?) Universitat
> Lirich

Study of the rare decay Z — T ]/t+ u

Master Thesis

Mathematisch-naturwissenschaftliche Fakultat
der
Universitat Zirich

Fangiang Meng
21-736-699

Adviser
Prof. Dr. Benjamin Kilminster,
Dr. Stefanos Leontsinis,
Dr. Arne Reimers

Ziirich
February 2023






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™ 'at a center-of-mass energy of /s = 13 TeV collected by the CMS detector at the
Large Hadron Collider. The branching fraction of the Z — 7"t~ " 1~ decay is measured

in the muon decay mode of the tau lepton relative to the Z — u" 1~ u* i~ decay and their

ratio within a fiducial region is expected to be 0.902 + 13579 (stat.) {355 (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 flavour non-universality is not confirmed nor disapproved by any deeper structure.
This has led to questions of whether a more elaborate lepton flavour universality (LFU)
may exist or whether there might be mechanisms for lepton flavour 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 final states containing
leptons and compare the branching fractions with different lepton flavours. The Compact
Muon Solenoid (CMS) experiment [4] at the CERN Large Hadron Collider (LHC) [5] was
the first to observe the rare decays of Z — ]/lp£+€_ [6] and Z — £+£_€/+€/_ [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 first dedicated study of the Z — 77 "y~ 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"7 " p"). The result not only contributes to untested Standard Model
Effective Field Theory (SMEFT) Wilson coefficients [9] but also to the exploration of Z’
and L, — L; models [10, 11] of physics beyond the SM, in which 7 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.
q T, U
5 '7*/Z* w T
Wt
q T

Figure 1: Feynman Diagram of the Z — 777 u" ™ 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



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 fit 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 SU-(3) ®
SU; (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
classified 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.

Standard Model of Elementary Particles

three generations of matter interactions / force carriers

(fermions) (bosons)
I Il 1
mass > =2.3 Mev/c2 ~1.275 GeV/c? ~173.07 GeV/c? 0 ~126 GeV/c?
charge—> 2/3 u 2/3 C 2/3 t 0 0 H
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up cham top gluon bozdn
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1/2 .l)e 1/2 -l)l]. 1/2 .I)T 1 W
electron muon tau
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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



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 7 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 confinement 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 () 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 flavour 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 L, — L, 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 Z' [10, 11]. This
L, — L, 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' mass and
coupling strength. The Z' could 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' considered here does not couple
directly to quarks. Apart from particular new physics models, SMEFT four-lepton oper-
ators can also introduce lepton flavour 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.



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 25ns,
at four fixed 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£/dt
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 dN/d¢

and the cross section ¢ as
dN dL

— =— X0
dt dt
In the LHC, the instantaneous luminosity, depending on several parameters such as the

(2.1)

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

2 1 . . . . .
s . Several inelastic collisions occurring in the

proton beam, is designed to be 10** cm
same or adjacent bunch crossings will be superimposed on the event of interest. They are
referred to as pileup events. The integrated luminosity £ 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 field 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 flux-return yoke outside the solenoid. A more detailed description of the CMS
detector can be found in Ref. [4].

CMS DETECTOR

STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers

Overall diameter :15.0m Pixel (100x150 ym) ~1m?* ~66M channels
Overall length :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field  :3.8T
SUPERCONDUCTING SOLENOID
o
g Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
—  Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
 Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

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 defined 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 ¢ are defined and measured
in the r-plane. The ¢ is defined 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 6. Instead of 6, the pseudorapidity variable # = — In[tan(0/2)] 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 6 and 7.
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Figure 5: The relation between the polar angle 8 and the pseudorapidity 7.

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 flying
out, the charged particle ionizes the depleted p-n junction in the silicon detectors and
produces signals (hits). Bathed in a co-axial magnetic field 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 of || < 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 ym in the transverse plane and 20-40 ym
along the z-axis. The upgraded one has four concentric barrel layers and three disks and
provides four-hit coverage up to || = 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



Inner Disk (TID). Their position measurement resolution is about 13-38 ym. 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
18-47 ym [51].
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Figure 6: Schematic cross section through the CMS tracker in the r-z plane [51]. Only the
upper half of the view symmetric about the horizontal line » = 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.

BPIX FPIX
n=0 n=0.5 n=1.0 n=1.5
160mm 2 D1 D2 D3 n=2.0
Phase'1 r=109mm L3 1 n=2.5
upgrade . L2 i
r=29mm L1
50.0 cm #
r=44mm =
Original ~ =73mm
r=102mm
n=2.5
n=2.0

n=0 n=0.5 n=1.0 n=1.5

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 (PbWQ,) crystals and has a barrel and two endcap sections. It has a cover-
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age of || < 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 sufficient 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 || < 3.
Beyond that, the forward hadron calorimeter (HF) extends the coverage to |77| < 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 identification,
momentum measurement, and triggering [56-59]. The high-field solenoidal magnet and
the flux-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 field
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 field is large and non-uniform, cathode
strip chambers (CSCs) with fast response time and fine segmentation are used. Both DTs
and CSCs are organized into 4 stations and together they provide coverage of || < 2.4.
The spatial resolution of the DTs is about 250-300 ym in the transverse plane and about
250-600 ym along the z-axis. The spatial resolution of the CSCs is about 48-147 ym [58].
A complimentary, dedicated trigger system consisting of resistive plate chambers (RPCs)
is added in both the barrel and endcap regions covering the range |r7| < 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 fixed latency of about 4 us [60]. The second level, known as
the high-level trigger (HLT), consists of a farm of processors running a version of the
tull event reconstruction software optimized for fast processing, and reduces the event
rate to around 1kHz before data storage [61] with detailed and sophisticated selections
named HLT paths, which are sets of predefined 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].



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~! [55, 63, 64]. The data
sets as well as the JSON files 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 pr cut.

