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Abstract 

 
This paper presents a search for high mass resonances decaying 

into four-muon final state with data collected in CMS detector in 

2016. This proton-proton collision data set at  = 13 TeV 

corresponding to an integrated luminosity of 36 fb-1 is used. 

Benchmark signal samples for leptophobic Z' and BSM higgs models 

are generated using Monte Carlo simulation. Based on the signal 

samples, inefficiency arising from the boosted signature is 

documented in the context of an event selection. Standard Model 

backgrounds are estimated using Monte Carlo simulation and data 

control samples. Upper limits on the cross section times branching 

ratio as a function of resonance mass are discussed for both 

benchmark models. No excess of events from the standard model 

expectation is observed. 
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Chapter 1 

Introduction 

 

 

Modern particle physics tries to explain all physics phenomena as 

interactions between fundamental particles. The standard model 

(SM) is one of the most successful particle physics theories and 

explains almost all experimental results. The SM includes 

fundamental forces and elementary particles, but several 

unexpected phenomena remain, including the Higgs mass hierarchy 

and matter-antimatter asymmetry problems. Many studies have 

extended the SM (beyond the SM, BSM) to address these problems. 

BSM predicts many new particle types. This thesis searches for 

leptophobic high mass neutral resonances in BSM decaying into a 

four muon final state. 
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1.1 The Standard Model 

 

The SM describes fundamental forces including electromagnetic, 

weak, and strong forces; and elementary particles with 

SU(3)×SU(2)×U(1) internal symmetry. The strong force 

corresponds to SU(3) symmetry and SU(2)×U(1) symmetry 

induces the electroweak (EWK) interaction, including 

electromagnetic and weak interactions. Figure 1.1 shows that SM 

elementary particles include 12 fermions with spin 1/2 (left 3 

columns) and 6 bosons with spin are 0 or 1 (right 2 columns). Six 

quarks: up, down, charm, strange, top, and bottom (purple boxes); 

and 6 leptons: electron, muon, tau, electron neutrino, muon neutrino, 

and tau neutrino (green boxes) are included in the fermions. Each 

of the 3 columns indicates three matter generations that have 

similar physical properties. Particles in column 4 (red boxes) are 

gauge bosons with spin 1, which mediate forces between fermions. 

Gluons intermediate the strong force caused by color charge of the 

6 quarks, and photons mediate electromagnetic charged particle 

interactions. Charges shown are the electromagnetic charge for the 

indicated particle. All fundamental fermions can experience the 

weak interaction, which is mediated by Z and W ± bosons. Z and W ± 

boson masses are introduced by the Higgs mechanism, explained 

below. The Higgs boson (hSM) (column 5) provides evidence for the 
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Higgs mechanism. 

 

 

Figure 1.1: Elementary Particles in the SM 

 

In the original EWK symmetry, SU(2)×U(1), gauge bosons must 

be massless. Therefore, the Higgs mechanism adds a complex 

scalar field (Higgs field) to break EWK symmetry. This 

spontaneous symmetry breaking (SSB) is caused by self-

interaction of the Higgs field, allowing the Z and W ± bosons to 

become massive and photons to remain massless. The Higgs field 

can also generate fermion mass by Yukawa coupling with fermions. 

Thus, Higgs field existence is strongly endorsed by these 
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requirements. 

The Higgs mechanism predicts a scalar boson (Higgs boson) 

due to the symmetry breaking. This neutral scalar boson was 

discovered by CMS and ATLAS collaborations in 2012 with mass = 

125 GeV, which almost completed the SM. However, several 

unsolved problems remain. 

 

 Matter-antimatter asymmetry: the proportion of 

matter is much larger than antimatter in our universe. 

 Dark matter (DM): dark matter cannot be explained 

under the SM. 

 Three fermion generations: Is there a 4th generation, or 

alternatively, why are there only 3 generations? 

 Higgs mass hierarchy: The Higgs mass, hSM, is much 

lighter than was expected. 

 Lack of gravitational interactions. 

 

Many studies have attempted to explain these deficits by 

extending the SM, called the Beyond the Standard Model (BSM). 
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1.2 Higgs Boson in Beyond the Standard Model 

 

Before the discovery that hSM = 125 GeV, the Higgs boson mass 

was predicted to be very large due to large quantum contributions. 

Otherwise, fine tuning cancellation was required. However, the 

measured hSM means the SM cannot avoid the hierarchy problem. 

One potential solution to avoid the hierarchy problem was to include 

additional Higgs doublets, since there is no particular reason there 

should be only one doublet. Therefore, various multi-Higgs-double 

models (MHDMs) containing more than two Higgs doublets were 

proposed. In particular, the simplest SM extension, the two-Higgs-

doublet model (2HDM), was widely studied because it has relatively 

simple structure without suffering the hierarchy problem.  

Five Higgs scalar states occur in 2HDM. Two are CP even 

neutral Higgs: the lighter is commonly labelled as h and the heavier 

as H. Another is CP odd neutral pseudo-scalar, called the axial 

Higgs, A; and the last two are charged Higgs, H ±. Since hSM = 125 

GeV is CP even and neutral, this thesis assumes the signal model as 

the lighter CP even neutral Higgs, h. Therefore, I label the lighter 

Higgs as hSM and the heavier as HBSM to distinguish the two neutral 

Higgs in 2HDM. 

In the signal model used in this thesis, the HBSM can couple with 

an axial Higgs pair, each of which subsequently decays into di-
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leptons. Consequently, the HBSM can be discovered in the form of 

four lepton final state resonance. Figure 1.2 shows the typical 

Feynman diagram for this scenario from gluon fusion. This gluon 

fusion originated scenario is a leading process of the HBSM scenario 

in the Large hadron collider (LHC). 

 

Figure 1.2: Feynman diagram of HBSM→AA→4μ  process from 

gluon fusion 

 

 

1.3 Z'  Boson 

 

Many theories, including extra dimensional, grand unified 

(GUTs), and string theories also provide good solutions for SM 

problems. These theories can include an extra Abelian gauge group 

U(1)' and corresponding Z-like particle, Z', from symmetry 
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breaking. Kaluza-Klein excitation of a graviton in Randall-Sundrum 

models of extra spatial dimensions or a mediator between DM and 

SM particles is representative candidate for Z'. 

The most general LHC production channel for Z' is quark-

antiquark fusion. This Z' can decay into di-lepton or di-quark, 

which is a di-jet channel in the reconstruction level. These di-

lepton and di-jet channels have been studying in CMS and ATLAS 

with various Z' model possibilities, with 3–4 TeV scale search limits. 

However, some models block direct interactions between Z' and SM 

leptons. In this case, four lepton final states are suitable to search 

because searches using di-lepton channels are not available. Di-jet 

channel search is still possible but has large quantum 

chromodynamics (QCD) backgrounds. 

In the model, Z' decays into a pair of scalar bosons, φ, with 

dominant decay mode a charged lepton pair (e, μ, τ). Sfermions, the 

super-partners of SM fermions, are appropriate candidates for 

scalar particles in supersymmetry (SUSY). Although this thesis 

considers the third generation sneutrino as a scalar particle 

candidate in the signal sample, other sfermions could also be 

considered as candidates. These scalar bosons can couple with SM 

leptons. Therefore, Z'→φφ→4ℓ process is a natural SUSY scenario. 

Figure 1.3 shows the Feynman diagram for the proposed Z' four 

muon decay channel from quark-antiquark fusion, which is a 
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leading process in the LHC. 

HBSM→AA→4ℓ and Z'→φφ→4ℓ processes have a few differences, 

in particular particle spin. Table 1.1 shows BSM particle spins for 

two processes. 

 

 

Figure 1.3: Feynman diagram of Z'→φφ→4μ process from 

quark-antiquark fusion 

 

Table 1.1: Spins of BSM particles used in this analysis 

 HBSM→AA→4ℓ process Z'→φφ→4ℓ process 

Particle HBSM A Z' φ 

Spin 0 0 1 0 
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1.4 High Mass Resonances with Four-muon Final State 

 

The Z' four lepton channel in SUSY and HBMS in 2HDM are 

introduced as examples. Similar scenarios could be applied to other 

BSM scenarios that have four lepton final states from high mass 

resonances via scalar boson pair production in model independent 

searches. 

This four lepton final state has a clean event signature with 

large cross section in the LHC. I concentrate on the four muon 

channel because the CMS detector has best reconstruction 

efficiency for muons among physics objects. Therefore, this thesis 

presents a model independent search for leptophobic high mass 

neutral resonances decaying into a four muon final state. 

The CMS Collaboration searched for leptophobic Z' bosons 

decaying into four lepton (μ, e) final states at  = 8 TeV, as 

shown in Fig. 1.4. The analysis strategy used in this thesis was 

based on the previous 8 TeV study. 

 

 This thesis used counting experiments to perform the 

first investigation for center of mass energy  = 13 

TeV for high mass resonances with four muon final state. 

 To understand high mass resonance kinematics, signals 
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were estimated using Monte Carlo (MC) simulation. 

 Event selections were studied under signal kinematics. 

The dominant uncertainty for 8 TeV analysis was 

statistical uncertainty. Therefore, selections to collect 

more events are discussed. 

 SM backgrounds were predicted following two 

approaches. Irreducible backgrounds were estimated 

using MC simulations and normalized by corresponding 

cross sections. Reducible backgrounds that contained at 

least one non-prompt muon were calculated from data 

control samples. 

 Systematic uncertainties were based on the 8 TeV paper. 

 This analysis looked for excess events compared to SM 

predictions. Cross section × branching fraction limits 

were calculated as a function of resonance mass. 

 

This thesis used CMS detector 2016 full data samples 

corresponding to 35.9 fb-1 integrated luminosity. 

The remainder of this thesis is structured as follows. Chapter 2 

introduces the CMS detector and Chapter 3 explains MC simulations 

of signal and background processes. Chapter 4 describes signal 

sample kinematics and Chapter 5 discusses muon reconstruction 
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and event selection. Chapter 6 explains background estimation 

methods. Chapter 7 discusses event yields and distributions, and 

Chapter 8 discusses systematic uncertainties. Finally, Chapter 9 

presents mass spectrum results and calculated limits, and 

summarizes and concludes the thesis. 

