best track.

e d,,: The transverse impact parameter of the tracker track with respect to
the PV. This is required to suppress cosmic muons and further suppress

muons from decays in flight.

e d.: The longitudinal distance of the tracker track with respect to the PV.
This is required to suppress cosmic muons, muons from decays in flight

and tracks from PU.

For the muon candidates, different isolation criteria are used, based on the
AR between two muons coming from decays of highly-boosted Z bosons.
The isolation I is computed as the scalar sum of the py of all the tracks from

the leading PV in the event within a cone centered along the muon direction,
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TABLE 3.8: Muon identification requirements for Spring15 25 ns conditions.

Muons Global Muon Tracker Muon
muHits > 1 n/a
muMatches > 2 2
muTrkLayers > 5 5
muPixelHits > 1 1
muTrkPtErr/muTrkPt < 0.3 0.3
|y < 0.2 0.2
|d. | < 0.5 0.5
isolation < 0.2 0.2

normalized by the muon pr (Eq. 3.3).

T/ pe? if AR>0.3
L = (3.3)

(I — P /pe? if AR < 0.3

In the case when the two muons are close to each other (AR < 0.3), the inner
intrk

track pr of the neighboring muon p7"™ is subtracted from the track isolation, in

order to reject the other muon inside the isolation cone of the target muon.

3.4.5 Jet Reconstruction

Ajetis a collimated bunch of stable hadrons, originating from quarks and gluons
after fragmentation and hadronization. Quarks and gluons appear in the final
states of many interesting physics processes; due to the quark confinement, they
get hadronized to colorless hadrons which can be detected. The jet clustering
algorithms collect the hadrons which arise from the hadronization process in
a cone around the direction of the parton that characterizes a jet, with a good

approximation.

35



Jet Clustering

There are several algorithms to cluster a jet in the CMS experiment [42]. These
algorithms assume that particles within jets have small differences in transverse
momenta, thus the particles are grouped based on momentum space, resulting
in jets that have fluctuating areas in (1-¢) space. The algorithms calculate dis-
tance d,; between 7 and j particles by Eq. 3.4.

An? + A¢?

2a 2a)
R? (3.4)

d;; = min(pj; ) Py

2a
dip = Dy

where An? + A¢? is the (-¢) space distance between the two particles, R is the
radius parameter which determines the final size of the jet. The variable d;,z =
p7 is the momentum space distance between the beam axis and the particle.

The parameter a corresponding to different algorithms are listed below:
e a=1: k; algorithm

e a =0: Cambridge/Aachen (CA) algorithm

e a =-1: anti-k; (AK) algorithm

The algorithms begin with finding the minimum of the set {d;;,d;g}. If d;;
is the minimum, then particles < and j are combined into one particle (ij) by
summing their four-vectors. If d;p is the minimum, then i is labeled a final jet
and removed from the list of particles. This process is repeated until all particles
are part of a jet with the distance between the jet axes R;; greater than R.

In this analysis, the jet objects are reconstructed by the anti-%; algorithm [43],
which is currently highly recommended within the CMS experiment. From
Eq. 3.4, it is clear that the anti-£, algorithm prefers to cluster hard particles first.
Therefore, the algorithm is less sensitive to the underlying event (UE) and pile-
up. Although the anti-%; algorithm is the best at resolving jets, it is the worst for

studying jet substructure due to its poor declustering.
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Jet Grooming

A grooming algorithm is applied after the jet clustering to reduce the soft and
wide-angle radiation components of the jet (quark- and gluon-initiated) while
preserving the hard structure that originating from heavy particles. In addition,
the grooming algorithm can be used to reduce the effect of pile-up on the jet [44].
There are many different types of jet grooming algorithms. In this section, the
pruning algorithm [45] and the soft-drop algorithm [46] are focused on.

The pruning algorithm reclusters the constituents of the jet through the CA
clustering algorithm mentioned above (Eq. 3.4), using the same distance param-
eter. At each step in the clustering algorithm, the soft and wide-angle recombi-
nation between the two particles ¢ and j is vetoed when both of the following
conditions are met:

_ min(pr;, ij)

i < Zeut

Pri + Prj (3.5)

2 X Teut X My
AR,‘j > Dcut =
pr

where m; and pr are the mass and transverse momentum of the originally-
clustered jet, zut and rq, are parameters of the algorithm. At CMS, the parame-
ter values of 2z, and r. are set to 0.1 and 0.5, respectively.