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

Year JSON/data file L

Cert_271036-284044 13TeV _Legacy2016_Collisions16_JSON_MuonPhys.txt

2016 /SingleMuon/Run2016*_UL2016_MiniAODv2-v2/MINIAOD 36.31

2017 Cert_294927-306462_13TeV_UL2017_Collisions17_MuonJSON.txt 4153
/SingleMuon/Run2017[B,C,D,E,F]-UL2017_MiniAODv2-v1/MINIAOD '

2018 Cert_314472-325175_13TeV _Legacy2018_Collisions18_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, E G, H.

Processes having four prompt, charged leptons in the final 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 flavors 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 — 7' 7 "y~ and reference channel pp — Z — utyu u"u~ 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 final 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 (tt) 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@NLO v2.6.5 event genera-
tor. Triple vector boson (VVV) production and tt production in association with a Z boson
(tt+V) are simulated at leading-order (LO) with MadGraph5_aMC@NLO v2.6.5 [71]. Higgs
(H) boson production and subsequent decay into four charged leptons is simulated with
Powheg v2 [72, 73] and JHUGEN v.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 final 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 o (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 443
727T02Q2L_mllmin4p0_TuneCP5_13TeV-amcatnloFXFX-pythia8 3.22
Z7ZT02L2Nu_TuneCP5_13TeV_powheg_pythia8 0.56
WWZJetsTo4L2Nu_4F_TuneCP5_13TeV-amcatnlo-pythia8 6.02 x 10~
WZZ _TuneCP5_13TeV-amcatnlo-pythia8 5.56 x 102
777 TuneCP5_13TeV-amcatnlo-pythia8 1.40 x 102
2ZGTo4L_TuneCP5_4f NLO_13TeV-amcatnlo-pythia8 2.20 x 102

GluGluHToZZTo4L_M125_TuneCP5_13TeV_powheg2 JHUGenV7011_pythia8 1.21 X 1072
VBF_HToZZTo4L _M125_TuneCP5_13TeV_powheg2 JHUGenV7011_pythia8 1.03x 1072
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4 Event reconstruction

4,1 Particle Flow

CMS uses the particle-flow (PF) algorithm to reconstruct the physics objects and colli-
sion events with the information from various subdetectors. The reconstruction starts by
building three main PF elements: the inner tracks of charged particles in the tracker, the
muon tracks in the muon detectors, and the clusters of energy deposits in the calorimeter,
and then reconstructs and identifies vertices and particles by connecting the PF elements
from different subdetectors with a link algorithm. As shown in Fig. 9, the particles are
reconstructed in the order of muons, electrons, charged hadrons, neutral hadrons, and
photons and then used to reconstruct jets and missing transverse energy. The details of
the PF reconstruction are in Ref. [84].
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Figure 9: Schematic view of a transverse slice of the CMS detector from the beam interac-
tion region to the muon detector [84].

The inner track reconstruction is based on Kalman filtering. It starts with seed generation
with few hits compatible with a charged-particle trajectory and builds tracks with pattern
recognition. After resolving ambiguity by comparing the shared hits and x> value of
different tracks, it performs a final fit to determine the properties of the tracks such as its

origin, pr, and impact parameters and discards tracks that fail certain specified criteria [51,
85].

The standalone-muon tracks are built by using a Kalman-filter technique exploiting infor-

12



mation from the muon system and used as input for muon track reconstruction together
with the inner tracks reconstructed independently with hits in the tracker. The tracker
muon tracks are built by inner tracks with pt larger than 0.5 GeV and total momentum p
larger than 2.5 GeV extrapolated to the muon system and matched with at least one muon
segment in the DT or CSC. The global muon tracks are built by matching standalone-muon
tracks with inner tracks requiring that the parameters of the two tracks propagated onto a
common surface are compatible. About 99% of the muons produced within the geometri-
cal acceptance of the muon system are reconstructed either as a tracker muon track or as a
global muon track, and very often as both, because of the high efficiency of the tracker and
the muon system. Global and tracker muons sharing the same tracker track are merged
into a single candidate. The muon tracks are refitted after matching with all the hits to
give the best tracks. The muon momentum resolution is 1-3% for muons with momenta
up to approximately 100 GeV and around 6% for pt < 1TeV. The details of muon tracks
reconstruction are in Ref. [57, 58].

The energy clusters in the calorimeter are built with seeds identified as cells with an en-
ergy larger than a given seed threshold and the energy of the neighboring cells. Starting
with seeds, topological clusters are formed by adding cells that share a corner with a cell
already in the cluster and have an energy greater than twice the noise level. The clus-
ters are then reconstructed within topological clusters with an expectation-maximization
algorithm based on a Gaussian-mixture model [84].

4.2 Primary vertex

For vertices reconstruction, tracks consistent with being produced promptly in the pri-
mary interaction region are selected, by checking the significance of the transverse impact
parameter relative to the center of the beam spot, the number of hits, and the normalized
x> from the track fit. The selected tracks are clustered as candidate vertices using a de-
terministic annealing algorithm [86] based on their z-coordinates of the points of closest
approach to the center of the beam spot. The candidates with at least two tracks are fitted
using an adaptive vertex fitter [87] to compute the best estimate of vertex parameters, in-
cluding its x, y, z position, the covariance matrix, and the performance of the fit. The fit
assigns each track i in the vertex a weight w; between 0 and 1 reflecting the likelihood that
it genuinely belongs to the vertex. Tracks that are more consistent with the position of the
reconstructed vertex have weights closer to 1 and vice versa. The number of degrees of
freedom in the fit is calculated by summing the weight of all tracks associated with the

vertex as
#tracks

Ngor = —3+2 Z w;. (4.1)
i=1

The n4 ¢ is therefore strongly correlated with the number of tracks compatible with aris-
ing from the interaction region. The primary vertex (PV) is taken to be the vertex cor-
responding to the hardest scattering in the event, evaluated using tracking information
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alone, as described in Section 9.4.1 of Ref. [88]. A detailed description of the vertex recon-
struction in CMS is in Ref. [51].

4.3 Muon identification

Different muon identification (ID) criteria are defined as groups of variables of muon
tracks to enable each analysis to adjust the balance between selection efficiency and purity
as desired [58]. The identification types used in this analysis are the 1oose muon ID and
tight muon ID.

The 1oose muon ID requires the muon selected by the PF algorithm to be reconstructed
as either a tracker or a global muon. It aims to identify prompt muons originating at the
primary vertex, and muons from light and heavy flavor decays, as well as maintain a low
rate of the misidentification of charged hadrons as muons.

The tight muon ID aims to further suppress muons from decay in flight and from
misidentified hadrons punching through the HCAL as well as cosmic muons. A tight
muon is a loose muon with an inner track that uses hits from at least six layers of the
inner tracker including at least one pixel hit, and it must be reconstructed as both a tracker
muon having segment matching in at least two of the muon stations and a global muon.
The global muon fit must have x*/d.of. < 10 and include at least one hit from the muon
system. A tight muon must have a transverse impact parameter |d Xy, pv| < 02cmand a
longitudinal impact parameter |d, py| < 0.5cm relative to the primary vertex to be com-
patible with it.
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5 Event selections

The selected event needs to have a primary vertex with its number of degrees of free-
dom n4,s > 4, transverse distance with respect to the beam pipe |dy ,,| < 2cm and
longitudinal distance from the interaction point along the beam pipe |z, | < 24 cm.

