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Abstract

The first study of the Z boson decaying to two tau and two muon leptons in proton-proton
collisions is presented. The analyzed data set corresponds to an integrated luminosity of
138 fb�1at a center-of-mass energy of

p
s = 13 TeV collected by the CMS detector at the

Large Hadron Collider. The branching fraction of the Z! τ+τ�µ+µ� decay is measured
in the muon decay mode of the tau lepton relative to the Z! µ+µ�µ+µ� decay and their
ratio within a fiducial region is expected to be 0.902�+3.590

�3.212 (stat.)+1.574
�1.825(syst.).
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1 Introduction
The standard model (SM) of particle physics [1–3] is a highly successful theory that de-

scribes the fundamental nature of matter and the fundamental forces that govern its inter-

actions. One key feature of the SM is the division of leptons into three generations, each

with the same gauge coupling. Thus, the gauge interactions are universal across genera-

tions. The only difference among them is the mass that results from the Yukawa coupling

with the Higgs boson.

Despite the remarkable success, there are still many open questions. In particular, the

lepton �avour non-universality is not con�rmed nor disapproved by any deeper structure.

This has led to questions of whether a more elaborate lepton �avour universality (LFU)

may exist or whether there might be mechanisms for lepton �avour violation. The latter

could manifest itself in some measurements as deviations from the SM predictions and

hint at new physics beyond it.

One way to test the LFU is to study the vector boson decays to �nal states containing

leptons and compare the branching fractions with different lepton �avours. The Compact

Muon Solenoid (CMS) experiment [4] at the CERN Large Hadron Collider (LHC) [5] was

the �rst to observe the rare decays of Z ! J/y `+ ` � [6] and Z ! `+ ` � `
0+ `

0� [7] and

measure the branching fraction of Z ! 4` [8] in proton-proton collisions, where ` includes

electrons and muons. Yet the Z boson four leptonic decay including tau leptons has not

been probed.

This thesis presents the �rst dedicated study of the Z ! t + t � m+ m� decay in the muon

decay mode of the t leptons, as shown in Fig. 1, and sets an upper limit on the branching

fraction B(Z ! t + t � m+ m� ). The result not only contributes to untested Standard Model

Effective Field Theory (SMEFT) Wilson coef�cients [9] but also to the exploration of Z 0

and Lm � Lt models [10, 11] of physics beyond the SM, in which t leptons can experience

stronger couplings. Finally, this channel is also a background to Higgs boson leptonic

decays [12]. The rest of this chapter includes an elaborate description of the theoretical

background.

Figure 1: Feynman Diagram of the Z ! t + t � m+ m� process.

Chapter 2 introduces the CMS experiment and its data collection, followed by the datasets

and simulated samples used in this work (Chapter 3). The reconstruction of the events
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and physics objects from the data and simulation is explained in Chapter 4 focusing on

muons. This analysis uses cut-based event selections and a data-driven estimation for

backgrounds consisting of non-prompt muons, which are detailed in Chapters 5 and 6.

Chapter 7 describes several corrections and systematic uncertainties. The signal yield is

extracted from a binned maximum-likelihood �t to the data (Chapter 8) and the results

are shown in Chapter 9. The thesis concludes in Chapter 10 with a short summary.

1.1 The Standard Model

The standard model of particle physics [1–3], as a gauge theory based on the SUC(3) 

SUL(2) 
 UY(1) symmetry group, describes interactions between all known elementary

particles through the strong and electroweak forces. Shown in Fig. 2., the particles are

classi�ed as fermions with half-integer spins and bosons with integer spins, where spin

refers to the particle's intrinsic angular momentum. Each of them is accompanied by its

antiparticle with the same mass but opposite physical charge.

Figure 2: Standard Model of particle physics [13].

Fermions are categorized as quarks and leptons depending on whether they carry color

charges. Quarks carry color charges and participate in the strong interaction. Quarks and

leptons carry weak isospins and can interact via the weak interaction. Only quarks and
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leptons that carry electromagnetic charges feel the electromagnetic force. Fermions are

further divided into three generations, as shown in Fig 2. Since the physical charges are

identical among the generations, the gauge forces are universal across generations while

the only difference among them in the SM is the mass that increases with the generation.

The t lepton is the heaviest lepton.