 

 

 

Figure 1.4: Upper limits on cross section times branching ratio for 

four-lepton (μ, e) final state resonance search at  = 8 TeV in the 

CMS detector.   
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Chapter 2 

The CMS Experiment 

 

 

2.1 The Large Hadron Collider 

 

The Large Hadron Collider (LHC) is the world's largest particle 

collider with highest center of mass energy ( ) which will be 

reached at 14 TeV. This circular collider was built by the European 

Organization for Nuclear Research (CERN) between 1998 and 2008 

lying in a 26.7 km tunnel and located at the border of France and 

Switzerland. The LHC makes the proton-proton collision in most 

time, but proton-lead and lead-lead collisions are also performed 

for short period in almost every year. Figure 2.1 shows the overall 

description of the LHC. 
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Figure 2.1: Overall description of the LHC 

 

For proton-proton collision, the particles are prepared by a 

series of systems that successively increase their energy before 

being injected into the main accelerator. The first system is the 

linear particle accelerator LINAC 2 generating 50 MeV protons, 

which feeds the Proton Synchrotron Booster (PSB). The protons 

are accelerated to 1.4 GeV at there and injected into the Proton 

Synchrotron (PS), where they are accelerated to 26 GeV. Finally, 

the Super Proton Synchrotron (SPS) is used to increase their 

energy further to 450 GeV before they are injected at the main 
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accelerator (LHC). Here the proton bunches are accumulated, 

accelerated to reach the target energy, and finally circulated for a 

few hours making four interaction points. 

Seven detectors have been constructed at the LHC. Two of 

them, the ATLAS experiment and the Compact Muon Solenoid 

(CMS), are large general-purpose particle detectors. ALICE and 

LHCb have more specific roles. A quark-gluon plasma search which 

has similar environment with shortly after the Big Bang is studied at 

the ALICE and LHCb studies the matter-antimatter asymmetry. 

The last three, TOTEM, MoEDAL and LHCf, are much smaller and 

are for very specialized research. 

In most experiments, observations of rare processes like Higgs 

boson production are very important. The number of events in the 

LHC depends on the integrated luminosity (Lint = ∫ L dt, where L is 

an instantaneous luminosity), because the average event rate is 

determined by the instantaneous luminosity L of the collider and the 

cross section σ of the process as below. 

 dN/dt = L σ 

Therefore, it's better to increase the integrated luminosity to 

observe the interesting physics process. Figure 2.2 shows the 

increasing tendency of integrated luminosity of the LHC at 2016. 

One of the easiest way is increasing the number of interacting 

protons in each crossing moments. In the LHC, 1011 protons form a 
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bunch with circulating the collider and two bunches pass each other 

at the interacting moment (bunch crossing). As a result, each bunch 

crossing produces many pp collisions in a short moment. 

These fast bunch crossings produce data of tens of petabytes 

per year. Therefore, one of the important job in the initial stage of 

the LHC is to construct the Worldwide LHC Computing Grid which 

can handle the data that is growing fast. The grid is designed to be 

the largest distributed computing grid in the world which connects 

over 170 computing facilities in 36 countries. This LHC's computing 

grid has a world record. 

 

 

Figure 2.2: The luminosity delivered by the LHC to CMS (blue) and 

recorded by CMS (orange) during stable beams for proton-proton 

collisions in 2016 
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2.2 The CMS Detector 

 

The CMS experiment at CERN, the project approved at 1993, is one 

of the major experiment to find a hSM boson and BSM particles at 

TeV scale. In this experiment, about 3,000 scientists with about a 

thousand of engineers are co-working with 191 research institutes, 

universities and laboratories in 43 countries. Since the first physics 

result at 2010, over 430 publications including the discovery of the 

Higgs particle (hSM) are presented. The hSM particle was discovered 

at 2012, so the next step is a BSM physics. 

This detector is built to have excellent reconstruction efficiency 

with good momentum/ energy resolution for electron, muon, photon, 

charged and neutral hadrons. It can also reconstruct the missing 

transverse energy (ET
miss or MET) well. The minimum time interval 

between closest bunch crossing is 25 ns. It makes good time 

resolution to separate each bunch crossings.  

The CMS (Compact Muon Solenoid) detector made up of totally 

5 layers, silicon tracker, electromagnetic calorimeter, hadronic 

calorimeter, superconducting solenoid and muon system as shown 

in figure 2.2. Each layers are important to reconstruct physics 

objects such as leptons and quarks. This will be presented at 

Section 2.2.1 ~ 2.2.5. 
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Figure 2.2: Exploded view of the CMS detector 

 

 

2.2.2 Coordinate System 

 

 The coordinate system of the CMS experiment has its origin at 

the nominal collision point. The x-axis points vertically upward, the 

y-axis points radially inward to the center of the LHC ring, the z-

axis points along the beam direction and r means the distance from 

the beam line. The ϕ (azimuthal angle) is measured from the x-axis 

and the polar angle θ is measured from the z-axis. However, rather 

than to use the θ, the CMS experiment use the pseudo-rapidity η 

which is a Lorentz invariant quantity as shown in figure 2.3. The 
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definition of η is as below: 

 η =− ln[ tan θ/2 ] 

The pseudo-rapidity is very useful because the production rate of 

light particles like pions is almost constant over a wide range of it.  

  

 

Figure 2.3: Coordinate system of the CMS experiment 

 

 

2.2.2 Silicon Tracker: Layer 1 

 

Momentum of particles is crucial to reconstruct events. One method 

to calculate the momentum of a particle is to track its path through a 

magnetic field. The magnetic field make charged particles be bend. 

The more curved the path, the less momentum the particle had. The 
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silicon tracker records the paths of charged particles by tracking 

their positions at the heart of the collision. 

The tracker can reconstruct the paths of high-energy 

muons, electrons and hadrons which are particles made up of 

quarks as well as see tracks coming from the decay of very short-

lived particles such as b quarks. 

The tracker needs to record particle paths accurately, but it 

should be lightweight to disturb the particle as little as possible. 

Reconstructing tracks with just a few measurement points makes it 

possible. Each measurement is accurate to O(10) µm. It is also the 

inner most layer of the detector and so receives the highest 

radiation damages from particles. Therefore, the materials of the 

tracker must be able to tolerate the damage. 

The CMS tracker is made entirely of silicon. The silicon 

pixel detector is closest detector to the beam pipe and deals with 

the highest intensity of particles, and the silicon strip detector 

surrounds it. Both detectors are made out of series of p-n junctions 

(semiconductors). Therefore, when particles pass through the 

tracker, the pixels and the strips produce electric signals that are 

amplified and detected. 

At barrel region, the tracker consists of 13 layers in the 

central region and 14 layers in the endcaps. The innermost three 

layers centered at 4cm, 7 cm and 11 cm radius consist of 100×150 



 

 

２０ 

μm silicon pixels, 66 million in total. The next four layers up to 55 

cm radius consist of 10 cm × 180 μm silicon strips (TIB). The last 

six layers of 25 cm × 180 μm silicon strips are reached to a radius 

of 1.1 m (TOB). There are 9.6 million strip channels in total. 

At endcap region, the pixel detector consisting of 2 layers 

reaches to 34 cm (first layer) and 47 cm (second layer) from the 

nominal interaction point. The strip detector covers the outside of 

the pixel detector up to 2.8 m from the interaction point (TID, TEC). 

Figure 2.3 shows the CMS tracker in the rz-plane. 

 

 

Figure 2.4: View of the CMS tracker in the rz-direction 
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2.2.2 Electromagnetic Calorimeter: Layer 2 

 

The Electromagnetic Calorimeter (ECAL) located between the 

silicon tracker and the HCAL is designed to measure with high 

accuracy the energies of electrons and photons. The ECAL is 

constructed from crystals of lead tungstate, PbWO4. This is an 

extremely dense but optically clear material, ideal for stopping high 

energy particles. These high-density crystals produce light in fast, 

short, well-defined photon bursts that allow for a precise, fast and 

fairly compact detector. The crystals used have a front size of 22 

mm × 22 mm and a depth of 230 mm. 

The ECAL with a barrel region detector and two endcaps 

covers |η| < 3.0 which makes the precise measurement possible up 

to |η| < 2.6. The cylindrical barrel consists of 61,200 crystals 

formed into 36 supermodules, each weighing around 3 tonnes and 

containing 1700 crystals. The flat ECAL endcaps seal off the barrel 

at either end and are made up of almost 15,000 further crystals. 

For extra spatial precision, the ECAL also contains 

preshower detectors that sit in front of the endcaps. These allow 

CMS to distinguish between single high-energy photons which are 

often shown in interesting physics events and the less interesting 

close pairs of low-energy photons. 

At the endcaps the ECAL inner surface is covered by the 
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preshower subdetector, consisting of two layers of lead interleaved 

with two layers of silicon strip detectors. Its purpose is to aid in 

pion-photon discrimination. 

 

 

2.2.3 Hadronic Calorimeter: Layer 3 

 

The Hadron Calorimeter (HCAL) measures the energy of hadrons, 

particles made of quarks and gluons like protons, neutrons, pions 

and kaons. The HCAL is composed to 3 components, HCAL Barrel 

detector (HB), HCAL Endcap detector (HE) and HCAL Forward 

detector (HF). It consists of layers of dense material (brass or 

steel) interleaved with tiles of plastic scintillators, read out via 

wavelength-shifting fibers by hybrid photodiodes. This combination 

was determined to allow the maximum amount of absorbing material 

inside of the magnet coil. 

 

 

2.2.4 Superconducting Solenoid: Layer 4 

 

The CMS has a 3.8 Tesla superconducting solenoid which is 

originally designed to 4 T. It is 13 m long and 6 m in diameter and 
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made using superconducting niobium-titanium coils. This large 

magnet allows the charge/mass ratio of particles to be determined 

from the curved track that they follow in the magnetic field. The 

more momentum a particle has the less its path is curved by the 

magnetic field, so tracing its path gives a measure of momentum. 

CMS began with the aim of having the strongest magnet possible 

because a higher strength field bends paths more and, combined 

with high-precision position measurements in the tracker and muon 

detectors, this allows accurate measurement of the momentum of 

even high-energy particles. 

 

 

2.2.5 Muon System and Return Yoke: Layer 5 

 

As the name “Compact Muon Solenoid” suggests, detecting muons 

is one of the most important tasks in the CMS detector. Muons are 

charged particles that are just like electrons and positrons, but are 

200 times more massive. Because muons can penetrate several 

meters of iron without interacting unlike most particles, they are 

not stopped by any of calorimeters. Therefore, chambers to detect 

muons are placed at the very end of the detector where they are 

the only particles likely to register a signal. 
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To identify muons and measure their momenta, CMS uses 

three types of detector: drift tubes (DT), cathode strip chambers 

(CSC) and resistive plate chambers (RPC). The DTs are used for 

precise trajectory measurements in the central barrel region, while 

the CSCs are used in the end caps. The RPCs provide a fast signal 

when a muon passes through the muon detector, and are installed in 

both the barrel and the end caps. Figure 2.4 shows the overall 

description of the muon chamber. 