For the baseline muon selection, a reconstructed muon candidate must satisfy the kine-
matic requirements pr > 2.5GeV and || < 2.4, and the impact parameter requirements
|d.y| < 05em, [d.| < 1cm, and SIP5p < 4 with respect to the primary vertex. The SIP;p
is the significance of the impact parameter defined as the impact parameter to the PV
divided by its uncertainty:

xyz

xyz

The impact parameter is defined by its best track for a muon candidate.

To suppress the muon candidates from weak decays within jets, the muon isolation vari-
able is evaluated relative to its pr by summing up the energy of other PF candidates such

as hadrons and photons within a geometrical cone of radius AR = \/ (A)* + (An)* = 0.4
surrounding the muon [58]. The PF-based muon relative isolation is defined as:

Zcharged hadrons pr + max (Zneutral hadrons ET + thotons ET —A ‘B, 0)

I,[ 4
Pr

RelPFlIso =

(5.2)

where Af = %Zg{?rged hadron pr is the correction for charged hadron deposits associated
with pileup vertices.

The analysis requires exactly four muons in an event, which have to pass different ID and
isolation criteria. The muon selected leading in pt must pass the t ight muon ID and the
tight PF-isolation working point, i.e. RelPFIso < 0.15. Exactly three additional muons
must pass the 1loose muon ID, be reconstructed as both a tracker and a global muon,
and pass the 1oose PF-isolation working point, i.e. RelPFIso < 0.25. The tight and
loose isolation working points are defined to achieve efficiencies of 95% and 98%, re-
spectively [58]. The sum of charges of the four selected muons must be 0. For the ZZTo4L
sample, we require the reconstructed muons to be matched with truth-level muons hav-
ing the same charge with the distance AR (Y ecos Pruth) < 0.1. Finally, any pair of muons
is required to be separated by AR > 0.02 to avoid overlap and suppress contribution from
split tracks.

The transverse momenta of the three leading selected muons are furthermore required
to satisfy pr > 26, 3.5, 3.5GeV. For 2017, the leading muon must have a transverse
momentum pr > 29 GeV. The fourth muon is required to have pr > 3.5GeV in case its
17| < 1.2 and 2.5 GeV otherwise. Additionally, the leading muon is also required to match
with one of the trigger objects with AR < 0.3.
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All opposite-sign (OS) muon pairs are required to have an invariant mass greater than
4 GeV. The four muons are grouped into two opposite-charge pairs. The pair with higher
invariant mass is denoted as “Z;”, and the pairs maximizing n; are chosen. The high-
mass dimuon pair is required to be within 12 < m; < 75GeV in order to suppress con-
tamination from Z — up decays and lower-mass dimuon resonances. The tracks of these
four muons are further required to form a valid vertex with the Kalman vertex fitting [89].
The four muon invariant mass distribution is examined in the 40-100 GeV window.
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6 Background estimation

The dominant background in this measurement comes from ZZ(*) — 4y events, where
all four muons are produced promptly via the Z decay. Small additional contributions
come from tt(+V), VV, VVV, and H production. These backgrounds are modeled using
MC simulation, corrected by several muon-related data-to-MC scale factors, which are
detailed in the next chapter. The background from non-prompt muons is estimated with
a data-driven technique explained here.

The shape and normalization of the background due to non-prompt muons, mostly from
QCD and pile-up, is estimated using the ABCD method as shown in Fig. 10 (a). The se-
lection of the previous chapter defines the signal region (A). The control regions B, C, and
D are defined by inverting the charge condition on the four muons and/or the isolation
cut on the three non-leading muons while keeping all other selections unchanged. In the
signal region, the four muons in an event must have an equal number of opposite-sign
(OS) charges. Events in the like-sign (LS) region have a like-sign combination of muons,
yiyiyi;ﬁ or ‘ui‘uiyiyi. Events in the non-isolated region have at least one muon with
the relative PF-based isolation RelPFIso > 0.25. Fig. 11 shows a comparison of distri-
butions of the isolation below 1 without any cut on it for the three non-leading muons
between OS and LS data. The remaining contribution of events with any prompt muon
has been subtracted from the OS data (points) using MC information. In the LS region,
this contribution is negligible and not corrected for. Both the shape and the normalization
of the distributions of the relative isolation clearly do not depend on the OS/LS require-
ment. This enables the use of the ABCD methods, for which two uncorrelated variables
must be used to define the four regions. A comparison of distributions of the isolation
variables in the non-isolated control region is shown in Fig. 23.
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o] 1 < 1 |
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Figure 10: The signal region and control regions for the ABCD method (a). The validation
regions for the closure test (b).
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Figure 11: Distributions and statistical uncertainties of isolation variables of the three
muons with lower pr in the opposite-sign and like-sign region.

A transfer factor A is measured in the two LS control regions, C and D, as the ratio of the
(integrated) number of events in data in each region: A = Ngata / N(?ata. This transfer factor
is then applied to MC-truth-subtracted data in region B in order to predict the non-prompt
background in the signal region A,

(6.1)

A B
Nnon—prompt = Ndata—MCprompt '

The relevant yields in the four regions are shown in Table 3. The resulting extrapolation
factor is found to be
A = 0.156 £ 0.035, (6.2)

where the uncertainty is due to the limited number of events in regions C and D. The
uncertainty in A is assigned as a systematic uncertainty of the non-prompt background
estimation in the final maximum likelihood fit to the data. The bin-by-bin statistical uncer-
tainties in each bin of the LS prediction for region A are obtained from the corresponding
ones in region B, scaled by A.

Table 3: The selection criteria and yield in each region. The uncertainty in regions C
and D is obtained from the quadratic sum of the bin-by-bin statistical uncertainties in
the data. The uncertainty in B is the bin-by-bin uncertainty of the MC-subtracted data
obtained from Gaussian error propagation in each bin, while the uncertainty in region A
additionally contains the uncertainty in A.