The fundamental interactions in the SM are described via the exchange of the spin-1 gauge

bosons. The strong interaction is mediated by massless gluons (g) and formulated by

Quantum Chromodynamics (QCD). Because of the color con�nement phenomenology,

color-charged particles can not be isolated. Quarks and gluons must clump together to

form composite colorless particles called hadrons and thus the process is called hadroniza-

tion. The photon ( g) transmits the electromagnetic force and is massless. The Z and W

bosons are the mediators of the weak force and are, however, massive. Mass terms for

charged fermions and gauge bosons are forbidden in the SM Lagrangian because they vi-

olate the local gauge invariance. In the SM, the particles acquire mass through the Brout-

Englert-Higgs mechanism [14–17], which predicted the so-called Higgs boson. The Higgs

boson is the only scalar boson in the SM and was discovered in 2012 by the ATLAS and

the CMS collaborations [18, 19].

1.2 LFU and physics beyond the SM

The charged lepton sector in the SM includes three copies with the same physics charge

and gauge coupling except for the mass. Such a lepton �avour universality is not ex-

plained within SM yet and is still under examination from various measurements [20–

26]. It leads to global symmetries which are not preferred by the locality. For example,

the difference in the muonic and tauonic lepton number Lm � Lt is conserved acciden-

tally and anomaly-free in the SM. Thus, it can be gauged as a local U (1) symmetry as an

extension to the SM gauge group associated with a gauge boson called Z0 [10, 11]. This

Lm � Lt model only couples to the second- and third-generation leptons. This model has

gained increasing attention in recent years [27–37] as it could explain the measured value

of the anomalous muon magnetic moment [38–42] with certain values of the Z 0mass and

coupling strength. The Z 0could also mediate an interaction between dark matter and ordi-

nary matter [43–46], which would make the bounds on the dark matter coupling strength

from direct-detection experiments less stringent as the Z 0considered here does not couple

directly to quarks. Apart from particular new physics models, SMEFT four-lepton oper-

ators can also introduce lepton �avour violation and contribute to the decay studied in

this analysis. These theory motivations make the Z boson four-lepton decays involving t

leptons important to explore.
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2 The CMS experiment
This work is based on the data collected by the CMS experiment at the Large Hadron

Collider (LHC) [5]. The LHC is a high-energy particle collider built by the European

Organization for Nuclear Research (CERN) and designed to collide protons at a center-

of-mass energy of 14 TeV. It is built in a circular tunnel with a circumference of 26.7 km.

The machine was operated at a center-of-mass energy of 7 TeV from 2010 to 2011. After

upgrades, the operating energy reached 13 TeV from 2015 to 2018.

2.1 The LHC and proton-proton collisions

The LHC uses protons and heavy-ions for collisions. For proton-proton (pp) collisions,

the protons are accelerated in opposite directions in separate beam pipes inside the accel-

erator and are brought to the collision at a rate of 40 MHz, i.e., one collision every 25 ns,

at four �xed interaction points along the circular path where the four main detectors lo-

cated: CMS, ATLAS, LHCb, and ALICE. The two multipurpose detectors, CMS and AT-

LAS (A Toroidal LHC Apparatus) [47], are designed to explore the energy frontier of par-

ticle physics and study the standard model and physics beyond. The LHCb (LHC beauty)

experiment [48] is a forward particle detector that mainly focuses on measurements of CP

violation and B-meson physics. ALICE (A Large Ion Collider Experiment) [49] is dedi-

cated to the study of heavy-ion collisions and the research of quark-gluon plasma.

A key parameter for the collider is luminosity [5]. The instantaneous luminosity d L /d t

measures the ability of a particle accelerator to produce the required number of interac-

tions and is the proportionality factor between the number of events per second d N/d t

and the cross sections as
dN
dt

=
dL
dt

� s. (2.1)

In the LHC, the instantaneous luminosity, depending on several parameters such as the

number of bunches and of protons in each bunch and the effective transverse area of the

proton beam, is designed to be 1034 cm� 2s� 1. Several inelastic collisions occurring in the

same or adjacent bunch crossings will be superimposed on the event of interest. They are

referred to as pileup events. The integrated luminosity L measures the amount of data

delivered by the LHC.

2.2 The CMS detector

The CMS is a general-purpose detector built to exploit the physics opportunities presented

by the LHC. The rest of this chapter is a brief introduction to CMS, as shown in Fig. 3. The

central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-

eter, providing a magnetic �eld of 3.8 T. Within the solenoid volume are a silicon pixel

and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass
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and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap

sections. Forward calorimeters extend the pseudorapidity coverage provided by the bar-

rel and endcap detectors. Muons are measured in gas-ionization detectors embedded in

the steel �ux-return yoke outside the solenoid. A more detailed description of the CMS

detector can be found in Ref. [4].

Figure 3: Schematic view of the CMS detector with its components [50].