 

 

Figure 2.5: View of the muon chamber in the rz-direction 

 

The drift tube (DT) system measures muon positions in the 

barrel part of the detector. Each 4 cm wide tube contains a 
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stretched wire within a gas volume. When a muon or any charged 

particle passes through the volume it knocks electrons off the 

atoms of the gas. These follow the electric field ending up at the 

positively charged wire. By registering where along the wire 

electrons hit (in the diagram, the wires are going into the page) as 

well as by calculating the muon's original distance away from the 

wire (shown here as horizontal distance and calculated by 

multiplying the speed of an electron in the tube by the time taken) 

DTs give two coordinates for the muon’s position. Each DT 

chamber, on average 2m x 2.5m in size, consists of 12 aluminium 

layers, arranged in three groups of four, each with up to 60 tubes: 

the middle group measures the coordinate along the direction 

parallel to the beam and the two outside groups measure the 

perpendicular coordinate. 

Cathode strip chambers (CSC) are used in the endcap disks 

where the magnetic field is uneven and particle rates are high. CSCs 

consist of arrays of positively charged anode wires crossed with 

negatively charged copper cathode strips within a gas volume. 

When muons pass through, they knock electrons off the gas atoms, 

which flock to the anode wires creating an avalanche of electrons. 

Positive ions move away from the wire and towards the copper 

cathode, also inducing a charge pulse in the strips, at right angles to 

the wire direction. Because the strips and the wires are 

perpendicular, we get two position coordinates for each passing 
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particle. In addition to providing precise space and time information, 

the closely spaced wires make the CSCs fast detectors suitable for 

triggering. Each CSC module contains six layers making it able to 

accurately identify muons and match their tracks to those in the 

tracker. 

Resistive plate chambers (RPC) are fast gaseous detectors 

that provide a muon trigger system parallel with those of the DTs 

and CSCs. RPCs consist of two parallel plates, a positively charged 

anode and a negatively charged cathode, both made of a very high 

resistivity plastic material and separated by a gas volume. When a 

muon passes through the chamber, electrons are knocked out of gas 

atoms. These electrons in turn hit other atoms causing an avalanche 

of electrons. The electrodes are transparent to the signal (the 

electrons), which are instead picked up by external metallic strips 

after a small but precise time delay. The pattern of hit strips gives a 

quick measure of the muon momentum, which is then used by the 

trigger to make immediate decisions about whether the data are 

worth keeping. RPCs combine a good spatial resolution with a time 

resolution of just one ns. 
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Chapter 3 

Datasets and Monte Carlo Simulation 

 

 

3.1 Datasets 

 

Full data sample at 2016 in the CMS detector with a center of mass 

energy, = 13 TeV, corresponding to an integrated luminosity of 

35.9 fb-1 is used for this analysis. There are a few versions of 

datasets because some updates are added to correct the object 

reconstructions or detector conditions. The latest version which is 

Run2016 03Feb2017 Re-miniAOD1 with one of the recommended 

CMSSW version 8_0_26_patch1 is used to make data samples. A 

                                            
1 Signals from the detector with large data size are reconstructed as 

physics object candidates. These candidates are saved in miniAOD format to 

be used in real analysis which has small data size. The details of the 

miniAOD format is described at Section 5.1. 
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global tag 80X_dataRun2_2016SeptRepro_v7 is used for data taking 

periods from B to G and 80X_dataRun2_Prompt_v16 is used for era 

H. Table 3.1 shows the data samples used in this analysis. 

 

Table 3.1: List of datasets used in the analysis 

Dataset Run range Luminosity (/fb) 

/Run2016B-03Feb2017_ver2-v2 273150 - 275376 5.788 

/Run2016C-03Feb2017-v1 275656 - 276283 2.573 

/Run2016D-03Feb2017-v1 276315 - 276811 4.248 

/Run2016E-03Feb2017-v1 276831 - 277420 4.009 

/Run2016F-03Feb2017-v1 277932 - 278808 3.102 

/Run2016G-03Feb2017-v1 278820 - 280385 7.540 

/Run2016H-03Feb2017_ver2-v1 281613 - 284035 8.391 

/Run2016H-03Feb2017_ver3-v1 284036 - 284044 0.215 

 

 

The event candidates are accumulated under the high level 

trigger 2  (HLT) requirements of HLT_Mu17_TrkIsoVVL_TkMu8_ 

                                            
2 trigger: When the CMS performs the experiments, a lot of interactions 

including uninteresting physics phenomena take place in the detector. It's 

impossible to save all these events. Therefore, the trigger helps to select 

and store the potentially interesting events. 
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TrkIsoVVL_DZ or HLT_Mu17_TrkIsoVVL_Mu8_TrkIsoVVL_DZ. At 

least two muons are required to pass the triggers with transverse 

momentum (pT) thresholds of 17 GeV for a leading muon and 8 GeV 

for a sub-leading muon. “TkMu” means a muon track which is 

reconstructed in the inner tracker, while “Mu” means the muon 

candidate with combined fit of both the inner tracker and the muon 

chamber information. Minimum isolation requirement in the tracker 

level, viz “TrkIsoVVL”3, is applied to the muon candidates. “DZ” is 

the vertex requirement in the z-direction that Δz between the beam 

spot and the origin of reconstructed event candidate should be less 

than 0.2 mm.  

 

 

3.2 Simulated Samples 

 

Signal and background samples are simulated using various 

generators including MadGraph5_aMC@NLO v2.2.2, PYTHIA8 (v8.205 for 

qq→ZZ, gg→ZZ, hSM→ZZ, tri-boson processes and v8.212 for WZ, 

single top, Zγ, DY, ttbar processes) and POWHEG v2 etc4. Samples 

                                            
3 The pT sum of tracks within the cone size of ΔR < 0.3 should be less than 

0.4 times pT of the muon itself. 
4 Detailed information of MC generations in the CMS is provided by the 

CMS central MC generator group in 

"https://twiki.cern.ch/twiki/bin/viewauth/CMS/CitationsForGenerators". 
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are generated using previous generators in hard process but parton 

showering and hadronization effects are basically simulated using 

PYTHIA8 tune CUETP8M1. Detector simulation is done by GEANT4 with 

the CMS standard simulation algorithms. 

Signal samples are generated under discussions with theorists 

and Higgs group in the CMS Collaboration. Background samples are 

generated by the CMS central generation group. Similar background 

samples with the hSM→ZZ→4ℓ search in the CMS are considered as 

backgrounds of this analysis and the hSM process, hSM→ZZ→4ℓ, itself 

is also considered as a background progress. 

 

 

3.2.1 Signal Model 

 

In this analysis, two signal samples, HBSM→AA→4μ process from 

2HDM (namely, HBSM model) and Z'→ϕϕ→4μ process from SUSY (Z' 

model), are used. HBSM sample is generated using MadGraph5. CTEQ6L 

is used as a parton distribution function (PDF). For Z' sample, 

PYTHIA8 is used with NNPDF23_lo_as_0130_qed PDF. Since new bosons 

are expected to be massive, MH(BSM) and MZ' are tested from 200 to 

2000 GeV (totally 10 samples are produced: 200, 300, 400, 500, 

750, 1000, 1250, 1500, 1750 and 2000 GeV scenarios).  

To interpret the results, MA {or φ} = 1, 50 GeV scenarios are used 
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as references. For 1 GeV samples, the boosted signature stands out 

especially for high-mass HBSM and Z'. The other BSM particles in 

benchmark models are assumed to be very heavy enough not to 

affect in our search region. The widths of four new particles (HBSM, 

Z', A and φ) are considered to be much smaller than the detector 

resolution. Both samples are generated at leading order (LO). Each 

samples contains about 10,000 events. These signal samples are 

used to optimize event selection, estimate signal rates and calculate 

the limits. 

As presented at Section 1.3, HBSM and Z' particles have different 

spins. It can make some differences on generator level distributions 

between two samples. The comparison of the two samples is done 

using pT and η distributions of generator level muons which is 

presented at Appendix A. 

 

 

3.2.2 Background Samples 

 

Four muon final state has a few SM background samples. Most 

background samples are generated at next-leading-order (NLO), 

but gg→ZZ and WZ samples are generated at LO. The dominant 

backgrounds come from ZZ processes. qq→ZZ sample is generated 
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at NLO in perturbative quantum chromodynamics (pQCD) with the 

POWHEG v2, while gg→ZZ sample is generated at LO with MCFM.  

background is generated using POWHEG v2 and modeled with JHUGEN 

v6. ttZ, triboson (denoted as VVV including WWZ, WZZ and ZZZ), 

Zγ and DY samples are generated with the aMC@NLO. FXFX merging 

scheme is additionally done for DY sample. PYTHIA8 is used to 

generate WZ sample and POWHEG v2 is used to generate ttbar and 

single top (tW) samples. Even though DY and ttbar samples are 

simulated at NLO, the cross sections of both samples are calculated 

at NNLO. For example, the NLO cross section of the DY sample is 

5941.0 pb, but the NNLO cross section of 5765.4 pb is used. The 

default PDF set for background samples is the NNPDF3.0. Table 3.2 

shows the summary of the SM background samples. 
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Table 3.2: Summary of simulated background samples for 

‘RunIISummer16MiniAODv2-PUMoriond17_80X_mcRun2_ 

asymptotic_2016_TrancheIV’ 

Dataset Number of 

events 

CrossSection 

(pb) 

/ZZTo4L_13TeV_powheg_pythia8 6669988 1.256 

/GluGluToContinToZZTo4mu_13TeV_MCFM701_pythia8 995200 0.00159 

/ZGTo2LG_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8 9709530 117.864 

/GluGluHToZZTo4L_M125_13TeV_powheg2_JHUgenV6_pythia8 999800 0.01212 

/TTZToLLNuNu_M-10_TuneCUETP8M1_13TeV-amcatnlo-pythia8 1992440 0.2529 

/WWZ_TuneCUETP8M1_13TeV-amcatnlo-pythia8 250000 0.1651 

/WZZ_TuneCUETP8M1_13TeV-amcatnlo-pythia8 246800 0.05565 

/ZZZ_TuneCUETP8M1_13TeV-amcatnlo-pythia8 249237 0.01398 

/WZ_TuneCUETP8M1_13TeV-pythia8 2995828 47.13 

/DYJetsToLL_M-50_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8 122055388 1921.8*3 