Charge combination  Isolation cut Region Yield
Opposite-sign Isolated A Nextrapolated = 29.9f;:§
Opposite-sign  Non-isolated Ngata—MC = 191.533:2

prompt

Like-sign Isolated Niata = 310723

15.1
Ndata = 199'01—14.1

9 N w«

Like-sign Non-isolated
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The closure of the estimation is tested using validation regions divided from regions B
and D as shown in Fig. 10 (b) with varied isolation requirements. The OS and LS region
follow the definition above. The three non-leading muons in the events in regions A” and
C’” have the relative isolation RelPFIso < 0.4 and at least one of them has RelPFIso >
0.25. Events in the regions B’ and D’ have at least one muon with the relative isolation
RelPFIso > 0.4. Again, in the OS region, the remaining contribution of events with any
prompt muon has been subtracted from the OS data using MC information. Another
transfer factor for the validation test A’ is measured in the regions C’ and D’ as the ratio of
the (integrated) number of events in data in each region: A" = Ng;ta / Ngta. This transfer
factor is then applied to MC-truth-subtracted data in region B” in order to predict the non-
prompt background in region A’ as

A B’ /
Nextrapolated = Z\]data—MCprompt A (6.3)

which is then compared with the actual number of events in region A’, N A

The yields in the four validation regions and the prediction are shown in Table 4. The
resulting extrapolation factor is found to be A= 0.150 + 0.037, where the uncertainty is
due to the limited number of events in regions C” and D’. The differences between the
actual yield and prediction in region A’,

Al 15.9
Nextrapolated = 2O'5j14.9/ (6.4)

A/
N data—MCprompr

is consistent with 0 within 1.41 times its uncertainty.

Table 4: The selection criteria and yield in each validation region. The uncertainties are
calculated w the same way described in Table 3.

Charge combination Isolation cut Region Yield
Opposite-sign [0.25,04] A NaataMCprompy = 28705
Nextrapolated = 2237¢7
Opposite-sign [0.4, 1.0] B’ Ndata-MCprompr = 148.77130
Likesign  [0.25,04] C’ Ngata = 26.07%]
Like-sign [04,10] D’ Ngaa = 173.07157
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7 Systematics

7.1 Corrections to simulated samples

The differences in reconstruction and selection efficiencies between the simulation and
data are corrected by several muon-related data-to-MC scale factors (SFs), which are de-
tailed in the following subsections. The central scale factors provided by the CMS Muon
Physics Object Group (Muon POG) [90] are used if available.

7.1.1 L1 pre-firing

The L1 pre-firing event weights provided by the CMS Physics Performance & Datasets
group are applied to account for the loss of trigger efficiency due to the incorrect as-
signment of the muons to the LHC bunch crossings in the L1 trigger for 2016 and 2017
respectively. This effect is negligible in 2018 and there is no pre-firing weight for 2018.

7.1.2 Tracker muon reconstruction

The track reconstruction scale factors provided by the Muon POG are applied to account
for differences in the efficiency of reconstructing a tracker muon from a track between
data and MC to all muons for each year respectively.

7.1.3 Global muon reconstruction

There are no central scale factors to correct for the global muon reconstruction efficiency
differences between data and MC. It was recommended by the Muon POG to compute the
ratio of the number of events passing the entire event selection including the requirement
of the muons to be global (numerator) and the number of events passing the entire event
selection without requiring muons to be global (denominator). Using the ZZ4L samples
and data for different years, the ratios are calculated within the four muon invariant mass
window [80,100] GeV where the purity of prompt muons from the Z — u" u~ u" ™ pro-
cess is very high. The SFs are obtained by comparing the efficiency ratios between data
and MC as in Table 5 and applied to correct for these differences. The uncertainties in the
table are statistical.

Table 5: Global muon ID scale factors

Year scale factors
2016 preVFP  0.996 £ 0.034
2016 postVFP 1.046 + 0.027

2017 1.004 +0.022

2018 0.991 + 0.020
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7.1.4 Muon ID

The analysis uses two different ID working points: the t ight ID for the muon leading in
pr and the 1oose ID for the other three. For both IDs, the centrally provided SFs are used
to correct for differences between data and MC.

7.1.5 Muon isolation

The leading muon is required to pass the t ight relative PF-based isolation working point
on top of the t ight ID. The other three muons are required to pass the 1oose relative PF-
based isolation working point on top of the 1oose ID working point. The corresponding
centrally provided SFs are used.

7.1.6 Muon trigger efficiency

The leading muon is required to pass the tight ID and tight isolation working points
and to have pr > 26GeV (29GeV for 2017), which ensures operation in the plateau of
efficiency of the single isolated muon trigger. The leading muon is also required to match
with one of the trigger objects with AR < 0.3. The trigger SF provided by the POG is
applied to correct for differences in the trigger efficiency between data and MC.

7.1.7 Muon momentum scale and resolution

The “Rochester correction” is applied for the muon momentum scale and resolution pro-
vided by the Muon POG to the data and MC samples respectively [91, 92]. The correction
is applied before any pt cut.

7.2 Systematic uncertainties

Several systematic uncertainties are considered in the final binned maximum-likelihood
template fit described in chapter 8 to the data in the distribution of the invariant mass of
the four muons. These can affect the shape of that distribution, its normalization, or both.
A list of uncertainties considered is given in table 6. The shape variations brought by each
systematics are shown in sec A.2 for the signal and reference channel. All uncertainties
in data-to-MC scale factors are taken into account by shifting the respective scale factor
within its uncertainty and creating varied histogram templates for the final fit. The statis-
tical and systematic uncertainties of muon-related scale factors are separated. According
to the MUO POG, the systematic uncertainties on these scale factor measurements are
correlated among data-taking periods while the statistical uncertainties are uncorrelated
among the different years. The luminosity uncertainty is taken into account following the
recommendation of the CMS Luminosity POG [93], while for the cross section uncertain-
ties, the following pre-fit values are used [77]:
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HE(+V): 5% [94, 95]
VV: 20% [96]
VVV: 25% [97]

H: 10% [98]

The correlation of the luminosity uncertainty among the data-taking years is implemented
according to Ref. [93], the cross section uncertainties affect only the respective process
and are fully correlated among years. The muon-related uncertainties, which affect both
the shape and normalization of the distribution, are uncorrelated among years but fully
correlated between all simulated processes in a given year.

7.2.1 Data-driven estimation of non-prompt backgrounds

The uncertainty in the normalization of the data-driven prediction of the non-prompt
background in the SR is obtained by shifting the predicted shape up and down within
the uncertainty in A. This corresponds to a relative yield uncertainty of £22.4%. This
number is smaller than that derived from table 3 because the latter additionally included
bin-by-bin statistical uncertainties, which are taken into account separately in the final fit.
In addition to this normalization-only uncertainty, other systematic uncertainties can af-
fect this data-driven prediction through the subtraction of MC in region B. In order to take
these effects into account, the extrapolation from B to A is repeated with the nominal A
using the varied MC-subtracted from data in region B. As a consequence, all systematic
uncertainties that affect simulation with four prompt muons in region B also affect the
data-driven prediction of the non-prompt background in region A. However, the effect
of any systematic uncertainty is much smaller than the uncertainty in the extrapolation
factor A itself.