In the soft-drop algorithm, the constituents in the AKS8 jets are first re-clustered
with the CA algorithm. Then the CAS8 jet is declustered to sub-jets j; and js. The
soft-drop procedure removes the softer constituent unless the following condi-

tion is met:

min(pry, p AR

pr1 + Pr2 Ro (3.6)
where R, is the distance R of the original jet clustering algorithm, p;y and pro
are the transverse momenta of the constituents with respect to the beam, ARy, is
their distance in the (7-¢) plane, and z.,: and angular exponent 3 are parameters
of the algorithm. If 5 > 0, the soft drop declustering removes soft radiation from

a jet while maintaining a fraction of the soft-collinear radiation. If 3 < 0, the soft

drop declustering can remove both soft and collinear radiations. At CMS, the
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parameter values of z.,; and /3 are set to 0.1 and zero, respectively.
In this analysis, the mass of Higgs jets are groomed by the pruning algorithm

while the sub-jets are obtained from the soft-drop algorithm.

b-Jet Identification

The identification of jets containing b hadrons is important to many analyses in
associated with b-quark final state, which may serve as a probe for new physics.
The ability to discriminate b jets from other gluons and light-flavor quarks (u,d,s)
jet is due to the relatively large masses (> 5.2 GeV) and long lifetimes (~ 1.5 ps)
of the b hadrons. Moreover, b hadrons have higher charged decay multiplicity
due to cascade decays.

The b-tagging algorithms takes the impact parameter (IP) significance of the
tracks and the position of the secondary vertex (SV) as input parameters. The IP
is the distance between the track and the PV at the point of closest approach. It
is calculated in three dimensions by taking advantage of the high resolution of
the pixel detector. The resolution of the IP depends strongly on the pr and 7 of
a track. The SV is where the b hadron decays, which can also be reconstructed
by the CMS tracking system. The flight distance and direction between primary
and secondary vertices are used to discriminate between b and non-b jets.

In this analysis, the b-jets are identified with the Combined Secondary Vertex
(CSV) [47, 48] algorithm. This algorithm takes the secondary vertices, together
with track-based lifetime information and provides discrimination even when
no secondary vertices are found. The output of CSV algorithm is a discriminator
value on which the user can cut on to select different regions in the efficiency

versus purity phase space.

Reweighting of b-tagging Efficiency

In fact, the b-tagging efficiencies measured in data are different than those pre-

dicted by the simulation. In order to take this difference into account, weight
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factors need to be applied to simulated events. In this analysis, a method with
event reweighting using b-tagging efficiency scale factors and MC b-tagging ef-
ficiency is used [49]. Note that only the b-tagging efficiency scale factors for b”
and light flavor® jets are provided by BTV POG.

First, the b-tagging efficiencies of signal and background MC samples for

each jet flavor are derived according to the jet pr, which is defined as

b-tagged
Ny (pr)

3.7
N]tcotal ( pT) ( )

er(pr) =

where N{“(py) and Njﬁftagged(pT) are the total number and the number of b-
tagged jets, respectively, for each flavor in the py bin.

The event reweighting method predicts the correct event yield in data by
changing the weight of the selected MC events. Moreover, the same event can-
not contribute with different events weights to multiple b-tag multiplicity bins.
Note that only the b-tagged jets* are considered in the reweighting.

The probability of a given configuration of jets in MC simulation and data is

defined as

pMO) = J[ « [ (-«

i=tagged  j=not tagged

P(DATA) = [[ SEe [ (1-SFi)

i=tagged j=not tagged

(3.8)

where ¢; is the MC b-tagging efficiency, and SF, are the b-tagging efficiency scale
factors. Note that both the ¢; and SF; are functions of the jet flavor and jet pr. In

the end, the event weight w is calculated as

P(DATA
 _ PDATA) 59
P(MC)
2Scale factors for c jets are taken to be the same as for b jets.
3The d-, u-, s-quark and gluon are included in light flavor.
*The term "b-tagged jet" refers to a b-tagged jet of any flavor.
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TABLE 3.9: Loose jet identification requirements for Spring15 25ns conditions.

PF Jet ID Loose
Neutral Hadron Fraction <  0.99
Neutral EM Fraction < 099
Number of Constituents > 1
Charged Hadron Fraction > 0
Charged Multiplicity > 0
Charged EM Fraction <  0.99

3.4.6 Jet Selection

In this analysis, the jets are clustered by AK algorithm with a cone radius of R
= 0.8. Furthermore, jets are required to pass the loose identification criteria [50]

listed in Table 3.9.

3.4.7 Boson Reconstruction

The Z candidates are formed from oppositely charged lepton pairs of the same
flavor, with invariant mass in the range [70,110] GeV. In addition, the p; of Z is
required to be greater than 200 GeV in this analysis.

The Higgs candidates are selected with pruned jet mass in the range [105,135]
GeV and jet pr > 200 GeV. In order to discriminate against the light-flavored jets,
events are classified according to the number of subjets (1 or 2) passing the b-
tagging loose selection. A mass threshold for the high mass resonances is also
applied with My > 750 GeV. A full list of event pre-selection criteria are reported
in Table 3.10.

