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Busca por ressonâncias massivas em colisões próton-próton
a

?
s = 8 TeV no estado final com um bóson Z e um bóson

de Higgs no detector CMS do LHC

Resumo

Apresentamos uma busca no detector CMS por ressonâncias massivas decaindo em um
bóson de Higgs e um bóson Z do Modelo Padrão no estado final com um par de léptons tau e
um par de quarks. Analisamos 19, 7/fb de luminosidade integrada em colisões próton-próton
com energia no centro de massa de 8 TeV no LHC. No intervalo de massa da ressonância
entre 1, 0 − 2, 5 TeV, os bósons Z e Higgs são produzidos com um momento grande com-
parado a suas massas, isso implica que os produtos finais provenientes de cada par de taus
ou quarks devem ser detectados dentro de pequenas regiões espaciais. Técnicas de subestru-
tura de jatos são utilizadas para identificar o bóson Z que decai em quarks. Para o Higgs
decaindo em taus é definido um método modificado de reconstrução de pares de taus com
alto momento e colimados.

Combinando os resultados das análises de cada modo de decaimento do tau, são ex-
cluı́das com 95% de confiança seções de choque de produção de ressonâncias com spin-1 no
intervalo de 0, 9− 27, 8 fb, dependendo da massa da ressonância. Consideramos como mod-
elo de referência uma teoria efetiva de Higgs composto, que prediz ressonâncias massivas
com pequena razão de ramificação em férmions. Comparando os limites experimentais com
expressões analı́ticas dos parâmetros de uma Lagrangeana de um modelo simplificado, obte-
mos limites sobre esses parâmetros, os quais estão diretamente relacionados com a produção
e decaimento das ressonâncias.



Search for narrow high-mass resonances in proton-proton
collisions at

?
s = 8 TeV decaying to Z and Higgs bosons in

the CMS detector at LHC

Abstract

We present a search in the CMS detector for a high-mass and narrow resonance decaying
into a Higgs and a Z SM bosons in the final state with a pair of tau leptons and a pair of
quarks. We analyze 19.7/fb of integrated luminosity of

?
s = 8 TeV proton-proton collisions

from LHC. In the resonance mass range of interest (1.0− 2.5 TeV), the Z and Higgs bosons
are produced with large momentum compared with their masses, which implies that the
final products of the two quarks and the two taus must be detected within a small angular
separation (boosted topology). Jet substructure techniques are used to identify the boosted
Z boson decaying hadronically and a modified approach is considered to reconstruct very
collimated pairs of tau leptons from boosted Higgs decay.

From a combination of all possible decay modes of the tau lepton, heavy spin-1 res-
onances production cross sections are excluded at 95% C.L. in a range between 0.9 and
27.8 fb, depending on the resonance mass. We consider as benchmark model an effective
description of a strongly coupled theory based on the Minimal Composite Higgs Model,
which predicts heavy resonances with suppressed branching fractions into fermions. Com-
paring the experimental limits with analytical expressions of the parameters of a simplified
model Lagrangian we obtain observed limits on these parameters, which are directly con-
nected with the heavy resonance production and decay.
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À Universidade Federal do ABC (UFABC) pela bolsa de estudos concedida e pelo am-
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todo o incentivo, carinho e compreensão.



Contents

1 Introduction 1

2 The CMS experiment at the LHC 3
2.1 Accelerator physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 The Large Hadron Collider . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.3 The Compact Muon Solenoid . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.3.1 Tracking system . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3.2 Electromagnetic calorimeter . . . . . . . . . . . . . . . . . . . . . 12
2.3.3 Hadron calorimeter . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.3.4 Superconducting magnet . . . . . . . . . . . . . . . . . . . . . . . 15
2.3.5 Muon system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3.6 Trigger system . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.4 General view of an event and analysis framework . . . . . . . . . . . . . . 23

3 The standard model and some possible extensions 25
3.1 The standard model of particle physics . . . . . . . . . . . . . . . . . . . . 25

3.1.1 Leptons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.1.2 Electroweak vector bosons . . . . . . . . . . . . . . . . . . . . . . 27
3.1.3 Quarks and gluons . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.1.4 Higgs boson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.2 Going beyond the SM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4 Benchmark model and simplified model approach 33