7.2.2 QCD factorization and renormalization scales

Uncertainties from the QCD factorization and renormalization scales, y and pup, are es-
timated respectively using the procedure recommended by Ref. [99]. The nominal scales
are yg = up = 1. Each simulated sample is reweighted with the weights corresponding
to pg and pp varied independently by 1/2 and by 2 while the other being 1. Each varied
distribution is normalized to the nominal distribution before any cuts. As shown in Fig. 25
in the Appendix, these four cases are the dominant variations and they have a crossing in
the Z — 4y process. The varied histograms are used as the uncertainty templates for the
fit.

7.2.3 PDF+a, sets

The uncertainty in the choice of PDF sets is estimated by reweighting each simulated
sample using the procedure recommended by Ref. [99], with the error sets being N = 100
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eigenvectors of NNPDF 3.1. For each sample’s distribution, the PDF uncertainty for a
given bin content b is obtained as

(7.1)

where i is the index of each PDF choice, and b; and b, are the bin contents obtained by
using the varied and nominal weight, respectively. For the sample with a PDF set having
g variations, the PDF+a, uncertainty is calculated as

b(ay = 0.1195) — b(ay = 0.1165) SPDFFa,
2 ’ b

— P+ )

where b(a; = 0.1195 and b(a, = 0.1165) are the bin contents obtained by using the varied
weight corresponding to different a; values. Equations (7.1) and (7.2) are adapted from
Eq. (20),(27),(28) of Ref. [100], which give the combined PDF+a, uncertainty for any bin of
a differential distribution evaluated using Hessian PDF sets. The uncertainties per bin are

5,° = (7.2)

taken to be fully correlated, and two varied histogram templates are created for the final
tit with each bin shifting up and down within its uncertainties.

Table 6: Systematic uncertainties and their effect on shape/normalization, different pro-
cesses, and correlations among years and processes. “unc.” refers to no correlation be-
tween whatever follows. All uncertainties affecting simulated processes with four prompt
muons are propagated onto the estimation of the non-prompt background, even if not
stated explicitly in this table.

Uncertainty Shape/norm. Process(es) Correlation

Integrated luminosity norm. all simulated among years according to [93]
Cross section top (+V) norm. top fully among years

Cross section VV norm. \A% fully among years

Cross section VVV norm. \A'AY fully among years

Cross section H norm. H fully among years

Muon: global ID SF norm. all simulated unc. years, fully among procs.
Extrapolation factor A norm. non-prompt single number

L1 pre-firing SF

Tracker muon reco. SF Stat.
Muon: Loose/Tight ID SF Stat.
Muon: isolation SF Stat.
Muon: trigger SF Stat.

Tracker muon reco. SF Syst.

Muon: Loose/Tight ID SF Syst.

Muon: isolation SF Syst.
Muon: trigger SF Syst.

shape + norm.
shape + norm.
shape + norm.
shape + norm.
shape + norm.
shape + norm.
shape + norm.
shape + norm.
shape + norm.

in 2016, 2017
all simulated
all simulated
all simulated
all simulated
all simulated
all simulated
all simulated
all simulated

unc. years, fully among procs.
unc. years, fully among procs.
unc. years, fully among procs.
unc. years, fully among procs.
unc. years, fully among procs.
fully among procs. & years
fully among procs. & years
fully among procs. & years
fully among procs. & years

MR variations
Mg variations
PDF+«, variations

shape + norm.
shape + norm.
shape + norm.

all simulated
all simulated
all simulated

fully among years, unc. procs.
fully among years, unc. procs.
fully among years, unc. procs.

Bin-by-bin stat.

norm. per bin

each bin

unc. bins
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8 Signal extraction

Theyield of Z — vt u "y~ — u"u u"u~ events is extracted from a binned maximum-
likelihood template fit of the expected signal and background to the data using the dis-
tribution of the invariant mass of the four selected muons with the Higgs Combine, a
statistical analysis tool developed by the CMS Higgs combination group [101]. The distri-
butions before the fit are shown in Fig. 12 as used in the background-only fit (left) and the
signal+background fit (right). The normalized pre-fit distributions are shown in Fig. 13.
Each systematic described in the previous chapter is taken into account as a nuisance pa-
rameter in this fit. Uncertainties not affecting the shape of the distribution are modeled
with lognormal prior distributions with a standard deviation corresponding to the value
given in the previous chapter, while those affecting the shape and normalization are mod-
eled with Gaussian priors. The bin-by-bin statistical uncertainties due to the finite sample
size are taken into account by one additional nuisance parameter per bin with a Gaussian
prior distribution, following the Barlow-Beeston lite method [102, 103].
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Figure 12: Pre-fit four muon invariant mass distribution without (left) and with (right) the
signal sample.

In the background-only fit, no signal contribution is considered and the normalization of
the Z — 4y background, r;_,4,, is an unconstrained parameter of interest (POI) in the
fit. Its yield is determined by N(Z — u 'y p'u") = 7y X NMZ — ' utu).

Ty process to the Z — 4u

In the signal+background fit, the ratio r of the Z — 7
is taken into account as an additional, unconstrained POI. Thus, the normalization of the
Z — 71 uty is determined by the normalization of the Z — 4y process and the ratio
together and the yield by N(Z — t5t "y ) = r x T 7y X NM(Z = "t 7). The

expected number of events is listed in Table 12.

The fit is performed with the Higgs Combine tool to maximize the likelihood and ex-
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Figure 13: The normalized pre-fit four muon invariant mass distributions. The uncertainty
includes statistics and systematics described in the previous section.

tract the parameters of interest as well as the post-fit values and uncertainties of each
nuisance parameter. The input to the fit (“pre-fit distribution”), without and with the sig-
nal included, is shown in Fig. 12, left and right respectively. Additional pre-fit kinematics
distributions with signal included are shown in sec A 4.

8.1 Sensitivity to Z— 4u

Before processing with the signal, the fit performance and reliability are checked by ex-
amining the post-fit signal strength of the Z — u" 1~ u" 1~ process, which is the reference
channel and present in the same distribution used for the Z — 7"t " 1~ process. Us-
ing the fit procedure and inputs described above, the fitted result is r;_,4, = 1.1151L8:82§1;,
which is well compatible with the SM expectation of r7_,4, = 1. The post-fit distribution
of the four-muon invariant mass is shown in Fig. 14 (left), while the profiled negative log-
likelihood is shown in Fig. 14 (right). The post-fit nuisance parameter values, uncertain-
ties, and impacts on the fitted signal strength for the Z — u" u~ u" ™~ process are shown
in Fig. 19. It is evident that the post-fit values of all the nuisance parameters agree with
their prior distributions. Additional background-only post-fit kinematics distributions are

shown in sec A 4.