2.3 Coordinate system

The CMS coordinate system to describe the position and kinematic of particles is shown

in Fig. 4 and de�ned below. The origin of the coordinate system is set at the center of the

interaction region. Viewed from above, the z-axis is counterclockwise tangential to the

beam direction. The xy-axes form the transverse r plane with the x-axis pointing toward

the center of the LHC ring and the y-axis pointing vertically upward. The momentum

transverse to the beam direction, pT, and the azimuthal angle f are de�ned and measured

in the r-plane. The f is de�ned with respect to the x-axis. They are invariant with respect

to the Lorentz boost along the z-axis. The polar angle related to the positive z-axis is

denoted as q. Instead of q, the pseudorapidity variable h = � ln [tan(q/2 )] is used in the

analysis because of the easier treatment when dealing with the Lorentz transformation for

high-energy particles. Fig. 5 shows the relation between q and h.
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Figure 4: CMS coordinate system with the LHC circuit.

Figure 5: The relation between the polar angle q and the pseudorapidity h.

2.4 The tracking system

The CMS tracking system consists of the innermost silicon pixel detectors and the silicon

microstrip detectors and is crucial for track and vertex reconstructions [51]. When �ying

out, the charged particle ionizes the depleted p-n junction in the silicon detectors and

produces signals (hits). Bathed in a co-axial magnetic �eld of 3.8 T provided by the outer

solenoid, the trajectory of the charged particle is helical. Its bending direction determines

the sign of the particle's charge and its curvature in the transverse plane is used to measure

the pT of the particle.

The tracker has a coverage ofjhj < 2.5 and is symmetric about the z-axis. A schematic

view of the tracker is shown in Fig. 6, where the green dashed lines group modules to

each of the named tracker subsystems. At the end of 2016, due to radiation damage and

to increase the readout bandwidth, the original pixel detector was upgraded to a new sys-

tem, referred to as the CMS Phase-1 pixel detector. As shown in Fig. 7, The original pixel

detector is composed of three cylindrical barrel layers and two pairs of endcap disks. It

provides three-dimensional position measurements of the hits resulting from the charged

particle and has a spatial resolution of about 10 mm in the transverse plane and 20-40mm

along the z-axis. The upgraded one has four concentric barrel layers and three disks and

provides four-hit coverage up to jhj = 2.5 with similar spatial resolution as the original

one [52]. The strip tracker consists of four subsystems. The Tracker Inner Barrel (TIB) is

built from four barrel layers and supplemented by three disks at each end as the Tracker
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Inner Disk (TID). Their position measurement resolution is about 13–38 mm. The Tracker

Outer Barrel (TOB) and Tracker EndCaps (TEC) are composed of six barrel layers and nine

disks respectively, providing position measurements with a resolution of approximately

18-47mm [51].

Figure 6: Schematic cross section through the CMS tracker in ther-z plane [51]. Only the
upper half of the view symmetric about the horizontal line r = 0 is shown here.The center
of the tracker is indicated by a star. Green dashed lines group modules to each of the
subsystems. The pixel module in the plot is the original one before the Phase-1 upgrade.

Figure 7: Layout of the CMS Phase-1 pixel detector compared to the original detector
layout, in longitudinal view [52]. The BPIX and FPIX are short for barrel and forward disk
pixel detectors, respectively.

2.5 Calorimeter

The CMS electromagnetic calorimeter is a homogeneous calorimeter made of transparent

lead tungstate (PbWO4) crystals and has a barrel and two endcap sections. It has a cover-
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age of jhj < 3. A preshower sector is installed in front of each endcap to provide better

spatial precision for the forward region [53]. The ECAL measures the energy deposit of

electrons and photons and stops them completely. When energetic electrons and photons

pass through the crystal, they induce electromagnetic showers, cascades of electrons and

photons, and cause scintillation lights proportional to the energy, which are collected by

photodetectors at the back of the crystals [4].

The CMS hadronic calorimeter measures the energy of hadrons that produce hadronic

showers through the inelastic hadronic interaction with the absorber materials. The

HCAL is a sampling calorimeter made by alternating brass or steel absorbers and plastic

scintillators. It sits behind the ECAL as seen from the interaction point. The HCAL barrel

between the ECAL and the magnet coil is radially restricted and not suf�cient to fully

absorb the hadronic shower. Thus, a complementing outer hadron calorimeter is placed

outside the solenoid. The barrel and endcaps together provide coverage of jhj < 3.