3.5 Data and Monte Carlo Comparison

In this section, all the control plots at the pre-selection level are presented. The

data/MC comparison are studied in the inclusive region and all of the weight
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factors mentioned above have already been applied to MC. The ratio of data/MC
are consistent within uncertainty, which means the data and MC have a good
agreement.

Figures 3.3, 3.4, and 3.5 show the distribution of ID variables separately
for electron in barrel and endcap regions. Figures 3.6 and 3.7 show the distribu-
tions of ID variables separately for muon in high p; and tracker categories. They
are studied with N — 1 cut procedure in order to present the full distribution of
identification variables in events more similar to those used in the final analy-
sis and to have an idea about the selection efficiency or this particular variable.
Figures 3.8, 3.9, and 3.10 show the kinematic variables of the Z boson can-
didate and of the corresponding leading and sub-leading leptons, respectively.
Figures 3.11 and 3.12 show the kinematic variables, the b-tagger discriminant,
and the groomed mass of Higgs boson candidate. Figure 3.13 shows the subjets

of the Higgs candidates separately for electron and muon channels.
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TABLE 3.10: Summary of the pre-selection criteria in this analysis.

In| <2.5
remove 1.4442 < |n| < 1.566
HEEP Nolso ID

Electrons rho-corrected mini Iso < 0.1
Leading electron py > 115 GeV
Sub-leading electron p; > 35 GeV
Two electrons have opposite charge

Custom Tracker Muon ID

One of both pass High pr Muon ID

rho-corrected mini Iso < 0.2

Muon pr > 20 GeV

Muons
Muon |n| < 2.4
At least one muon pr > 50 GeV
At least one muon |n| < 2.1

Two muons have opposite charge

70 GeV < M < 110 GeV
Pru > 200 GeV

7 bosons

In| <24
pr > 200 GeV
AK8jets  FATjetPassIDLoose
AR between jet and lepton > 0.8
remove signal region: 65 GeV < corrPRmass < 135 GeV
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FIGURE 3.3: Distributions of the electron identification variables. From top to
bottom: oyn, |Anin|, and |A¢;,| for barrel (left) and endcaps (right).
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Chapter 4

Background Estimation

In this chapter, a background estimation strategy that helps in searching for lo-
calized excesses in the mzy spectrum is elaborated. The alpha method has been
introduced as a more trustworthy strategy, because it is less dependent on the
MC simulation. In fact, many systematic uncertainties that are hard to under-
stand and control are believed to approximately cancel in alpha method.

First of all, the signal region and the side band are defined in order to select
a signal-enriched or signal-depleted phase space. The corrected pruned jet mass
m; is chosen as the control variable of the two exclusive regions. In this analysis,
the signal region (SR) is defined in the m; range of [105,135] GeV, while the
side band (SB) is defined in the m; range of [30,65] GeV and [135,300] GeV. In
addition, the W /Z mass window, in the m; range of [65,105] GeV, is used neither
as side band region nor as signal region in order to respect the blinding policy
of the diboson V'V searches.

In fact, the background is not purely composed of one physics process either
in the signal region or in the side band. The background composition is assumed
to be dominated by one single process (Z+jets ) whose modeling in simulation
is considered not to be trustworthy'. For other sub-dominant backgrounds (¢t
, VV, ZH), it is safe to assume that if the MC predictions are wrong by 100%,

the final effect on the upper limit is small since their contributions are smaller.

IThe Z+jets samples used in this analysis were produced with PYTHIAS parton shower,
which have worse modeling in jet substructure. Moreover, the samples are LO.
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FIGURE 4.1: Representative Feymann Diagrams of Z+jets production (top left),
tt production (top right), V'V (V may represent W+ or Z boson) production
(bottom left), ZH production (bottom right) in SM.
The Feymann diagrams of dominant and sub-dominant processes are shown in
Figure 4.1.

The normalization of predicted background in the signal region is interpo-
lated from data in the side band. On the other hand, the shape of predicted
background is extrapolated from the data in the side band to the signal region
using a transfer function (the a-function) derived from simulation, assuming
that the correlation between mzy and m; is reasonably well reproduced by the
MC.

This analysis is divided into electron and muon channels, with single and
double b-tag categories. A different background prediction is derived for each

category separately in order to reduce systematic uncertainties.
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4.1 The Normalization of Z+jets Background

The number of expected background events in the signal region is determined
from data in the side band. The background contributions are described with
functional forms determined by fits to the MC, while the parameter values are
determined from the fits to data. The dominant Z+jets background has physics
properties of a smoothly falling background with no peaks. Hence, a simple

exponential function (Eq. 4.1) is chosen to build the jet mass spectrum.