(NNLO)  

5941.0 

(NLO) 

/DYJetsToLL_M-10to50_TuneCUETP8M1_13TeV-amcatnloFXFX-

pythia8 (v1) 

30920596 18810.0 

(NLO) 

/DYJetsToLL_M-10to50_TuneCUETP8M1_13TeV-amcatnloFXFX-

pythia8 (v2) 

65888233 18810.0 

(NLO) 

/DYJetsToLL_M-10to50_TuneCUETP8M1_13TeV-amcatnloFXFX-

pythia8 (ext1-v1) 

40381391 18810.0 

(NLO) 

/TT_TuneCUETP8M2T4_13TeV-powheg-pythia8 77081156 831.76 

(NNLO) 

/ST_tW_top_5f_inclusiveDecays_13TeV-powheg-

pythia8_TuneCUETP8M1 

6952830 35.85 

/ST_tW_antitop_5f_inclusiveDecays_13TeV-powheg-

pythia8_TuneCUETP8M1 

6933094 35.85 
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Chapter 4 

Signal Kinematics 

 

 

This chapter introduces generator level kinematic properties for the 

signal samples. The HBSM (or Z' ) decays into two intermediate 

particles, As (or φs), that subsequently decay into di-muon, which 

can be separated into leading and sub-leading muons. Therefore, 

the final state has two leading muons and two sub-leading muons. 

Figures 4.1 and 4.2 show that leading muon pT are relatively higher 

than the sub-leading muons, and Figs. 4.3 and 4.4 show the pT 

distributions for the 1st to 4th leading muons separately for each 

sample. There are some significant kinematic differences between 

HBSM and Z' samples. 
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Figure 4.1: Comparison plot between generator level leading muon 

pT & sub-leading muon pT of HBSM→AA→4μ sample with MA = 50 

(left), 1 (right) GeV and MH(BSM) = 200 (top), 1000 (middle), 2000 

(bottom) GeV 
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Figure 4.1: Comparison plot between generator level leading muon 

pT & sub-leading muon pT of Z'→φφ→4μ sample with Mφ = 50 (left), 

1 (right) GeV and MZ' = 200 (top), 1000 (middle), 2000 (bottom) 

GeV 
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Figure 4.3: The muon pT distributions at generator level from 1st to 

4th leading leptons of HBSM→AA→4μ sample with MA = 50 (left), 1 

(right) GeV and MH(BSM) = 200 (top), 1000 (middle), 2000 (bottom) 

GeV 
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Figure 4.4: The muon pT distributions at generator level from 1st to 

4th leading leptons of Z'→φφ→4μ sample with Mφ = 50 (left), 1 

(right) GeV and MZ' = 200 (top), 1000 (middle), 2000 (bottom) GeV 
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Signal samples in this analysis assume that the resonance HBSM 

or Z' mass is much larger than the intermediate particles (A or φ), 

i.e., intermediate particles have large pT. Thus, two muons from the 

same intermediate particles have relatively high pT and can be 

boosted in same direction, called a boosted signature. Figure 4.5 

shows that this signature can become severe if the intermediate 

particle mass is small. In that case, the muon chamber frequently 

fails to distinguish two muons, and one muon candidate can be 

removed. Treating this signature correctly is a major focus in this 

analysis and details are shown in Section 5.2.2 and 5.2.3. 

 

 

Figure 4.5: Generator level ΔR5 distribution of a muon pair from 

same mother of Z'→φφ→4μ sample. MZ' = 200 (blue), 2000 (red) 

GeV and Mφ = 1 (left) , 50 (right) GeV scenarios are presented.  
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Chapter 5 

Event Selection and Efficiency 

 

 

5.1 Nominal Physics Object Reconstruction 

 

Detector responses on physics objects only provide hit information, 

called RAW. These hits should undergo reconstruction before being 

used in subsequent analysis (RECO). Object candidates that pass 

these all steps are saved in compact analysis object data (AOD) 

format. Data size is then further reduced to MiniAOD format that is 

generally used for CMS analysis.  

Specifically, there are two general reconstruction steps for 

muon reconstruction called particle flow (PF) and standard 

algorithms. Both algorithms combine information from each sub-
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detector that provide different information of physics objects. This 

section describes each sub-detector role and muon reconstruction 

algorithms are described in Section 5.2. 

Each sub-detector has different functions because they interact 

with different physics objects in different ways. The silicon tracker 

saves precise position information for charged particles, including 

electrons, muons, and hadrons. This hit information is used to 

reconstruct tracks using a Kalman filter. Since the objects pass 

through a magnetic field, charged particle tracks are curved. This 

provides not only charge information but also momentum 

information for each charged particle. We can also reconstruct the 

vertex, i.e., the start point for each interaction, using the tracks. 

The electromagnetic calorimeter (ECAL) absorbs electrons and 

photons to provide position, time, and localized energy information; 

whereas hadrons are absorbed at the hadronic calorimeter (HCAL) 

with some ECAL deposits caused by hadronic showers. Only muons 

can penetrate all calorimeter detectors and interact with the muon 

chamber, creating make additional tracks. Therefore, we can 

reconstruct the physics objects using different responses for each 

object with the detectors as follows. 

 

 electron: energy deposits in ECAL with a track in the 

silicon tracker. 
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 photon: energy deposits in ECAL without a track. 

 neutral hadron: HCAL responses with a track in the 

silicon tracker. 

 charged hadron: HCAL responses without a track. 

 muon: a track in the silicon tracker with an additional 

track in the muon chamber. 

 neutrino: no response with any kinds of detectors. 

Therefore, it remains the missing transverse energy 

(MET) after all reconstruction steps. Simple description 

for MET reconstruction is written at Appendix B. 

 

Although this requires many corrections and reconstruction 

steps, CMS detector algorithms are based on this information. 

Figure 5.1 shows object interactions with the CMS detector. 

 

 

Figure 5.1: Transverse view of the CMS detector 



 

 

４３ 

5.2 Muon Selection  

 

The PF and CMS standard algorithms are generally used to 

reconstruct muons in the CMS. Two independent tracks are 

reconstructed for CMS standard muon reconstruction. The first 

(tracker) track is reconstructed in the inner tracker and the other 

(standalone) track in the muon system (muon chamber), producing 

two muon candidates as follows. 

 

 isGlobalMuon. Outside-in matching is performed from a 

standalone-muon track to a tracker track. After 

matching, the combined fit of hits in both inner tracker 

and muon chamber is considered as the muon candidate. 

 isTrackerMuon. Tracker tracks with pT > 0.5 GeV and p 

> 2.5 GeV are extrapolated to the muon system. At least 

one matched muon segment in the muon system with the 

presence of a segment in the outermost station is 

required to construct the muon candidate. 

 

The PF algorithm uses all muon candidates, including tracker track, 

standalone track, and all other muon track candidates, as a starting 

point for selection. The algorithm requires the candidate to be an 
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isolated, pf-tight, or pf-loose muon. The summary for PF muon 

(isPFMuon) selection is as follows. 

 

 isPFMuon: If a muon track candidate is isolated6, then it 

is an 'isolated muon'. A 'pf-tight muon' is selected if it 

contains the minimum number of hits in the muon track 

and has muon segment and calorimeter deposit 

compatibility. Even if a candidate cannot pass both 

selections, it can still be a pf muon if its track momentum 

is much larger than the energy deposit in the 

calorimeter7. Relaxed selection criteria is used to select 

a 'pf-loose muon'. Fewer number of hits in the muon 

track are required with matching hits in the muon 

stations for this selection. These isolated, pf-tight, or 

pf-loose muons are included in the isPFMuon. 

 

All candidates (isGlobalMuon, isTrackerMuon, and isPFMuon) were 

considered as muon candidates in this analysis. Muon chamber 

uncertainties, i.e., alignment position errors (APE), were also 

considered with asymptotic scenarios. 

 

                                            

 
7 This requirement suppresses all hadron candidates. Therefore, remaining 

candidates can be real muons with high possibility. 
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5.2.1 Acceptance 

 

The muon system is the outermost layer, hence muon candidates 

must pass the following cutoffs to reach it: pT > 5 GeV and |η| < 2.4. 

The minimum pT threshold was set very small, 5 GeV, to accept as 

many events as possible, since statistical uncertainty is very large 

for four muon analysis. From the trigger thresholds, at least one 

muon should have pT > 20 GeV and at least two muons pT > 10 GeV. 

Table 5.1 describes acceptance results for each sample. 

 

HBSM→AA→4μ process 
MH(BSM) = 

200 (GeV) 1000 2000 

MA = 
50 (GeV) 42.6 % 79.9 % 88.8 % 

1 43.1 % 86.0 % 93.6 % 

 

Z'→φφ→4μ process 
MZ = 

200 (GeV) 1000 2000 

Mφ = 
50 (GeV) 31.5 % 84.2 % 93.7 % 

1 35.4 % 86.2 % 94.4 % 

 

Table 5.1: Summary of acceptance for HBSM→AA→4μ (top) and 

Z'→φφ→4μ (bottom) samples with some mass scenarios. 
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5.2.2 Muon Identification 

 

Muon ID and isolation with good performance are introduced in the 

Muon POG (Physics Object Group). Tight muon ID and relative 

tracker isolation are used as references. Identification criteria for 

tight muon ID are as follows. 

 

"tight muon id" (in Muon POG) 

 isPFMuon 

 isGlobalMuon 

 transverse impact parameter with regard to the primary 

vertex (PV), |dxy(PV)| < 2 mm 

 longitudinal distance of the tracker track with regard to 

the PV, |dz(PV)| < 5 mm 

 number of pixel hits > 0: At least one pixel hit in the 

inner tracker is needed. 

 number of tracker layers with hits > 5: At least six 

measurement points in the tracker should be existed to 

ensure to measure the right pT. 

 normalized χ2 < 10: The χ2 divided by the number of 

degrees of freedom which is calculated using a global 
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track can suppress the hadronic punch-through and the 

muons from decays in flight effectively. 

 number of valid muon hits > 0: At least one muon hit in a 

global track is required in a global track. 

 number of matched stations > 1: At least two muon 

stations needs to be matched. This cut can suppress the 

punch-through and accidental track-to-segment 

matches. Also, it consists with the muon requirements of 

the muon trigger which need segments in at least two 

muon stations. This trigger cut assures measuring a 

good muon pT. 