8.2 [Expected signal sensitivity

Before fitting the signal+background model with the real data, a fit of the expected sig-
nal and background to the signal+background Asimov dataset is performed in order to
validate the constraints imposed on the various nuisance parameters by the fit. The post-
fit signal strength 7, defined as the signal strength modifier of the the Z — 7 7y~
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process relative to that of the Z — 4, is r”" = 1.0 j93. The post-fit nuisance param-

eter values, uncertainties, and impacts on the fitted signal strength are shown in Fig. 20,
the negative log-likelihood scan is shown in Fig. 15. The nuisance parameters with the
strongest impact on the expected extracted signal strength are related to the bin-by-bin
statistical uncertainty in the background estimation. The evolution of upper limits with
varying confidence level (CL), derived with the CL, technique [104, 105] using asymptotic
approximations [106], is shown in Fig. 16.

E CMS wm— Total Uncert. ~  =eeee- Freeze Lumi

- Internal - Freeze Lumi-Theory ~ «e--un Freeze Lumi-Theory-SFs

I Freeze Lumi-Theory-SFs-Nonprompt = ===~ Freeze Lumi-Syst-Bin by Bin
81 v

r=1.000

4008

T _ +0.064, o +03% +0213 +1685 +0897 +3855
H r=1.000" w(Luml) o 42Z(Theory) o M(ScaleFaclors) o gn(Nonp) o m(BbB) N “‘S(S!al)

-10 -5 0

Figure 15: Negative log-likelihood profile of the signal+background fit to the sig-
nal+background Asimov dataset.
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Figure 16: The upper limits on the signal strength using the CL; method with the sig-
nal+background Asimov dataset.

8.3 Bias test and goodness of fit

The bias of the fit is checked using toy models generated with the Higgs Combine tool
with expected signal rates of 0 and 1 respectively. For each case, 10000 toy models are
generated by fluctuating each bin of the Asimov dataset according to the pre-fit Poisson
distribution. The distributions of the normalized difference between the fitted and input
signal rate, calculated for each toy dataset, are shown in Fig. 17 for an injected signal rate
of 0 and 1, respectively. Both distributions are clearly Gaussian with mean values and
standard deviations very close to 0 and 1, respectively, which means the fit is unbiased.
The negative mean value is expected, as many nuisance parameters are constrained by
asymmetric log-normal distributions in the fit.

27



g E &« Entries 10000 g E PN - Entries 10000
0 E C M O Mean -0.08765 n E C M O Mean -0.09049
2 g0o . 2 800
g E Interr al AA’N Std Dev 0.9921 g E Inten— al V Std Dev 1.025
- C X2/ ndf 72.67/38 = C X2/ ndf 117.3/46
'9 700 N Prob 0.0005994 lE 700 L Prob 3.816e-08
E Constant 809.7 + 10.0 E Constant 7967+ 98
600[- Mean  -0.08586 + 0.01000 600[- Mean  -0.09538 + 0.01026
C Y \L Sigma 0.9786 + 0.0070 C ]U Sigma 0.9896 + 0.0071
500} - 500} v
F ﬂ Median: -0.0588 + 0.0124 F XU Median: -0.0523 + 0.0129
400F AU ¥ 400F XU \tj
300 J] k 300} f *ﬂ
200f 71 200f 7! ‘1
100" 7 100" J
L0 J L L L L L L K‘L ) — O L0 j L L L L L L R%ﬂ:.; ) —
-6 -4 -2 0 2 ; 04 6 -6 -4 -2 0 2 4 6
- r—
(rHighError + rLowError)/2 (rHighError + rLowError)/2

Figure 17: Bias check for toy models without signal (r = 0, left) and with signal (r = 1,
right).

The goodness of fit is also studied using 1000 toy models based on the saturated model
method [107]. The distribution of the goodness-of-fit measure is shown in Fig. 18 with
the blue arrow indicating the value computed with real data. The p-value defined as the
proportion of the values from the toy model that lie to the right of the value from the data
is 0.142, which means the data is well-compatible with the simulation modeling.
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Figure 18: The distribution of the goodness-of-fit measure
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Figure 20: Post-fit nuisance parameters, uncertainties, and impacts from fit on the sig-
nal+background Asimov dataset. The 2016 pre-VFP and 2016 post-VFP eras are noted as
16a and 16b for short.
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9 Results

9.1 Acceptance and efficiency

The phase space for both the signal and reference channels is defined by the requirements
imposed on the four-muon invariant mass. They are 12 < my < 75GeV, mz, > 4GeV,
and the four-muon invariant mass to be between 40 < m + —  _ < 100GeV. The phase
space and detector regions are summarized in Table 7. The pt cut for the leading muon
for 2017 is pf;l > 29GeV. The phase space region is defined using MC-truth quantities,
while the detector region uses reconstructed-level quantities.

Table 7: Phase space and detector level region definitions for the Z — 7' 7 "y~ mea-
surement.

20 <my — 1~ <100GeV
Mot~ >4GeVand 12 <my <75GeV
Pt > 26GeV, pl2 > 3.5GeV, pI? > 3.5GeV

Detector region  p* > 3.5GeV for || < 1.2 and pi* > 2.5GeV for |"4| > 1.2
| <24

Phase space

"tTu"ym and Z — ' u ptu processes, the acceptance A and effi-

For the Z — 1
ciencies € are obtained from simulation using the ZZTo4L samples. The results are in
Table 8, where the uncertainties are purely statistical. The acceptance is calculated as
the ratio of events Nyetector/ Neeneratorr Where Ngenerator 18 the number of events in the

phase space. The Nyegector is the number out of the N, events that have four truth-

enerator
matched reconstructed muons falling in the detector region. The efficiency is calculated as

N,

selected / Naetectorr Where Negjecteq 15 the number of events matched with truth-level muons

and passing the event and trigger selections described in chapter 5. The numbers of events
are corrected for all the scale factors. The acceptances and efficiencies are cross-checked
with the values obtained using the ZZTo4L_M-1toInf samples following the same selec-
tions as shown in Table 13. They are found to be compatible.

Table 8: Efficiency and acceptance of the two decay modes per year of data taking.