F(2) = poexp ( _ ﬁ) (.1)

b1
Nevertheless, a flat model has been taken in double b-tag category in both
electron and muon channel due to the lack of events. On the other hand, the
sub-dominant backgrounds, which are taken directly from MC prediction, are
considered to have 100% systematic uncertainty due to their small contribution.
As a result, the number of expected background events in the signal region

is extracted through Eq. 4.2.

Nﬁt data
data data SR
Ngg® = Ngp * X

Ni @ (4.2)
where N are the number of events. Note that the number of expected back-
ground events is corrected due to a bias from a fitter test in this analysis, which
will be discussed in detail in Section 5.1.

Figure 4.3 presents the m; distribution in the Z+jets MC samples in the side

band of different categories. Figure 4.4 presents the corrected pruned jet mass

m; in data side band in different categories.
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4.2 The Shape of Z+jets Background in the my Spec-
trum

The shape of expected background in the signal region is extracted from the
data in the side bands by a-function. The a-function is extracted by fitting the
simulated mzy spectrum in the signal region and side band respectively. The
mzy spectrum is parametrized with a modified exponential function which can

model the exponential tails (Eq. 4.3).

f(@) = poexp (zn - x) (43)

where py, p1 and p, are free parameters. Note that the sub-dominant back-
grounds and data are also parametrized with Eq. 4.3.
As a result, the a-function for the dominant Z+jets background can be writ-

ten as
7
Ny “(mz)

ok
Ngy(mz)

In this manner, the total background prediction is extracted through

(4.4)

a(mZH) =

N (mzn)

Ngﬁm(mzz{) = [NSBata(mZH) - Néc’lBlb(mZH)} X |:NZjets(m )
SB ZH

] + NS (myr) (4.5)

From Eq. 4.5, the sub-dominant contributions Nggb(m 7y ) are subtracted from
data in the SB first. The shape is then multiplied with the a-function in order to
get the main background expectation in the signal region. By this way an as-
sumption that the extrapolation from the side band to the signal region works
in the same way for both data and MC is made. Lastly, the sub-dominant con-
tributions NE&®(mzy) in the signal region are added to the main background
estimation.

Figure 4.2 shows the distributions of L2+L3-corrected pruned mass including

the signal region. An excess of data over the background prediction at around
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FIGURE 4.2: Distributions of jet mass after performing the pruning techniques
including the signal region for the electron channel (left) and in muon channel
(right).

125 GeV may indicate a hint of new physics.

Figures 4.5, 4.6, and 4.7 present the myy distribution of Z+jets and sub-
dominant backgrounds, respectively, in the side bands. Figures 4.8, 4.9, and
4.10 present the my distribution of Z+jets and sub-dominant backgrounds, re-
spectively, in the signal region. Figure 4.11 shows the my distribution of data
in the side bands. Figure 4.12 shows the a-function compared to the background
shape in both side band and signal regions. Figure 4.13 presents the expected
background with the data mzy distribution in the signal region. Tables 4.1 and
4.2 list the number of events observed in data and predicted background events

for different minimum requirements on myy .
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TABLE 4.1: Number of events observed in data and predicted background
events for different minimum requirements on mzp in electron channel.

single b-tag

double b-tag

mzu (>) Naata Noig Naata Noxg
800 5 & stat.unc. 8.86 & syst.unc. 1+ stat.unc. 5.49 &+ syst.unc.
1000 1 £ stat.unc. 5.96 & syst.unc. 1 £ stat.unc. 2.71 & syst.unc.
1200 1 & statunc. 4.00 £ syst.unc. 0 &£ stat.unc. 1.35 &= syst.unc.
1400 1 £ statunc. 2.69 £ syst.unc. 0 &£ stat.unc. 0.67 & syst.unc.
1600 1 £ statunc. 1.80 £ syst.unc. 0 &£ stat.unc. 0.33 & syst.unc.
1800 0 £ stat.unc. 1.21 & syst.unc. 0 £ statunc. 0.17 £ syst.unc.
2000 0+ statunc. 0.81 £ syst.unc. 0 £ stat.unc. 0.08 £ syst.unc.