 

The primary vertex (PV) used in dxy and dz was reconstructed 

offline, and should exist for each event. PV candidates are selected 

from vertices with the highest ΣpT
2, but are only used if associated 

with at least five number of degrees of freedom and located within 

|r| < 2 cm and |z| < 24 cm from the interaction point. 

Figure 5.2 shows that muon chamber cutoffs (normalized χ2, 

number of valid muon hits, and matched stations) introduce 

inefficiency for muon selection due to the boosted signature. 

Therefore, muon chamber cutoffs were not considered in this 

analysis. Also, tracker muons can be muon candidates to reduce the 

inefficiency from the boosted signature. These muon candidates 
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from the tracker muons should pass the same identification criteria 

as global muons8. However, tracker muon containers retain many 

contributions from split muon tracks and fake muons. To suppress 

these, only tracker muons located near identified good global muons 

(ΔR < 0.3)9 were considered as muon candidates. This modified 

tight muon ID was called tight muon ID except chamber cuts, 

defined as follows. 

 

"tight muon id except chamber cuts" 

 isPFMuon 

 isGlobalMuon or (arbitrated) isTrackerMuon 

 |dxy(PV)| < 2 mm 

 |dz(PV)| < 5 mm 

 number of pixel hits > 0 

 number of tracker layers with hits > 5 

 Tracker muons which cannot pass the isGlobalMuon id 

should be located near "good" global muons with ΔR < 0.3 

 

Figure 5.2 shows the additional inefficiency for GLB/TRK 

                                            
8 isGlobalMuon ID was not required for tracker muon candidates. 

9 A good global muon is a global muon that passes all muon identification 

criteria. 
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cutoffs when MA or φ = 1 GeV due to the merged signature in the 

inner tracker. 

 

 

Figure 5.2: Cutflow efficiency distribution of single muon for HBSM 

(left) and Z' (right) sample with MH (or Z') = 200 (black, orange), 1000 

(red, green), 2000 (blue, violet) GeV  

and MA (or φ) = 50 (black, red, blue), 1 (orange, green, violet) GeV. 

X-axis means "GLB/TRK: global or tracker muon",  

"dxy/dz: dxy < 2 & dz < 5 (mm)", "trk lay: tracker layers > 5", 

"pixel: pixel hits > 0", "PF: pf muon", "station: matched stations > 1", 

"chi2: χ2/dof < 10"," muHit: valid muon hits > 0" 

 

Muon candidates are also considered to be isolated where pT 

sum of all tracks in a cone size of ΔR = 0.3 around the candidate (μ 

target) is less than 10 % of the pT of the muon. If the second muon is 

located in the isolation cone by the boosted signature, i.e., ΔR < 0.3, 
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then the track from this second muon makes the isolation large, and 

the muon will rarely pass the isolation criteria. To solve this 

problem, the second muon contribution 10  is removed from the 

isolation (isolation veto 2nd muon), 

 

"relative tracker isolation veto 2nd muon" 

  

, where the numerator is fully calculated using inner 

tracker information but the denominator part calculated 

using global fit. 

 

The tight muon ID and high Pt muon ID are both tested for 

muon identification, with negligible effect on signal event efficiency. 

The PF charged hadron isolation11 is tested to check sensitivity 

from the isolation definition, also with negligible efficiency impact. 

Figure 5.5 shows compares event efficiency using original tracker 

isolation, tracker isolation veto 2nd muon, and PF charged hadron 

isolation. Original tracker isolation has enormous inefficiency for 

high MH(BSM) (or Z') regions even when MA (or φ) = 50 GeV case. If MA 

                                            
10 The second muon candidate was selected under the tight muon id except 

chamber cuts.  
11 The default cone size for PF charged hadron isolation is ΔR < 0.4. 

However, this thesis used the reduced pf charged hadron isolation cone size 

ΔR < 0.3 to match the tracker isolation cone size. 
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(or φ) = 1 GeV, the original tracker isolation becomes 0 and tracker 

isolation veto 2nd muon also introduces inefficiency. Tracker 

isolation veto 2nd muon and PF charged hadron isolation have similar 

efficiency.  

 

 

5.2.3 Boosted Signature 

 

As discussed in Chapter 4, the boosted signature introduces 

inefficiency on event reconstruction and becomes critical if ΔR < 

0.02 between two muons. Therefore, the reference point to accept 

potential boosted signature candidates was chosen to be the same 

as the isolation cone size, ΔR(μ+, μ-) < 0.3. 

The Muon Physics Object Group (Muon POG) introduced a good 

solution to improve inefficiency from the muon chamber resolution 

constraint in the CMS Collaboration, where not only the global muon 

(isGlobalMuon), but also the tracker muon (isTrackerMuon) can be 

a muon candidate12. Table 5.2 shows single muon reconstruction 

efficiency for two muons from same HBSM signal sample with MH(BSM) 

= 2 TeV and MA = 1 GeV. Global muon reconstruction efficiency 

rapidly decays when ΔR < 0.02 and only one can be reconstructed 

                                            

12 Generally, a track cannot be a muon candidate if it is reconstructed as 

an isTrackerMuon but not isGlobalMuon. 
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as a global muon among a boosted muon pair at ΔR ≅ 0.001. 

However, this inefficiency is recovered up to ΔR ≅ 0.005 if we 

require that at least one should be a global muon and the other can 

be either a global or tracker muon. 

 

 

Table 5.2: The single muon reconstruction efficiency of boosted muon pairs 

with respect to ΔR(μ, μ). HBSM sample with MH(BSM) = 2 TeV and MA = 1 GeV 

scenario is used to produce the boosted muon enriched sample. "2 global μ" 

requires that both muons be reconstructed as "isGlobalMuon". "1 global μ + 1 

global||tracker μ" requires that at least one muon be reconstructed as 

"isGlobalMuon" and the other one can be "isGlobalMuon" or "isTrackerMuon". 

 ΔR(μ, μ) 

 0.001~ 

0.002 

0.002~ 

0.003  

0.003~ 

0.005 

0.005~ 

0.01 

0.01~ 

0.02 

0.02~0.3 

2 global μ 50 % 53 % 64 % 81 % 86 % > 95 % 

1 global μ +  

1 global||tracker μ 

65 % 70 % 81 % 94 % 96 % > 96 % 

 

 

For ΔR(μ, μ) < 0.005, even isTrackerMuon cannot reconstruct 

the second muon due to removal of the second muon track in the 
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silicon tracker if two tracks share more than 19% of hits (Merged 

muon). Figure 5.3 shows the generator level ΔR distribution for di-

muon from same mother where two muons are merged in the inner 

tracker. The very energetic second muon is not reconstructed. This 

can create a large MET with geometrical information similar to the 

missing muon. Although the MET is not a main target of this 

analysis, MET information was studied to understand some features 

of the merged muon. The MET was reconstructed and corrected 

using MET group recommendations, see Appendix B.1 for details. 

Figure 5.4 shows there is an MET corresponding to the missing 

muon for the case of Figure 5.3. 

 

 

 

Figure 5.3: Generator level ΔR distribution of muon pairs 

originating from an intermediate particle for the merged muon case. 

HBSM samples with 10,000 events are used to test 
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Figure 5.4: Comparison plots of pT and η between a missing 

muon in gen-level and the reconstructed MET. 3 muons are 

required for one event with acceptance and muon identification 

selection in Section 5.2.1 and 5.2.2. The MET is used with the PF 

Iso. Type I and phi corrections (recommended by the MET group in 

the CMS Collaboration). HBSM samples with 10,000 events are used 

to test 

 

 

5.2.4 Muon Corrections 

 

The Muon POG proposed a few corrections for various possible 

errors. This thesis considered Rochester correction and muon ID 

scale factor. 

Muon momentum bias can be caused by detector misalignment 

and/or magnetic field faults, and can be improved using the 
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Rochester correction, which multiplies scale factors to the muon pT. 

The scale factors are calculated from pT, η, φ13, and number of 

tracker layers14 for each muon. The improvement is maximized at 

the Z peak region (90 GeV) and visible fluctuations near the Z peak 

are almost removed after correction. 

Simulation event efficiency should be corrected by a scale 

factor (SF) considering differences between data and MC simulation. 

The SF was calculated using the tag-and-probe method as a 

function of pT and η. Due to SF differences among various data 

collection periods, the scale factor was calculated separately and 

classified by the data collection period: B to F and G to H. The scale 

factor was applied to re-weight MC samples at the end of all 

selections. Several SF types have been proposed, including 

RECO+ID SF, ISO SF and trigger SF. The RECO+ID SF affects 

approximately 4–10% of background yields and is the most 

significant, whereas all others are negligible. Therefore, this thesis 

only considered RECO+ID SF. 

 

 

 

                                            
13 Azimuthal angle 
14 Only muon pT, η, and ϕ data were considered to calculate the data 

correction factor, whereas we also included the number of tracker layers 

for the MC data correction. The corrections provide a slight improvement to 

additional smearing. 
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5.3 Event Selection 

 

5.3.1 Four-muon event selection 

 

The four muon event candidates were built from selected and 

corrected reconstructed muons, as discussed in Section 5.2. 

Candidate construction and selection proceeded as follows. 

 

1. Exactly four muons are required for each event.  

2. At least two muons should be matched to the HLT muon 

candidates that triggered events within ΔR < 0.3. 

3. Muon charge sum should be zero. 

4. There was no specific di-muon mass requirement to 

accept intermediate particles (A or φ) in all mass regions. 

However, events with di-muon mass 3.0 < M(μ+, μ-) < 

3.2 GeV were excluded to reject events containing J/Ψ 

radiation. 

 

Figure 5.5 shows measured event selection efficiency for a 

series of signal samples, where black dots denote tight muon id 

except muon chamber cuts and tracker isolation veto 2nd muon 

cases that were used in this analysis. Figures 5.6 and 5.7 show the 
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signal rate (acceptance × efficiency × luminosity (35.9 fb-1)15) for 

HBSM and Z' models, respectively, with 4th polynomial fit, 

 

 y = A x 4 + B x 3 + C x 2 + D x + E 16 

, where y is signal rate and x is HBSM (or Z' ) mass of each 

scenarions. 