5 Overview of heavy resonances searches in the VV/VH/HH channels by CMS and
ATLAS 40

6 Heavy resonances search in the ZH channel at CMS detector 45
6.1 MC simulation and observed events . . . . . . . . . . . . . . . . . . . . . 46

6.1.1 Signal samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
6.1.2 Background samples . . . . . . . . . . . . . . . . . . . . . . . . . 47
6.1.3 Data samples, High Level Trigger and pile-up mitigation . . . . . . 47

6.2 Physics object reconstruction and identification . . . . . . . . . . . . . . . 49
6.2.1 Particle-flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
6.2.2 τ leptons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
6.2.3 Jets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
6.2.4 Missing transverse energy (|~/ET |) . . . . . . . . . . . . . . . . . . 56
6.2.5 H→ ττ reconstruction . . . . . . . . . . . . . . . . . . . . . . . . 56

iv



6.2.6 Resonance mass reconstruction . . . . . . . . . . . . . . . . . . . 58
6.3 Event selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

6.3.1 Baseline selection . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
6.3.2 Cut optimization . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

6.4 Comparison between observed events and MC simulations . . . . . . . . . 65
6.5 Background estimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
6.6 Systematic uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

6.6.1 Background estimation method . . . . . . . . . . . . . . . . . . . 76
6.6.2 Luminosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
6.6.3 Pileup reweighting . . . . . . . . . . . . . . . . . . . . . . . . . . 77
6.6.4 V-tagging efficiency . . . . . . . . . . . . . . . . . . . . . . . . . 78
6.6.5 Jet energy scale . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
6.6.6 Jet transverse momentum resolution . . . . . . . . . . . . . . . . . 78
6.6.7 Hadronic tau: standard reconstruction and identification . . . . . . 79
6.6.8 Hadronic tau: energy scale . . . . . . . . . . . . . . . . . . . . . . 79
6.6.9 Hadronic tau: reconstruction and identification with subjets . . . . 80
6.6.10 Missing transverse energy . . . . . . . . . . . . . . . . . . . . . . 81
6.6.11 Summary of the systematics . . . . . . . . . . . . . . . . . . . . . 82

6.7 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
6.7.1 Combination of all channels . . . . . . . . . . . . . . . . . . . . . 83

7 Summary 87

A Background Estimate - alternative method 89
A.1 Step 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
A.2 Step 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
A.3 Step 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
A.4 Step 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92



List of Tables

2.1 Beam parameters for the LHC in 2012 Run and nominal values. . . . . . . 7

3.1 Dominant decay processes for the τ− lepton with the respective branching
fractions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.2 Branching fractions for the W− decay modes. . . . . . . . . . . . . . . . . 28
3.3 Branching fractions for the Z decay modes. “Invisible” means decay into a

pair of neutrinos. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.4 Braching fraction for the main decay modes of pairs of top quarks. . . . . . 29

5.1 CMS and ATLAS searches for heavy-resonances decaying into dibosons. It
is shown the searches with pp at

?
s = 8 TeV using jet substructure tech-

niques and that became public before 25/06/2015. Note that some searches
include non-boosted topology as well. . . . . . . . . . . . . . . . . . . . . 44

6.1 Signal samples: Z’ production cross-section (σ) and branching fraction (B)
to decay in ZH as function of the Z’ mass. . . . . . . . . . . . . . . . . . . 47

6.2 Background samples: number of generated events and cross-sections. . . . 47
6.3 Trigger names and the respective criteria. HT is defined as the scalar sum of

the transverse energy of all the jets of the event. . . . . . . . . . . . . . . . 48
6.4 Observed events: Number of events and integrated luminosity processed.

These samples were reprocessed, improving the event reconstruction, at the
beginning of 2013. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

6.5 Efficiencies for τh reconstruction and identification criteria in QCD events in
two different energy scales. Efficiencies are computed on top of the baseline
selection. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

6.6 SVFit ττ mass windows used in the selection optimization. The column with
the labels is showing the x-axis for the plots in Figs. 6.17 and 6.18. . . . . 62

6.7 Number of background events estimate from ABCD method (see Subsec. 6.5)
for 19.7/fb and using the full selection (column BG). We present as well the
number of events for the signal (signal generated luminosity) and the ex-
pected upper limits in the cross-section in pb, comparing the background
estimate and the signal output (no systematic uncertainties included). The
red numbers correspond to the best expected upper limits. . . . . . . . . . . 64