Year AZ%#W‘WL#_ AN Agyete whu™ Szttt

2016 preVFP  0.1653 £ 0.0003 0.4004 £ 0.0008 0.0649 £ 0.0010 0.2522 £ 0.0071

2016 postVFP 0.1700 & 0.0003  0.4064 +0.0008 0.0659 == 0.0010 0.2609 4= 0.0069
2017 0.1534 £0.0002 0.3752 £ 0.0006 0.0469 £ 0.0006 0.1936 4 0.0054

2018 0.1713 £0.0002 0.3875 4+ 0.0006 0.0647 £ 0.0007 0.2146 £ 0.0048

9.2 Non-resonant factor

This analysis aims at measuring the singly-resonant modes of the Z — "7y u~ and
Z — u u p"u processes as shown in Fig. 21 (a), which shows an s-channel production.
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However, there are also non-resonant processes participating in the four-lepton final state
as shown in Fig. 21 (b). The number of events for contributions that are not due to singly-
resonant production are corrected with a factor (1 — f,)/(1 — f;) in the branching ratio
o= -
T HH
events that come from s-channel Z boson production. The gluon-initiated doubly reso-

formula. Here, f, and f; are the fractions of pp — uty Ty andpp — T

nant ZZproduction is not included in the simulated samples and is not considered in the
following, it is negligible compared to the quark-initiated process.

1 0
A 2Ty
?

q /

(a) (b)

Figure 21: Resonant (a) and non-resonant (b) four lepton final state processes.

The correction follows a similar approach as the one used in Ref. [8] in order to estimate
the fraction of events that are due to doubly-resonant processes. The cross sections are
computed with MadGraph_aMC@NLO v2.7 at the leading order for different processes, in
all cases using identical generator-level cuts in line with the phase space of this analysis.
Finally, an MC-sample-based validation of the f, result is performed in order to cross-
check the numerical computation.

Nominal result: Cross-section-based estimate

The cross sections are computed for the inclusive four-lepton production, pp —
piwpp and pp — T
of pp =+ ZZ, pp — Zv, and pp — <77, and finally for the singly-resonant Z boson

T u "y, and for the doubly-resonant on-shell production

production, pp — Z. The gauge bosons decay either to a final state with two muons and
two T leptons or promptly to four muons.

The ratio of the singly-resonant cross section to the inclusive one is defined as f, (27 +
2y final state) and f, (4 final state). All cross sections are computed with the following
generator-level cuts applied at the level of MadGraph cards:

. p% > 1GeV, where here ¢ refers to muons or 7 leptons.

* M,+,~ > 4GeV for all pairs of same-flavor, opposite-sign muons or 7 leptons.

e My, € [40, 100] GeV, which refers to the invariant mass of the four leptons produced
on generator-level, either t" 7 u ™ or p Ty

The corresponding LO cross sections for the four processes, as well as the values of f,
and f,, are listed in Table 9. The resulting factor used in the calculation of the branching
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fraction is therefore
fr 0.839+0.001

It T T 0.982 + 0.002 1
fu  0.855+0.002 0.982 % 0.00 ©-1)

Table 9: LO cross sections for inclusive and singly-resonant production of either 27 4 2y or
4y, along with their ratio. The uncertainty in the cross section is the statistical uncertainty.
The error on f is obtained by Gaussian error propagation.

Final state Inclusive o [fb] Singly-res. o [fb] Singly res. fraction f
2T+ 2u 109.0 £ 0.1 91.48 + 0.08 fr =0.839 £0.001
4u 56.7 £ 0.1 48.46 + 0.04 fu = 0.855 £ 0.002

Validation I: small effect of interference

In order to quantify the impact of potential interference between the singly- and doubly-
resonant processes, it is instructive to consider the sum of singly- and doubly-resonant
cross sections and the inclusive one. The difference should be due to the interference. The
corresponding values are shown in Table 10.

Table 10: LO cross sections for inclusive as well as singly- and doubly- resonant produc-
tion of either 27 + 2u or 4y, and their differences, which represent the interference of the
two production modes. The uncertainty in the cross section is the statistical uncertainty.

Final state Incl. ¢ [fb] Doubly res. o [fb] Singly-res. ¢ [fb] Incl. - (Sing. + Doub.) [fb]

2T + 2 109.0 £ 0.1 13.70 £ 0.01 91.48 £ 0.08 3.82 = 3.5%
4u 56.7£0.1 7.33 £0.01 48.46 £+ 0.04 091 = 1.6%

It is evident that the sum of singly- and doubly-resonant cross sections do not differ from
the inclusive one by more that 3.5%, showing that the influence of interference is small in
this analysis. In order to verify this conclusion, the singly-resonant factors are compared
with (1 — f DR), where f PR s the ratio of the doubly-resonant and the inclusive cross sec-
tions. Since the interference effect is small (but not 0), the ratio (1 — P R) /(1— E R) must
be similar (but not the same) to the ratio derived in the previous section. The ingredients
to this calculation are shown in Table 11.

Table 11: LO cross sections for inclusive, singly, and doubly resonant production of either
2T +2u or 4y, along with their ratio. The uncertainty in the cross section is the statistical
uncertainty. The error on f is obtained by Gaussian error propagation.

Final state Inclusive o [fb] Doubly-res. o [fb] Doubly-resonant fraction f DR
2r+2u  109.0 +0.1 13.70 4 0.01 PR — 0.1257 + 0.0002
4p 56.7 & 0.1 7.33 +0.01 £ = 01293 £ 0.0003

The resulting correction factor would be:

1 _ DR
T —

PR = 1.004 =+ 0.002. 9.2)
H

33



This correction factor is, as expected, very close to the one derived as the nominal result in
the previous section. However, since it neglects the different interference terms, it differs
slightly from what is used as the nominal result. The interference effect is larger in the

771"y 1~ channel, thus the resulting factor is slightly larger than what is used nominally.

Validation II: MC-sample-based estimate

In order to validate the computations performed at LO by MadGraph5, a sample
of simulated resonant pp — Z — T T u'u~ events is produced privately with
MadGraph_aMC@NLO v2.7 at LO. We compare the number of truth-level events in this
sample falling in the phase space and detector region defined in Table 7 to the number of
pp — T T p'pu~ events from the inclusive 22To4L sample passing the same selections.
A shape comparison in the signal region (M, € [40,100] GeV) of both samples is shown
in Fig. 22, where it is evident that the shapes of the central (inclusive) and private
(s-channel only) samples agree very well up to an invariant mass of about 80 GeV. At
higher values, the difference between both shapes is due to the presence of non-s-channel

processes.
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Figure 22: Generator level four muon invariant mass distribution in the CMS fiducial
region.

In order to estimate again the fraction of these non-s-channel processes, two steps are
taken. The first step is to normalize both distributions to have the same integral in the
reconstructed invariant mass range of 40-80 GeV, where the s-channel process dominates.
The second is to compute the ratio of integrals of both distributions (after normalizing
them in the first step) over the full invariant mass range 40-100 GeV as:

Integral (s-channel only)
fe= Integral (i i
gral (inclusive)

= 0.890 + 0.008. (9.3)
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This number is very close to the one computed when deriving the nominal result.
Differences can occur due to the different order at which the central Powheg and the
private MadGraph5 sample were produced and the normalization in the first step based
on the assumption that the [40, 80] GeV mass range is dominated by the s-channel.
However, it is not expected that significant differences arise between the T"7~ u 1~ and
u u”uTu” final states. The number is cross-checked with the same value obtained using
the ZZTo4L M-1toInf sample.