 

 

5.3.2 Dimuon candidate selection 

 

There are four identified muons after the event selection: positive 

muon with relatively high PT (μ+
leading), positive muon with relatively 

low PT (μ+
sub-leading), negative muon with relatively high PT (μ-

leading), 

and negative muon with relatively low PT (μ-
sub-leading). As discussed 

in Chapter 4, muon pairs originating from an intermediate particle 

consist of a leading muon with high PT and a sub-leading muon with 

relatively low PT. Therefore, μ+
leading and μ-

sub-leading were selected 

for the first di-muon candidate and μ+
sub-leading and μ-

leading for the 

second. 

                                            
15 Signal rates were calculated as acceptance × efficiency × luminosity for 

the cross-section limit. Details regarding limit calculations are provided in 

Chapter 8. 
16 y denotes the signal rates x is an invariant mass of four-muon. 
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Figure 5.5: Comparison plot of event efficiency with "tracker 

isolation veto 2nd muon (balck)", "tracker isolation original (red)" 

and "pf charged hadron isolation (blue)". To identify the muon, 

"tight muon id except chamber" is used. Both HBSM→AA→4μ process 

(left) and Z'→ϕϕ→4μ process (right) are tested with MA or φ = 50 

(top) and 1 (bottom) GeV cases are tested. 
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Figure 5.6: Signal rates (acceptance×efficiency×luminosity) as a 

function of MH(BSM) of HBSM→AA→4μ process of MA = 50 (left) or 1 

(right) GeV 

 

  

Figure 5.7: Signal rates (acceptance×efficiency×luminosity) as a 

function of MZ' of Z'→ϕϕ→4μ process of Mϕ = 50 (left) or 1 (right) 

GeV
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Chapter 6 

Background Estimation 

 

 

The main background for this analysis comes from the ZZ→4μ (ZZ) 

process, which includes qq→ZZ and gg→ZZ processes, and has four 

prompt muons in the final state. Not only the ZZ process, but also 

the Zγ, VVV (tri-boson), hSM ("hSM→ZZ→4μ"), and ttZ processes 

contain at least four final state prompt muons. These processes are 

called irreducible backgrounds and were estimated using MC 

simulation as shown in Section 6.1. 

Processes that contain less than four prompt muons in the final 

state can also be backgrounds with additional fake muons coming 

from non-isolated muons, punch through of charged particles, 

cosmic muons, etc. These processes are called reducible 

backgrounds and include WZ, DY, ttbar, and tW samples. These 
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reducible backgrounds cannot be estimated using MC simulation due 

to the lack of statistics. Therefore, this thesis used a fake rate 

method, a common data driven method, to estimate them. 

As discussed above, low pT muons with pT > 5 GeV were 

accepted to maximize the statistics, and no di-muon mass cutoff, 

except the J/Ψ veto, was applied, because all intermediate particle 

(A or φ) mass scenarios were possible. Both conditions reduce 

statistical uncertainty and enable model-independent searching. 

However, they increase contributions from γ(*) radiation and fake 

muons. Methods to treat these issues are described in the following 

sections. 

 

 

6.1 Irreducible Backgrounds 

 

Irreducible backgrounds were estimated using MC samples for 

qq→ZZ, gg→ZZ, Zγ, gg→hSM→ZZ, WWZ, WZZ, and ZZZ. Since Zγ 

samples cannot cover the virtual gamma radiation, the Zγ(*) 17 

process was estimated using both DY and Zγ samples. Since the DY 

sample has inferior statistics compared to the Zγ sample, the full Zγ 

sample was used with orthogonal contributions from the DY sample. 

                                            
17 Zγ→4μ + Zγ*→4μ (di-muon from a virtual gamma) processes 
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The DY sample was filtered as follows. 

 

 Events with four prompt muons (isPromptFinalState) can 

be candidates. Two muons should be flagged as 

fromHardProcessFinalState but the others are not. 

 If there was a hard process final state γ (PID18 = 22 

AND fromHardProcessFinalState), then the event was 

removed to avoid overlap with the Zγ sample. 

 If there was an ancestor particle of two prompt final 

state muons (isPromptFinalState AND NOT 

fromHardProcessFinalState) with PID = 22, then this 

event was also rejected. 

 Remaining events were regarded as the Zγ* process that 

were not included in the Zγ sample. 

 

Aside from ZZ and Zγ(*) processes, contributions from other 

processes (VVV and ttZ) were very small. Therefore, these 

processes will be treated in one sense, namely "Others", . 

 

 

                                            
18 Particle PDG ID. 
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6.2 Reducible Backgrounds 

 

Processes that contain less than four prompt muons in the final 

state can be reducible backgrounds with one or more non-prompt 

muons. The main sources of non-prompt muons are non-isolated 

muons coming from heavy flavor meson decays. Charged hadron 

punch through, cosmic ray muons, and pile-up muons can also be 

sources in that order. DY and ttbar samples include large 

contributions from the reducible background. 

Non-prompt muon probability is very small, which makes 

reducible background statistics very small, even though DY or ttbar 

samples have large cross section. This leads to large fluctuations 

for four muon invariant mass spectrum, and hence they cannot be 

estimated using MC samples. 

The rate of the reducible background processes is estimated by 

measuring the fake rates (fi, where i distinguishes fake muons in 

the control samples) which are probabilities for loose muons to also 

pass the final selection criteria described in Section 5.1. The loose 

muon criterion was determined to accept real and fake muons as 

follows. 

 

 Pass isPFMuon id 
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 It should be reconstructed as isGlobalMuon or 

isTrackerMuon 

 |dxy(PV)| < 2 mm 

 |dz(PV)| < 5 mm 

 

These fake rates measured as a function of muon pT and η19 

were applied to fake muon enriched control samples to extract 

expected background yields in the signal region. 

To treat the boosted signature sensitively, the reducible 

backgrounds were separated into type I (Red. Bg. I) and type II 

(Red. Bg. II). Type-I events occurred when at least one fake muon 

shared its isolation cone with another muon, which also controlled 

the boosted signature because two muons share their isolation cone 

if they are boosted in ΔR < 0.3; whereas type-II events occurred 

when there was only one fake muon in each isolation cone. 

 

 

 

 

 

                                            
19 Fake rates were calculated in barrel and endcap regions separately with 

boundary |η| = 1.2. 
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6.2.1 Type I Reducible Background 

 

6.2.1.1 Fake Rate Determination (Type I) 

 

Z tagged samples of Z(μ+, μ-) + boosted two μ events that had a Z 

boson and exactly two additional muons that were used as probe 

muons were required to measure muon fake rates. Z boson 

candidates should have two opposite charged muons with pT > 

20/10 GeV passing tight muon ID except chamber cuts and isolation 

requirements described at Chapter 5. Also, boosted two muons 

passing loose muon criteria should share isolation cone size within 

ΔR < 0.3. Z candidate invariant mass satisfied the loose requirement 

60 < M(μ+, μ-) < 90 GeV to accept as many events as possible. 

After all selections, three or four prompt muon events including ZZ, 

Zγ, and WZ events were subtracted using MC simulation 

(subtraction method). Fake rate (fi) was calculated after selection 

as the fraction of number of muons passing tight criteria to the 

number of muons passing loose criteria as below,  

 

Since the ratio of  to  is same with the probability for a 

loose muon to pass tight criteria, it was used to weight the control 

samples. Figure 6.1 shows probe muon pT after applying all 
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selections, and Fig. 6.2 shows the fake rates. The lack statistically 

sufficient Zγ events at high pT causes large fluctuations. 

 

 

6.2.1.2 Fake Rate Application (Type I) 

 

Two independent control samples were obtained as subsets of four 

muon events involving fake muons. Event selection for type I 

control samples was as follows. 

 

 At least one failed muon 20  passed the event selection 

described in Chapter 5. 

 Failed muons should share isolation cones with the other 

muon candidates (having a boosted signature). If there is 

only one failed muon, then it should share the isolation cone 

with another tight muon candidate. 

 

The first control sample (2P2F, 2 Prompt + 2 Fail) should 

contain two failed muons and two tight muons. This sample was 

expected to be populated with DY or ttbar events. The other control 

sample (3P1F, 3 Prompt + 1 Fail) required one failed muon with 

                                            
20 Failed muon: A loose muon that cannot pass tight muon ID. 
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three tight muons and was populated with WZ events.  

These control samples were used to estimate the reducible 

background in the signal region weighted by the fake rates. Figure 

6.3 shows 2P2F and 3P1F control sample invariant mass 

distributions. The large difference between data and MC estimation 

at low mass was caused by large fake muon pair production in that 

region. 

The expected number of Red. Bg. I events in the 3P1F control 

region, N3P1F
corrected, contained ZZ+Zγ contributions. Therefore, Red. 

Bg. I was estimated using the observed number of events in the 

3P1F region, N3P1F, subtracting the estimated number of events in 

the 3P1F region from ZZ+Zγ events. After calculating these 

contaminations, the corrected Red. Bg. I number in the 3P1F region 

can be expressed as 

 

Therefore, the expected Red. Bg. I events in the signal region (SR), 

NSR
type I, can be expressed as  

        

 

,where i denotes each fake muons. 
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Figure 6.1: [Type I] pT of probe muons passing loose (top) / 

tight (bottom) selection criteria in barrel (left) and endcap (right). 
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Figure 6.2: [Type I] Fake rates for barrel (red) and endcap 

(blue) regions with regard to pT(μ). 

 

 

 

Figure 6.3: [Type I] The invariant mass distributions of control 

samples, 2P2F(left) and 3P1F (right).
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6.2.2 Type II Reducible Background 

 

6.2.2.1 Fake Rate Determination (Type II) 

 

Similar to the type I case, Z tagged samples of Z(μ+, μ-) + one μ 

events were expected to be completely dominated by fake muons 

and required one Z boson and one muon. The Z boson candidate 

should have two opposite charged muons with pT > 20/10 GeV 

passing the same ID and isolation criteria. Exactly one additional 

muon was used as a probe muon passing the loose muon criteria. 

The Z candidate invariant mass satisfied the tight requirement 

|M(μ+, μ-) - MZ| < 7 GeV to reduce photon conversions; and ET
miss 

< 25 GeV was applied to reduce WZ contributions. The subtraction 

method to remove remaining contributions from WZ or ZZ 

processes was applied by MC simulation. Figure 6.4 shows probe 

muon pT after applying all selections. Just as for the Reg. Bg. I case, 

the fake rate (fi) was calculated as the ratio of the number of muons 

passing tight criteria to the number passing loose criteria. Figure 

6.5 shows the fake rates. The statistically insufficient number of 

WZ events at high pT caused fake rate blow-up.  
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6.2.2.2 Fake Rate Application (Type II) 

 

Two independent Red. Bg. II control samples were obtained as 

subsets of four muon events containing at least one fake muon using 

the following selection criteria. 