TABLE 4.2: Number of events observed in data and predicted background
events for different minimum requirements on mzy in muon channel.

single b-tag

double b-tag

mzg (>) Ndata Noig Ndata Noig
800 15 £ stat.unc. 12.01 & syst.unc. 1 + stat.unc. 5.66 + syst.unc.
1000 10 & stat.unc. 4.79 £ syst.unc. 1 + stat.unc. 3.65 + syst.unc.
1200 8 £ stat.unc.  1.91 & syst.unc. 0 &£ stat.unc. 2.37 & syst.unc.
1400 4 £ statunc.  0.76 £ syst.unc. 0 £ stat.unc. 1.54 & syst.unc.
1600 1+ statunc.  0.30 £ syst.unc. 0 £ stat.unc. 1.00 & syst.unc.
1800 0 £ stat.unc.  0.12 £ syst.unc. 0 £ stat.unc. 0.65 + syst.unc.
2000 0 £ stat.unc.  0.04 & syst.unc. 0 &£ stat.unc. 0.42 & syst.unc.
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Chapter 5

Systematic Uncertainties

There are several sources of systematic uncertainties that affect the final back-
ground prediction (normalization and shape) and signal efficiency. Those uncer-
tainties affect the results of the upper limits on production cross section (Chap-
ter 6). In the following sections, a brief introduction of the sources of systematic

uncertainties and the method of estimation are presented.

5.1 Systematics on Background Normalization

The number of predicted background events in the signal region is extracted
from the fits to the distribution of corrected pruned jet mass m;, as described in
Section 4.1. Therefore, the propagated error from the fit parameters contributes
as a source of systematic uncertainty on normalization. Due to the small sample
size in this analysis, the propagation of errors from the fit parameters has the

largest contribution among all the sources of systematic uncertainty.

Propagation of errors of fit parameters

The errors from the fit parameters are propagated using the correlation matrix

Mci

o2, = AT(M¢A) (5.1)
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where the element A, ; in the column matrix A is the variation on the number of

background events after varying independently the fit parameter p; by +10.

Study of the fit bias

The unbinned likelihood method provided by the RooFit [51] toolkit is chosen
as the fit method in this analysis. The toy MC method is used to examine any
possible fit bias from the fitter.

In the toy MC method, 1000 randomized distributions of corrected pruned jet
mass m; in side band are generated using a template model of corrected pruned
jet mass m; in MC'. Each generated distribution is fitted with the same formula
as described in Eq. 4.1. Hence, the number of expected background events from
the fitted toy MC is extracted through same formula as described in Eq. 4.2. As
a result, the fit bias is determined from the distributions of bias and pull values.

The bias is defined as

toyMC MC
M bkg - M bkg

MC
kag

bias =

(5.2)

where N}:Z,MC is the number of background events determined from the fit to

toy MC, Né\ﬁg is the number of background events determined from the fit to
template MC. The systematic shift due to the imperfection of the fitter is then
deduced from the mean value of the bias distribution. In this analysis, the mean
of bias in each category is found to be negative, indicating that the expected
number of background events is underestimated. Therefore, the bias as a cor-
rection is applied to the number of background events.

The pull is defined as

pull = (5.3)

Ofit

IThe template model is derived from the blue line in Figure 4.3. Then, the SG is removed in
each toy distribution.
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FIGURE 5.1: The distributions of fit bias for the N, determined from fit to
the toy MC. (Top:electron channel. Bottom: muon channel. Left: single b-tag.

Right: double b-tag.)

where the uncertainty oy is derived from the propagation of errors of fit param-
eters. The correctness of the fit errors are then deduced from the width of pull
distribution. In this analysis, the width of pull in each category is large than 1,
indicating that the fit errors are underestimated. As a result, the width of the pull
distribution is added to the propagation of errors of fit parameters on predicted
background as an additional uncertainty that affects the normalization.

Figure 5.1 and 5.2 report the bias and pull distribution accordingly in differ-

ent categories.

Other sources

The jet energy scale factor, which will be described later, is also a source of sys-
tematic uncertainty that can affect the background normalization. Apart from

this, the sub-dominant backgrounds (¢t , V'V, and ZH) are subtracted directly
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from data according to MC predictions in this analysis, due to their low statistics.
In this case, a 100% uncertainty from the rates of sub-dominant backgrounds is
assigned as a systematic uncertainty on total amount of background contribu-
tion.

In addition, the uncertainty on the measurement of luminosity in LHC and in
CMS also affects the observed cross section limit and the background normaliza-
tion in MC for the sub-dominant backgrounds. The recommended uncertainty

on the integrated luminosity is 2.7% by the Luminosity POG [52].
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5.2 Systematics on Background Shape

There are several sources of systematic uncertainty that affect the predicted back-
ground shape. By shifting one standard deviation on the sources, the uncertain-
ties are propagated to the o function. As a results, the uncertainties vary as a

function of resonance mass.

b-Tagging efficiency scale

The b-tagging scale factor uncertainties are provided by the BTV POG [49] (3.4.5).
The uncertainty is evaluated by moving the scale factors up and down by one

standard deviation simultaneously for each jet as a function of pr and 7.