9.3 Branching fraction measurement

The branching fraction of the Z — T'T u'u~  process, relative to that of the
Z — uu utu process, is measured using the formula:

B(Z— Tt uty) TXTz 4% NM@Z = th e uty)
BZ—=uwwu )  rygy x NZ =y )

(A xe€)

% (A xe€)

(9.4)
Zop T 1 &
B (v — ) fy

+

Z—T rnyry*

The signal and background yields are shown in Table 12. The parameters f, and f, correct

“t7and " p T T events not due to s-channel Z boson

for the fraction of selected T 7~ T
exchange, respectively, as explained in more detail in the previous section. The ratio f./ f;
is 0.982 4+ 0.002. The branching fraction of 7 leptons decay to muons is B(t — u) =

(17.39 £ 0.04) x 10~ 2 [108].

Table 12: The expected number of events. The uncertainty includes statistics and system-
atics. Note that the Z — 77 u "y~ — u "y "y~ yield shown in the plots is multiplied
by 5 for visualization only, which is indicated by “x5” in the legend. The number here
corresponds to the nominal (x1 instead of x5) input to combine.

Process Nexp
ZoT Tt sty u 2.61 £0.04
Z—u iyt 458.41 +13.88
Non-prompt muons 29.87 +7.89
H 0.67 £ 0.02
\A'AY 5.86 £ 0.68
\A% 1.70 £0.23
Top 1.06 +0.17
Total 500.18 £ 15.98

Setting the r as 1, the ratio is expected to be
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BZ—tt

(BEZ - w%i) — 0902 £33 (stat) 1T (oyst). 95)
SM

At the time of writing, the analysis is already pre-approved by the CMS Standard Model

Physics group, yet the result fitted with real data remains blinded. After unblinding,

+

the absolute branching fraction of the Z — "7 "y~ in the phase space defined in

section 9.1 can be derived with the ratio and the measured branching fraction B(Z —
) = (4.63+£0.21) x 107 [108].
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10 Summary

This thesis presents the first dedicated Z — 777 u*y~ decay analysis in the muon de-
cay mode of the 7 leptons and sets an upper limit on the branching fraction B(Z —
T " ). This analysis uses cut-based event selections and data recorded at a cen-
ter of mass energy of /s = 13 TeV by the CMS detector from 2016 to 2018 corresponding
to an integrated luminosity of 138 fb~!. The main source of background comes from the
Z — ' p py and it is treated as a reference channel. The background consisting of
non-prompt muons is estimated with a data-driven method. The signal yield is extracted
from a binned maximum-likelihood fit to the data.

This result can contribute to the constraints on the untested SMEFT Wilson coefficients
of four lepton operators involving tau leptons and the Z' and L, — L; BSM models. For
further studies, one can generate MC samples with new physics models or new opera-
tors and test the sensitivity of this channel. One the other hand, one can also compare
the expected sensitivity with the theoretical derivation on the branching fraction induced
by the new physics models, which needs dedicated calculations. This channel is also a
background to Higgs boson leptonic decays.

The analysis can be extended with other decay modes of the T lepton. For the electron
decay mode, the easiest extension would be to replace the high-pt and trigger muon with
a high-pt electron. This way, one could probe the final state where the T leptons are
coupled to the on-shell Z with one decaying to an electron and another going to muons.
Although the final state of Z — tTup — epup will have less statistics, as it ignores the
T leptons coming from the off-shell y/Z, it is much cleaner with respect to backgrounds,
as it reduces non-prompt muons and combinatorics. Analyses with low pt electrons are
also possible, but they would require more complicated techniques as the reconstruction
and identification efficiency for low pt electrons in CMS is not very high. Finally, as the
analysis is dominated by statistics, it is expected that it will be improved a lot with the
data collected in the Run 3 period of LHC.
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A Appendix

A.1 Isolation distributions
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Figure 23: Distributions and statistical uncertainties of isolation variables of the three
muons with lower pt in the regions B and D.
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Figure 24: Distributions and statistical uncertainties of isolation variables of the three
muons with lower pr filling in the same histograms.

A.2 Systematics variations

The four muon mass distributions for the Z — 7"ty 'y~ and Z — " u~ u" y~ obtained
using the nominal and varied weights corresponding to ur and up varied independently
by 1/2 and by 2, excluding the cases where one is multiplied by 1/2 and the other by 2
are shown below.
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Figure 25: Norminal and pg, ppvaried four muon mass distributions for the Z —
Tty u and Z — pu T process.

The four muon mass distribution for the Z — "7 "y~ and Z — uy "y~ obtained
using the nominal values of all the systematics and the values shifted within each uncer-

tainty respectively are shown in Fig 26, 27.
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A.3 Acceptance and efficiencies cross check

The acceptance A and efficiencies € for the Z — "t "y~ and Z — u 'y u"u~ pro-
cesses, obtained from simulation using the ZZTo4L M-1toInf samples for cross check.

Table 13: Efficiency and acceptance of the two decay modes per year of data taking.
Year

Z—>y+y_y+y_ eZ—>y+y_;1+;4_ AZ—>T+T_]J+]1_ €Z—)T+T_]l+y_
2016 preVFP  0.1638 £0.0010 0.3982 £ 0.0033 0.0610 £ 0.0041 0.2794 +£ 0.0300
2016 postVFP 0.1705 4 0.0011 0.4067 = 0.0034 0.0694 & 0.0045 0.2821 4-0.0295

2017 0.1540 £0.0007 0.3748 0.0024 0.0487 4+ 0.0025 0.1869 + 0.0204

2018 0.1708 £ 0.0006  0.3885 4+ 0.0018 0.0677 £0.0024 0.2041 £ 0.0145

A.4 Additional kinematic distributions

Various kinematic distributions are shown. They are determined by the fit on the invariant
mass of the four muons. Below the four muons in the event are ordered by pr.
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Figure 30: Signal plus background pre-fit distributions for the pr, 77, ¢ of each muon.
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Background-only post-fit distributions
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Figure 31: Background post-fit distributions for (a) the pt of the four muon system, (b) the
mass of Z;, (c) the mass of Z,.
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Figure 33: Background only post-fit distributions for the pr, 17, ¢ of each muon.
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