 

 At least one failed muon passes the event selection 

described in Chapter 5. 

 All failed muons must not share isolation cones with 

other muon candidates.  

 

Control sample selections were used similarly to the Red. Bg. I 

case to estimate the reducible background in the signal region 

weighted by the fake rates. Figure 6.6 shows the 2P2F and 3P1F 

control sample invariant mass distributions. 

We don't need to consider contamination from 2P2F to 3P1F for 

Red. Bg. I, because the two failed muons are synchronized in one 

isolation cone. If one failed muon passes the isolation criteria, then 

the other failed muon also generally passes the isolation criteria 

because they share the same isolation cone. However, the Red. Bg. 

II case has many contaminations from 2P2F to 3P1F, which makes 

the calculation somewhat more difficult. 
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The expected number of Red. Bg. II events in the 3P1F control 

region, M3P1F
corrected, includes contaminations not only from the ZZ 

and Zγ events, M3P1F
ZZ+Zγ, which can be estimated using MC 

simulation, but also from 2P2F events, M2P2F. Both contaminations 

should be subtracted to estimate pure 3P1F events. Therefore, the 

corrected number of Red. Bg. II events in the 3P1F region can be 

expressed as  

 

,where M3P1Fbkg is background from 2P2F contamination 

estimated by 

  

, where i and j correspond to the two failed muons. 

Thus, the expected number of Red. Bg. II events in the signal region, 

MSR
type II, can be expressed as 

 

   

, where the signs for N2P2F (Red. Bg. I) and M2P2F (Red. Bg. II) 

are different. 
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Figure 6.4: [Type II] pT of probe muons passing loose (top) / 

tight (bottom) selection criteria in barrel (left) and endcap (right). 
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Figure 6.5: [Type II] Fake rates for barrel (red) and endcap 

(blue) regions with regard to pT(μ). 

 

 

 

Figure 6.6: [Type II] The invariant mass distributions of 

control samples, 2P2F (left) and 3P1F (right).
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Chapter 7 

Yields and Distributions 

 

 

The status of the analysis after selection is summarized in this 

section, showing the inputs to the final results, namely the event 

yields, and the invariant mass distributions. 

 

 

7.1 Event Yields 

 

The number of estimated background events and the number of 

observed data with statistical errors after final analysis selection 

are reported in Table 7.1.  
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Table 7.1: The number of estimated background and number of 

observed data with statistical errors after full analysis selection for 

an integrated luminosity of 35.9 fb-1. ' hSM ', 'ZZ', ' Zγ' and 'Others' 

backgrounds are estimated from Monte Carlo simulation while 

'Reducible Bg. (I)' and 'Reducible Bg. (II)' are estimated from data.  

M4μ range  

(GeV) 
50-100 100-200 200-300 300-400 400-600 > 600 

Data 832±29 592±24 263±16 65±8 34±6 9±3 

Total  

background 
836.8±24.4 602.6±22.8 215.0±8.4 63.1±4.8 30.5±3.3 7.7±2.6 

hSM 0.5±0.0 17.0±0.1 0±0 0±0 0±0 0±0 

ZZ 167.5±1.0 121.0±0.8 143.0±0.9 39.6±0.5 20.3±0.3 6.7±0.2 

Zγ 428.7±22.8 209.8±20.4 19.6±6.7 12.14±3.9 3.3±2.7 0±0 

Others 2.1±0.6 8.4±1.3 4.2±0.9 1.4±0.2 1.2±0.2 0.4±0.0 

Reducible  

Bg. (I) 
230.7±7.3 204.3±6.2 37.8±2.7 7.8±1.2 3.9±0.8 0.6±0.4 

Reducible  

Bg. (II) 
7.4±2.7 42.1±8.1 10.3±3.9 2.1±1.5 1.8±1.3 0±0 
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7.2 Four-Muon Invariant Mass Distributions 

 

Figure 7.1 shows pT, eta and phi distributions of reconstructed 

muons for the full dataset, and compared to expectations from the 

SM backgrounds. In Figure 7.2, the reconstructed four-muon 

invariant mass distributions are shown. The SM background 

distributions are obtained combining the irreducible backgrounds 

from MC samples and the reducible backgrounds from data-driven 

method. The error bars show the statistical errors. 

Although the signal region is above 200 GeV, the background 

estimation results can be tested at low mass region, specifically at 

Z boson peak (90 GeV) and ZZ region (180 GeV). Data and the SM 

backgrounds are in good agreement in this region. For the search 

region, no significant deviation is shown. The highest four-muon 

mass which is observed in data is 775 GeV. At M4μ > 1 TeV, total 

events of SM expectations are less than one. 
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Figure 7.1: PT (top), eta (left bottom) and phi (right bottom) 

distributions of reconstructed muons with data points (black dot) 

and SM background expectations (colored histograms).     
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Figure 7.2: Four-muon invariant mass spectrum with data points 

(black dot) and SM background expectations (colored histograms). 

Overall mass region of control and signal region from 50 to 1000 

GeV with 10 GeV bin (top) and low mass region from 50 to 400 

GeV with 5 GeV bin (bottom) 
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7.3 Dimuon Invariant Mass Distributions 

 

The reconstructed dimuon invariant mass distributions based on the 

selection criteria which are written in Section 5.3.2 are also studied 

to check any deviation between data and SM backgrounds. Figure 

7.3, 7.4 (signal MC of Z'→ϕϕ→4μ process), 7.5, 7.6 (signal MC of 

H→AA→4μ process), 7.7 (data) and 7.8 (background MC) show 

two-dimensional dimuon invariant mass distributions of each signal 

processes. There is no significant difference between data and MC 

expectations except very low mass region (0 < m(ϕ1) < 10 GeV and 

0 < m(ϕ2) < 10 GeV). This difference can be explained by the 

reducible backgrounds as shown in Figure 7.9 which is one-

dimensional dimuon invariant mass distributions. 
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(a)  

(b)  

(c)  

(d)  
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(e)  

(f)  

(g)  

(h)  
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(i)  

(j)  

Figure 7.3: Two dimensional dimuon invariant mass distributions of 

Z'→ϕϕ→4μ process with MZ' = 200 (a), 300 (b), 400 (c), 500 (d), 

750 (e), 1000 (f), 1250 (g), 1500 (h), 1750 (i), 2000 (j) GeV and 

Mϕ = 50 GeV scenarios. Full mass region (left) and low mass region 

(right) are presented 
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Figure 7.4: Two dimensional dimuon invariant mass distributions of 

Z'→ϕϕ→4μ process with MZ' = 200 (a), 300 (b), 400 (c), 500 (d), 

750 (e), 1000 (f), 1250 (g), 1500 (h), 1750 (i), 2000 (j) GeV and 

Mϕ = 1 GeV scenarios. Full mass region (left) and low mass region 

(right) are presented 
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Figure 7.5: Two dimensional dimuon invariant mass distributions of 

HBSM→AA→4μ process with MH = 200 (a), 300 (b), 400 (c), 500 (d), 

750 (e), 1000 (f), 1250 (g), 1500 (h), 1750 (i), 2000 (j) GeV and 

MA = 50 GeV scenarios. Full mass region (left) and low mass region 

(right) are presented 

 

 



 

 

９０ 

(a)  

(b)  

(c)  

(d)  



 

 

９１ 

(e)  

(f)  

(g)  

(h)  



 

 

９２ 

(i)  

(j)  

Figure 7.6: Two dimensional dimuon invariant mass distributions of 

HBSM→AA→4μ process with MH = 200 (a), 300 (b), 400 (c), 500 (d), 

750 (e), 1000 (f), 1250 (g), 1500 (h), 1750 (i), 2000 (j) GeV and 

MA = 1 GeV scenarios. Full mass region (left) and low mass region 

(right) are presented 
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Figure 7.7: Two-dimensional dimuon invariant mass distributions of 

2016 full data samples for the full mass region (top), the mass 

region of 0 < m2μ < 150 GeV (left bottom) and very low mass region 

(right bottom) 

 

 



 

 

９４ 

 

 

 

Figure 7.8: Two-dimensional dimuon invariant mass distributions of 

' gg→ZZ ' (left top), ' qq→ZZ ' (right top), 'Zγ' (left middle), 'DY' 

(right middle), 'ttbar' (bottom) MC samples 
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Figure 7.9: Dimuon invariant mass spectrum with data points (black 

dot) and SM background expectations (colored histograms). Overall 

mass region of 0 < m2μ < 300 GeV (top) and very low mass region 

of 0 < m2μ < 10 GeV (bottom)



 

 

９６ 

 

 

 

 

 

 

Chapter 8 

Systematic Uncertainties 

 

 

In this analysis, the event selection and the MC estimations are 

similar with 'hSM→4ℓ ' at 13 TeV, 'Z'→4ℓ ' at 8 TeV and 'Z'→2ℓ ' at 13 

TeV analyses in CMS Collaboration. Therefore, systematic 

uncertainties from those papers are used as reference points. 

Following sources are considered as the systematic uncertainties of 

this analysis. 

 

 Fake rate method: An uncertainty on the fake rate method 

can make a systematic uncertainty on the reducible 

background. A statistical uncertainty arising from the fake 

rate calculation and an uncertainty arising from the 
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subtraction method ("method dependent uncertainty") are 

dominant. A difference between the fake rate value using 

subtraction method and ratio method is used as a method 

dependent uncertainty. This uncertainty on the fake rate 

increases from 2 % for low mass region to 60 % for high 

mass region. As a result, 60 % uncertainty for full mass 

region is applied conservatively for reducible backgrounds. 

 Background cross section: The background samples in this 

analysis are almost same with the hSM→4l search in the CMS 

Collaboration at Reference, except that hSM→4l itself is a 

background process in this analysis. Therefore, the 20 % 

uncertainty by the background cross section arising from the 

higher-order QCD corrections and choice of PDFs is 

assigned for background MC samples.  

 Signal cross section: The signal samples used in this 

analysis is based on the Z'→4l analysis at 8 TeV in the CMS. 

Therefore, same value with the paper is set as 30 % to the 

uncertainty from the signal cross section. 