Beyond that, the forward hadron calorimeter (HF) extends the coverage to jhj < 5.2 and

provides luminosity measurements together with other dedicated subdetectors such as

the Pixel Luminosity Telescope and the Fast Beam Conditions Monitor [4, 54, 55].

2.6 Muon system

The outer part of the CMS detector is the muon system. It provides muon identi�cation,

momentum measurement, and triggering [56–59]. The high-�eld solenoidal magnet and

the �ux-return yoke also optimize the muon momentum resolution and trigger capability.

Depending on the conditions and needs, the muon system uses three types of gaseous

detectors for the cylindrical barrel and planar endcap regions as shown in Fig. 8. Drift tube

(DT) chambers with standard rectangular drift cells are used in the barrel region where the

rate of muons and neutron-induced background is relatively low and the magnetic �eld

is uniform and mostly contained in the steel yoke. In the endcap regions where the rate of

muons and background is high and the magnetic �eld is large and non-uniform, cathode

strip chambers (CSCs) with fast response time and �ne segmentation are used. Both DTs

and CSCs are organized into 4 stations and together they provide coverage of jhj < 2.4.

The spatial resolution of the DTs is about 250-300mm in the transverse plane and about

250-600mm along the z-axis. The spatial resolution of the CSCs is about 48-147mm [58].

A complimentary, dedicated trigger system consisting of resistive plate chambers (RPCs)

is added in both the barrel and endcap regions covering the range jhj < 1.9. It operates

in the avalanche mode and provides timing information for the muon trigger. Although

RPCs have coarser position resolution than the DTs or CSCs, they can help to resolve

ambiguities in attempting to make tracks from multiple hits in a chamber.
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Figure 8: An r-z cross section of a quadrant of the CMS detector with the axis parallel to
the beam (z) running horizontally and the radius ( r) increasing upward. The interaction
point is at the lower left corner. The drift tube stations (DTs) in the barrel (orange), the
cathode strip chambers (CSCs) in the endcap (green), and the resistive plate chambers
(RPCs) mounted in both the barrel and endcaps (blue) are shown [58].

2.7 Readout system

The LHC provides proton-proton collision at a rate of 40 MHz. It would be impossible to

store and process such a huge amount of data, and only a small fraction of these collisions

contain events of interest to the CMS physics program. Thus, CMS uses a two-tiered

trigger system to select interesting events [4].

The Level-1 trigger (L1) consists of custom hardware with specialized electronics and

uses information from the calorimeters and muon detectors to select events at a rate of

around 100 kHz within a �xed latency of about 4 ms [60]. The second level, known as

the high-level trigger (HLT), consists of a farm of processors running a version of the

full event reconstruction software optimized for fast processing, and reduces the event

rate to around 1 kHz before data storage [61] with detailed and sophisticated selections

named HLT paths, which are sets of prede�ned algorithmic processing steps. Prescale

factors may apply for the trigger path with loose cuts to avoid saturating the data-taking

bandwidth. The recorded data for each event corresponding to each beam crossing are

collected consecutively as blocks called runs. On top of collecting collision data, the trig-

ger and data acquisition systems also record information for detector monitoring, which

is used for runs validation [61, 62].
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3 Datasets and simulated samples
The data used for this analysis were collected by CMS through the years 2016-2018 and

are compared to simulated Monte Carlo (MC) signal and background samples. The full

sample collected corresponds to an integrated luminosity of 138 fb � 1 [55, 63, 64]. The data

sets as well as the JSON �les labeling the validated runs are summarized in processed

Table 1. This analysis uses the unprescaled single muon trigger path HLT IsoTkMu24 or

HLT IsoMu24 for 2016,HLT IsoMu27 for 2017 and HLT IsoMu24 for 2018, which record

events with at least one isolated muon candidate passing the corresponding pT cut.

Table 1: JSON �les and data set names and corresponding integrated luminosities. The
letter after the year marks the sub-dataset for that year.

Year JSON/data �le L (fb � 1)

2016
Cert 271036-28404413TeV Legacy2016Collisions16 JSON MuonPhys.txt

36.31
/SingleMuon/Run2016* UL2016 MiniAODv2-v2/MINIAOD

2017
Cert 294927-30646213TeV UL2017 Collisions17 MuonJSON.txt

41.53
/SingleMuon/Run2017[B,C,D,E,F]-UL2017 MiniAODv2-v1/MINIAOD

2018
Cert 314472-32517513TeV Legacy2018Collisions18 JSON MuonPhys.txt

59.74
/SingleMuon/Run2018[A,B,C,D]-UL2018 MiniAODv2-v[2,3]/MINIAOD

* includes B-ver1 HIPM, B-ver2 HIPM, C-HIPM, D-HIPM, E-HIPM, F-HIPM, F, G, H.