Jet energy scale

The jet energy measured by the CMS HCAL can only have an accuracy of 60-
70% due to the nature of the hadronic shower. Hence, a calibration of jet energy
is performed using v/ Z+jets control samples with the help of high performance
ECAL in CMS [53]. The scale factor from the jet energy corrections give errors

and propagate to the 4-momentum and the mass of jets both in data and in MC.

QCD factorization and renormalization scale

The QCD factorization scale corresponds to the scale that separates the high-
energy perturbative and the low-energy non-perturbative regimes. The QCD
renormalization scale is used for dimensional regularization of UV divergence.
The QCD factorization scale uncertainties are estimated by varying the corre-
sponding scales up and down by a factor 2. The factorization scale uncertainties

are propagated as a shape uncertainty to the final background predictions.

75



Parton distribution function

The parton distribution function (PDF) is the probability density for finding a
particle with a certain longitudinal momentum fraction at a resolution scale.
It is determined using results from various experiments with some theoretical
assumptions.

Systematic errors from PDF uncertainties are considered following the PDF4LHC [54]
prescriptions by using the NNPDF3. 0 [55] set. The variation of a-functions re-
sulting from the 100 PDF weights in the NNPDF 3. 0 set is propagated as a shape

uncertainty on the final background predictions.

5.3 Systematics on Signal Efficiency

The signal efficiencies are affected by b-tagging efficiency scale, jet energy scale,
variations of QCD scale and PDF weight (see Section 5.2). Besides, additional
lepton efficiency scale factor, trigger data-to-MC scale factor, and pile-up weight

are considered as systematic sources that affect signal efficiencies.

Lepton identification and trigger efficiency data-to-MC scale factors

The lepton efficiency scale factors and uncertainties of electrons and muons are
provided by Egamma POG and Muon POG respectively [29, 30]. The lepton
efficiency scale factors are introduced in order to correct the efficiencies in MC,
by measuring scale factors in the Z — ee/up samples with tag-and-probe pro-
cedure [31]. The efficiencies and scale factor uncertainties are computed as a
function of pr and 7 of lepton. Note that in muon channel, additional flat uncer-
tainties of 1% for ID and 0.5% for isolation are considered [30].

The resulting lepton efficiency scale factor uncertainties have a large discrep-
ancy between the electron and muon channels. The scale factors have larger un-

certainty at low pr in the electron channel due to large QCD background, while
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the scale factors have larger uncertainty at high p; in the muon channel due to
the small sample size. As a result, the scale factor uncertainty is dominated by
systematics in electron channel, while limited by statistical uncertainty in muon
channel.

The trigger efficiency scale factors and uncertainties are only considered in
the muon channel and are provided by Muon POG [30]. The uncertainties are
computed as a function of pr and 7 of muons. An additional flat uncertainty of

0.5% for muon trigger is considered [30].

Pile-up weight

The systematic source is due to limited knowledge of the total inelastic cross sec-
tion, which is used to estimate the number of pile-ups in data. A 5% uncertainty
is assumed for the default value of 69 mb, and the estimated distributions of the
number of pile-ups are varied accordingly [52].

The values of signal efficiency with corresponding systematic uncertainties
from each source in each mass point in different categories are reported in Ta-

bles 5.1, 5.2, 5.3, and 5.4.

54 Summary

In conclusion, the statistical uncertainties associated with the number of events
in side band data is the dominant source of uncertainty in this analysis. The

sensitivity of this analysis is not limited by systematic uncertainties.
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TABLE 5.1: Relative systematic uncertainties on signal efficiency in electron
channel, single b-tag category.

Mz s-1g-na1 b-tagging JES lepton PDF pile-up QCD
efficiency

800 0.022 0.086 0.000 0.011 0.040 0.025 0.028
1000 0.033 0.096 0.007 0.010 0.042 0.005 0.041
1200 0.039 0.112 0.009 0.009 0.042 0.009 0.051
1400 0.040 0.112 0.009 0.008 0.046 0.009 0.059
1600 0.041 0.107 0.025 0.008 0.049 0.019 0.068
1800 0.046 0.094 0.014 0.008 0.053 0.009 0.074
2000 0.046 0.091 0.026 0.008 0.053 0.002 0.080
2500 0.054 0.057 0.039 0.008 0.066 0.005 0.094
3000 0.058 0.031 0.035 0.007 0.079 0.012 0.107
3500 0.062 0.015 0.036 0.007 0.100 0.004 0.119
4000 0.056 0.005 0.040 0.007 0.127 0.005 0.129

TABLE 5.2: Relative systematic uncertainties on signal efficiency in electron
channel, double b-tag category.