 Muon selection efficiency: Systematic uncertainty on a 

single muon is provided by the EXO-MUO Documentation as 

1 % for tight muon id and 0.5 % for isolation. The quadrature 

sum of these uncertainties on the four muons gives about 

2.2 % systematic uncertainty. 10 % systematic uncertainty 
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is assigned to consider the muon reconstruction efficiency 

which is closely connected with the boosted signature. 

 Luminosity: The uncertainty caused by the integrated 

luminosity measurement (2.5 %) effects to all processes. 

 

Not only these sources but also the muon momentum resolution and 

mass resolution can make some systematic uncertainties. However, 

both uncertainties are negligible because only the high mass region 

is considered as a signal region.  
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Chapter 9 

Results 

 

 

9.1 Upper Limits on the Cross Sections 

 

To test leptophobic resonance decaying into four muon final state, 

four muon invariant mass distributions were investigated for 

possible deviations with regard to SM expectations. There was no 

significant mass distribution deviation, and upper limits (UL) on 

cross-section × branching ratio (σ×Br) were set using the CLs 

method. 

The CLs method, also called the modified frequentist method, 

was first used at CERN's LEP experiment and is now widely used in 
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particle physics to set upper limits. The method calculates a CLs, 

i.e., the ratio of the probability for the signal+background process 

and the probability for the background only process under a given 

number of events, 

CLs = CLs+b / CLb  

Thus, CLs+b is the probability for a given number of events 

under the signal+background hypothesis, i.e., CLs+b = Ps+b(X≤Xobs); 

and CLb is the probability for a given number of events under the 

background yield hypothesis, i.e., CLb = Pb(X≤Xobs), where Xobs 

indicates the given number of events. This thesis used signal 

sample acceptance × efficiency × luminosity as the signal rate, as 

shown in Figs. 5.6 and 5.7. On the other hand, the number of event 

yields was used as background rates and observations. Since 

cross-section × acceptance × efficiency × luminosity corresponds 

to the number of events, the method continuously calculates CLs 

until it reaches a specific value varying the signal hypothesis 

cross-section. Limits were calculated at the 95 % confidence level 

(CL)21. Since CLs corresponds to 1 – CL, the final result provides an 

upper limit on the cross-section22 where CLs = 0.05. 

The asymptotic likelihood method with binned shape fit was 

                                            
21 Confidence level is a method accuracy from the frequentist's view. It is 

approximately similar to the probability that a measured quantity is within 

the confidence intervals. 
22 This analysis only uses the four muon channel. Therefore, the cross-

section should be replaced as σ×Br. 
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used for the detailed calculation. This method used an asymptotic 

approximation to the LHC test statistic distributions as the 

probability density function to calculate the CL. The Higgs PAG - 

combine software that was developed to statistically combine Higgs 

boson searches based on the ROOSTATS package was employed 

because it provided a very convenient format to calculate the CLs 

limit. 

The double tailed crystal ball (DCB) function, which has 

Gaussian peak with exponential tails to both sides, was used to 

calculate the four reconstructed signal sample muon mass peak 

widths. The DCB function assumes that the resonance width is 

much smaller than detector resolution, which is good for HBSM and Z' 

samples, and explains reconstructed signal peaks very well with 

normalized χ2 = 0.8–1.2. Figure 9.1 shows HBSM (or Z' ) sample 

mass resolution as a function of MH(BSM) (or Mz' ) using a 4th order 

polynomial function fit. Appendix A.2 provides the reconstructed 

invariant mass spectrum fitted by the DCB function. Limits were 

calculated in a mass window ±5 × signal width to accept as many 

signal events as possible. 

Upper limits were calculated under HBSM and Z' benchmark 

models from 200–2000 GeV. Figures 9.2 and 9.3 show ULs on σ×Br 

for the HBSM and Z' models, respectively. Each model was tested 

with MA or φ = 1, 50 GeV mass scenarios, with the same masses, 
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width scenarios, and generator level cutoffs in both models. 

However, model limits differed slightly due to differences between 

HBSM and Z' particles, such as spin or coupling. Limits for 1 GeV 

intermediate particles increased as HBSM and Z' masses increased 

because the boosted signature decreased efficiency. Observed 

limits were within 2 standard deviations of expected limits 

everywhere for all scenarios. The limit with M(Z') = 2 TeV and 

M(φ) = 50 GeV decreased from 0.3 for the 8 TeV paper in the e, μ 

combined channel (Fig. 1.4) to 0.1 at 13 TeV in μ channel (Fig. 9.3). 
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Figure 9.1: Mass resolution distributions of HBSM (top) and Z' 

(bottom) sample with MA (or φ) = 50 (left), 1 (right) GeV 
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Figure 9.2: Upper limits on cross section times branching ratio 

of HBSM→AA→4μ process with 95 % confidence level of MA = 50 GeV 

(top) and 1 GeV (bottom) scenarios. Observed limit (solid line) and 

expected limit (dashed line) with ± 1 and 2 standard deviations 

(colored area) are denoted
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Figure 9.3: Upper limits on cross section times branching ratio 

of Z'→ϕϕ→4μ process with 95 % confidence level of Mφ = 50 GeV 

(top) and 1 GeV (bottom) scenarios. Observed limit (solid line) and 

expected limit (dashed line) with ± 1 and 2 standard deviations 

(colored area) are denoted. 
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9.2 Summary 

  

A search for high mass resonances decaying into four muon final 

state was performed using the 2016 CMS dataset from proton-

proton collisions at  = 13 TeV, corresponding to 35.9 fb-1 

integrated luminosity. This was the first investigation of leptophobic 

resonance in the four muon final state at  = 13 TeV. HBSM and Z' 

models were used as benchmark models. Results were discussed in 

terms of invariant mass distributions and σ×Br.  

Four muon invariant mass for the observed data was strongly 

consistent with SM expectations, and observed limits were within 

±2 standard deviations of the expected limits in the full mass 

region. 
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Appendix A 

 

A.1 Generator level kinematic 

distributions of four-muon for signal 

samples 

 

 

Generator level muon pT and η distributions for some test samples 

are presented in this part to compare the kinematics of the HBSM and 

Z' samples. The differences come from the spin state of the 

resonance particles that spin(HBSM) = 0 and spin(Z') = 1. The 

differences are maximized if MH(BSM), Z' is small. 
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Figure A.1: muon η distributions of the HBSM (brown) and Z' (blue) 

signal samples. Six mass scenarios are tested with MH(BSM), Z' = 2000 

(top), 800 (middle), 200 (bottom) GeV and MA, φ = 50 (left), 1 

(right) GeV. 
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Figure A.2: muon pT distributions of the HBSM (brown) and Z' (blue) 

signal samples. Six mass scenarios are tested with MH(BSM), Z' = 2000 

(top), 800 (middle), 200 (bottom) GeV and MA, φ = 50 (left), 1 

(right) GeV. 
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A.2 Mass resolution of HBSM samples 

 

The mass resolution is calculated with fitting the double-sided 

crystal ball function. 

 

(a)  

(b)  

(c)  
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(d)  

(e)  

(f)  

(g)  



 

 

１１６ 

(h)  

(i)  

(j)  

Figure A.3: Mass resolution distributions of HBSM model with MA = 50 

(left), 1 (right) GeV and MHBSM) = 200 (a), 300 (b), 400 (c), 500 (d), 

750 (e), 1000 (f), 1250 (g), 1500 (h), 1750 (i), 2000 (j) GeV. 
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(a)  

(b)  

(c)  

(d)  
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(e)  

(f)  

(g)  

(h)  
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(i)  

(j)  

Figure A.4: Mass resolution distributions of Z' model with Mφ = 50 

(left), 1 (right) GeV and MZ' = 200 (a), 300 (b), 400 (c), 500 (d), 

750 (e), 1000 (f), 1250 (g), 1500 (h), 1750 (i), 2000 (j) GeV. 
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Appendix B 

 

B.1 Reconstruction and Corrections of 

Missing Transverse Energy (MET) 

 

 

Momentum and energy should be conserved in the physics 

experiments. However, if there is an undetectable particle like a 

neutrino, it doesn't interact with detectors and makes the imbalance 

in the momentum space. It this case, the imbalance in transverse 

direction is appeared as MET. In this analysis, any kinds of 

undetectable particles are not considered in the final state. However, 

one or two muons can be removed by the merged muon scenario 

and it can also make the large MET. 
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 The first step of MET reconstruction is calculation of raw MET 

(METRAW = -ΣpT) which is not a true MET. This raw MET must be 

corrected because of the jet energy corrections (JEC) and defects 

of the detector. In this analysis, Type-I correction and phi 

correction which are most general corrections are applied. Type-I 

correction replaces the vector sum of pT of particle clusters which 

can be reconstructed as jets with the vector sum of pT of the jets to 

treat the JEC (METType-I = -ΣUnclusered pT –ΣClustered jets pT
JEC). Phi 

correction which are also called as xy-Shift correction or MET-phi 

modulation correction solves the problem that phi dependence of 

reconstructed MET. Ideally, the MET is independent to phi direction 

because the CMS detector has rotational symmetry around the 

beam axis. However, the reconstructed MET has phi dependency 

which might be caused by the detector misalignment, unexpected 

broken of calorimeter cells or inhomogeneous detector responses. 

This can be corrected by shifting the origin of the coordinate in pT 

and η planes. 
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국문 초록 

 
이 논문은 2016년 CMS detector에서 수집된 데이터를 이용한 4개의 

뮤온으로 붕괴하는 무거운 입자를 찾는 연구에 대해 소개한다. 이 

연구를 위해 Integrated luminosity 36 fb-1에 해당하는 13 TeV에서의 

양성자 충돌 데이터가 사용되었다. 기준이 되는 signal sample로는 

Monte Carlo 시뮬레이션을 통해 만들어진 lepton과 직접적으로 결합할 

수 없는 Z' 과 BSM Higgs 모델들이 사용되었다. 이 signal sample들을 

바탕으로 boosted signature에 의해 발생하는 inefficiency가 event 

selection에서 소개되어있다. 표준 모형에 의해 예측되는 

background들은 Monte Carlo 시뮬레이션과 데이터에서 추출된 control 

sample 을 통해 추정되었다. 입자의 질량에 대한 함수로 나타내어진 

cross section times branching ratio 에 대한 상한치가 기준이 되는 

signal sample들에 의거하여 논의되었다. 현재까지의 데이터는 표준 

모형의 예상과 일치한다는 것이 확인되었다. 
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