Processes having four prompt, charged leptons in the �nal state decayed from one or

two electroweak gauge bosons produced in pp collision are simulated at next-to-leading

order (NLO) in QCD including all lepton �avors using the Powheg v2 [65–69] MC event

generator. The invariant mass of any two leptons is required to be greater than 4 GeV. The

signal channel pp ! Z ! t + t � m+ m� and reference channel pp ! Z ! m+ m� m+ m� are

isolated from this Powheg sample using truth information. Another Powheg sample with

the invariant mass of lepton pairs greater than 1 GeV is used for cross check.

Other processes leading to a similar �nal state are grouped into four background cat-

egories and modeled with MC simulation. Combinations of prompt and non-prompt

charged leptons coming from top quark-antiquark (t t̄) and double vector boson (VV) pro-

duction contribute to the background. The former process and WW and ZZ production

with exclusive leptonic decays are simulated at NLO using Powheg v2 [68–70]. All other

VV processes are generated at NLO with the MadGraph5 aMC@NLOv2.6.5 event genera-

tor. Triple vector boson (VVV) production and t t̄ production in association with a Z boson

(tt̄+V) are simulated at leading-order (LO) with MadGraph5 aMC@NLOv2.6.5 [71]. Higgs

(H) boson production and subsequent decay into four charged leptons is simulated with

Powheg v2 [72, 73] and JHUGENv.7.0.11 [74–76]. A full list of MC samples and their cross

sections is shown in Table 2. The cross sections are taken from Ref. [77].

All processes are simulated using the NNPDF3.1 parton distribution functions (PDFs) at

next-to-next-to-leading order (NNLO) [78]. The initial and �nal state radiation of gluons
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and photons cause corrections to the event generation. These higher-order corrections

can be included in the hard process calculation or modeled as parton shower generating

secondary partons [79]. The parton shower and subsequent hadronization are simulated

with Pythia 8 [80, 81]. If higher-order corrections are considered at the hard scattering

level, both the perturbative matrix element calculation and the parton shower can de-

scribe the same process, and matching algorithms are used to avoid double counting. The

underlying events coming from the beam-beam remnants and the particles that arise from

multiple-parton interactions are modeled using the CP5 tune [79, 82]. Additional inelastic

pp interactions in the same or adjacent bunch crossings are simulated for all processes

and events are reweighted to match the measured number of pileup interactions in the

data. The detector response including the trigger path is simulated using GEANT4[83].

The same physics objects and event reconstruction, as explained in the next chapter, are

subsequently applied to collision data and simulation. The Run 2016 is split into two dif-

ferent reconstruction versions using different track reconstructions, the “pre-VFP” era and

the “post-VFP” era. They are simulated separately.

Table 2: Simulation samples and cross sections.

Samples s (pb)
ZZTo4L TuneCP5 13TeV powheg pythia8 1.26
ZZTo4L M-1toInf TuneCP5 13TeV powheg pythia8 13.74

TTToSemiLeptonic TuneCP5 13TeV-powheg-pythia8 364.31
TTTo2L2Nu TuneCP5 13TeV-powheg-pythia8 87.31
TTZToLLNuNu M-10 TuneCP5 13TeV-amcatnlo-pythia8 0.253

WWTo2L2Nu TuneCP5 13TeV-powheg-pythia8 12.18
WZTo2Q2L mllmin4p0 TuneCP5 13TeV-amcatnloFXFX-pythia8 5.60
WZTo3LNu TuneCP5 13TeV-amcatnloFXFX-pythia8 4.43
ZZTo2Q2L mllmin4p0 TuneCP5 13TeV-amcatnloFXFX-pythia8 3.22
ZZTo2L2Nu TuneCP5 13TeV powheg pythia8 0.56

WWZJetsTo4L2Nu 4F TuneCP5 13TeV-amcatnlo-pythia8 6.02� 10� 4

WZZ TuneCP5 13TeV-amcatnlo-pythia8 5.56� 10� 2

ZZZ TuneCP5 13TeV-amcatnlo-pythia8 1.40� 10� 2

ZZGTo4L TuneCP5 4f NLO 13TeV-amcatnlo-pythia8 2.20� 10� 2

GluGluHToZZTo4L M125 TuneCP5 13TeV powheg2 JHUGenV7011pythia8 1.21� 10� 2

VBF HToZZTo4L M125 TuneCP5 13TeV powheg2 JHUGenV7011pythia8 1.03� 10� 3
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