Mz s.lg-nal b-tagging JES lepton PDF pile-up QCD
efficiency

800 0.040 0.068 0.008 0.010 0.038 0.008 0.026
1000 0.061 0.074 0.011 0.009 0.042 0.004 0.038
1200 0.073 0.078 0.014 0.009 0.043 0.015 0.048
1400 0.076 0.082 0.014 0.009 0.048 0.012 0.057
1600 0.072 0.084 0.011 0.008 0.049 0.007 0.064
1800 0.071 0.087 0.022 0.008 0.051 0.012 0.072
2000 0.071 0.089 0.029 0.008 0.055 0.009 0.079
2500 0.056 0.092 0.036 0.008 0.066 0.002 0.094
3000 0.044 0.093 0.043 0.008 0.081 0.007 0.107
3500 0.034 0.094 0.043 0.008 0.100 0.017 0.118
4000 0.028 0.095 0.050 0.007 0.131 0.003 0.129
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TABLE 5.3: Relative systematic uncertainties on signal efficiency in muon chan-
nel, single b-tag category.

Mz s-1g-na1 b-tagging JES lepton PDF pile-up QCD trigger
efficiency

800 0.023 0.104 0.023 0.102 0.043 0.026 0.029 0.003
1000 0.041 0.108 0.013 0.104 0.042 0.005 0.042 0.003
1200 0.046 0.108 0.017 0.101 0.043 0.016 0.051 0.003
1400 0.048 0.114 0.018 0.091 0.047 0.007 0.060 0.003
1600 0.051 0.102 0.021 0.092 0.047 0.001 0.068 0.003
1800 0.053 0.093 0.025 0.093 0.051 0.020 0.075 0.003
2000 0.053 0.096 0.027 0.086 0.056 0.012 0.081 0.003
2500 0.060 0.055 0.034 0.082 0.071 0.010 0.095 0.002
3000 0.066 0.028 0.043 0.077 0.079 0.007 0.107  0.002
3500 0.067 0.016 0.040 0.075 0.101 0.005 0.120 0.002
4000 0.066 0.005 0.044 0.075 0131 0.006 0.130 0.002

TABLE 5.4: Relative systematic uncertainties on signal efficiency in muon chan-
nel, double b-tag category.

MzH s.1g-na1 b-tagging JES lepton PDF pile-up QCD trigger
efficiency

800 0.048 0.067 0.006 0.085 0.041 0.017 0.026 0.003
1000 0.077 0.074 0.001 0.094 0.042 0.003 0.039 0.003
1200 0.085 0.078 0.003 0.096 0.045 0.008 0.049 0.003
1400 0.089 0.082 0.010 0.098 0.046 0.006  0.058 0.003
1600 0.083 0.084 0.015 0.098 0.048 0.002 0.066 0.003
1800 0.081 0.087 0.017 0.093 0.048 0.006 0.072 0.003
2000 0.081 0.089 0.023 0.092 0.056 0.003 0.079 0.003
2500 0.064 0.091 0.038 0.089 0.065 0.018 0.094 0.003
3000 0.050 0.093 0.037 0.087 0.078 0.004 0.107 0.003
3500 0.041 0.094 0.054 0.087 0.097 0.008 0.118 0.002
4000 0.031 0.095 0.037 0.081 0.130 0.007 0.130 0.002
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Chapter 6

Results and Conclusion

In this chapter, the upper limits on production cross section of a heavy reso-
nance in the electron and muon channels in different b-tag categories are esti-
mated. Moreover, the combination results of electron and muon channel with
their two b-tag categories are presented. A conclusion is provided in the end of

this chapter.

6.1 Upper Limit on Production Cross Section

Since there is no significant excess above the predicted background in the reso-
nance mass spectrum in data (Figure 4.13), a 95% confidence level upper limit
on the signal contribution in the data is estimated in order to quantify the agree-
ment between data and background+signal or background-only hypothesis.
The estimation of sensitivity in the analysis starts from a hypothesis test-
ing [56, 57]. Two hypotheses are made: a signal plus background hypothesis
(Ns + Ng), and a background-only hypothesis (V). A log-likelihood ratio Q

from the two hypotheses is defined as

L(Ngata, Ns + Np)

In9Q=1In
£(Ndata7 NB)

6.1)

where L is the likelihood function.
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The agreement between data and the two hypotheses is estimated with

CLs—l-b - Ps—l—b(ln Q S In Qobs)
6.2)

CLb = Pb<ln Q S In Qobs)

where C'L,;, represents the probability to get a result which is less compatible
with a signal when the signal hypothesis is true, and C'L; represented the prob-
ability to get a result less compatible with the background-only hypothesis than
the observed one.

In fact, the C'L; method is frequently used to extract the upper limit. The C'L;

is defined as
- OLs—i—b

L, = :
CL: =1, (6.3)

By this definition, an exclusion at 95% confidence level (C'L, < 0.05) represented
the probability to observe more events than what is seen in the data with any of
the two hypotheses is less than 5%. Note that an observed limit is obtained with
the signal plus background hypothesis, while an expected limit is obtained with
the background-only hypothesis. The upper limits in this analysis are obtained
with the Asymptotic CL frequentist criterion, by using the CMS standard
combine tool [58] recommended by the LHC Higgs Combination Group [59].
The observed 95% C'L, upper limit on effective cross section of heavy res-
onance mass, as well as the expected limit and its relative 68% and 95% un-
certainty bands, in electron and muon channels, with single and double b-tag
categories, are reported as a function of resonance mass in Figure 6.1. Note that

the effective cross section cegective 1S defined as
Oeffective — O'(X) X B(X — ZH) (64)

where (X)) is the production cross section of the heavy resonance X, and B(X —

ZH) is the branching ratio of the heavy resonance decaying into ZH channel.
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FIGURE 6.1: Observed and expected (with 1 and +2¢ + band) 95% CL, upper
limit on o(X) x B(X — ZH) as a function of resonance mass in each category.
(Top: electron channel. Bottom: muon channel. Left: single b-tag. Right: double
b-tag.)
The results show that the double b-tag category is more sensitive than the single
b-tag category for the same lepton flavor channel.

The trends of the upper limits on single and double b-tag categories can be

interpreted by their corresponding signal efficiency ¢gnat, which is defined as

Number of events passed the final selections
Number of generated events

€signal = (65)

The signal efficiency of each lepton and b-tag multiplicity category is presented
in Figure 6.2. The signal efficiencies of the single b-tag category are lower than
those of the double b-tag category at the low resonance mass region. On the
other hand, the signal efficiencies of the double b-tag category are lower than

those of the single b-tag category at the high resonance mass region.
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FIGURE 6.2: Signal efficiency separated by final state and b-tagging multiplicity

after the signal selections.

The boosted Higgs bosons from the high-mass resonance produce two b-
quarks that are very close to each other. The subjet b-tagging fails to associate
one secondary vertex to each subjet. Therefore, either two secondary vertices are
associated to one subjet or one secondary vertex is associated to only one subjet.
As a result, the signal efficiency of the double b-tag category drops in the high
resonance mass region.

The upper limit on the effective cross section is proportional to the square
root of the number of background events and is inversely proportional to the
signal efficiencies and luminosities. Therefore, the downward trend of the upper
limits in the low resonance mass region of the single b-tag category corresponds
to its upward signal efficiency trend in that region, while the upward trend of
the upper limits in the high resonance mass region of the double b-tag category
corresponds to its downward signal efficiency trend in that region.

The signal-to-background (S/B) ratio of the double b-tag category is higher
than those of the single b-tag category at the low resonance mass region, while
the lower signal efficiency in the double b-tag category is recovered by the single

b-tag category at the high resonance mass region. The upper limits are improved
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FIGURE 6.3: Observed and expected (with £1 and +20 4+ band) 95% C L upper
limit on o(X) x B(X — ZH) as a function of resonance mass for the combina-
tion of the electron and muon channels in single and double b-tag categories.
after combining the electron and muon channels, with the single and double b-
tag categories. An upper limit from 0.063 pb to 0.265 pb for m zy from 800 to 4000

GeV is obtained from the combination of four categories (Figure 6.3).

In addition, the results are interpreted with the simplified HVT (Section 1.2.1),
where the parameters (g = 3, cy ~ —1, cp ~ 1) are considered in the strongly
coupled benchmark model (Section 1.2.2). The cross sections multiplied by the
branching ratios predicted in the benchmark model are overlaid with the exclu-
sion limits in Figure 6.3. With the present luminosity, a HVT in strongly coupled

benchmark model with mzy < 1140 GeV is excluded at 95% C L upper limit.

6.2 Conclusion

A search for heavy resonances with mass larger than 800 GeV decaying into a Z
boson and a Higgs boson, using the data collected at /s = 13 TeV during 2015
with the CMS detector at LHC is presented. The leptonic decay modes of the Z

boson are considered, while the Higgs boson decays hadronically into a pair of
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b quarks. The luminosity of the available data set is 2.51 fb~!. The backgrounds
are predicted using the o method. The observed upper limits on the cross section
times the branching ratio of the heavy resonances on various hypothesis mass
are presented. There is no evidence of significant deviations from background
expectation.

The data collected by CMS during 2015 do not have enough statistics to per-
form the fit procedure in o method. The estimator can not find a global mini-
mum easily, which causes the functional parameters to be unstable. As a result,
a larger uncertainty coming from fitting procedure is introduced. Moreover, the
systematic uncertainties are limited by the amount of side band data. The per-
formance of this analysis is expected to improve in the 2016 LHC run, as the

luminosity reaches 36 fb~!.
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