6.8 Summary of the event selection. . . . . . . . . . . . . . . . . . . . . . . . 66
6.9 Number of signal events generated and signal yield after full selection (de-

fined in Tab. 6.8). Dividing these values we obtain the total signal efficiency,
including the branching fraction of the two τ leptons to decay hadronically.
The last column shows the final efficiency of the τhτh channel. . . . . . . . 67

vi



6.10 Number of events in each ABCD region in two different configurations: the
“original” used in the ABCD method and one reducing the lower threshold in
the mass cuts (test configuration). In addition, we show the number of events
estimated in the signal region “NA (estimate)”. We present only statistical
uncertainties. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

6.11 Number of events in each region for observed events in a QCD enriched
sample. We show the number of events estimated through the ABCD method
in region A “NA(estimate)”, which is compared with the direct number of
events in this region “NA”. We present only statistical uncertainties. . . . . 74

6.12 Closure test for ABCD method. Number of events observed in each region.
“Regions A and D” are re-defined changing the pruned jet mass selection
from “70 < mP

jet < 110 GeV” to “mP
jet > 150 GeV”. We consider only

statistical uncertainties. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
6.13 Background estimate from ABCD method for three situations: without any

signal events in the SBs, adding signal (MX = 1.5 TeV) events in SBs, and
adding signal events but multiplied by a factor of ten. . . . . . . . . . . . . 75

6.14 Systematic uncertainties due to the pile-up reweigthing. . . . . . . . . . . . 77
6.15 Systematic uncertainties associated to the jet energy scale. . . . . . . . . . 78
6.16 Jet energy resolution in MC simulation of signal events. . . . . . . . . . . . 79
6.17 Systematics errors due to the jet energy resolution. . . . . . . . . . . . . . 79
6.18 Expected variation of the signal yields due to the systematic uncertainty of

the τ identification creteria. . . . . . . . . . . . . . . . . . . . . . . . . . . 79
6.19 Systematics uncertainties due to the tau energy scale. . . . . . . . . . . . . 81
6.20 Summary of the systematics applied in the analysis. Minimum and maxi-

mum values for four signal masses (1.0, 1.5, 2.0, and 2.5 TeV) are reported. 82
6.21 Summary of the signal efficiencies, number of expected background events,

and number of observed events for the six ττ channels. Only statistical
uncertainties are included. For the all-leptonic and semileptonic channels,
numbers of expected background events and observed events are evaluated
for each mass point in mZH intervals corresponding to ±2.5 times the ex-
pected resolution. For the all-hadronic channel we consider the number
of expected background, signal, and observed events for mZH > 800 GeV.
When the expected background is zero, the 68% confidence level upper limit
is listed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

A.1 Values of the factors used to estimate Z/W+jets and tt̄ backgrounds in signal
region. We show only statistical uncertainties. . . . . . . . . . . . . . . . . 92

A.2 Summary of the results. Only statistical uncertainties are included. . . . . . 92
A.3 Method applied in a kinematical region orthogonal to the signal region. We

compare the total estimate “NTot” with the observed number events “NData”. 94



List of Figures

2.1 Geographical position of the LHC complex. . . . . . . . . . . . . . . . . . 6
2.2 (a) transverse section of the LHC. (b) representation of a magnet dipole of

the LHC with the field lines. . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.3 Proton injection chain in the LHC complex. . . . . . . . . . . . . . . . . . 7
2.4 Integrated luminosity delivered by LHC, recorded and certified as good for

physics by CMS during the Run of 2012. . . . . . . . . . . . . . . . . . . . 8
2.5 Field map of the magnetic field in the CMS detector. . . . . . . . . . . . . 9
2.6 General view of the CMS detector. . . . . . . . . . . . . . . . . . . . . . . 9
2.7 Scheme with the CMS coordinate system. . . . . . . . . . . . . . . . . . . 10
2.8 zy view of the tracking system. . . . . . . . . . . . . . . . . . . . . . . . . 12
2.9 (a) sketch of the pixel detector. (b) one quadrant in the zy plane of the pixel

detector. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.10 Transverse momentum and spatial resolution in single muon events with

transverse momenta of 1, 10, and 100 GeV as a function of |η|. Upper:
transverse momentum resolution. Lower left: spatial resolution in xy plane.
Lower right: spacial resolution in z direction. . . . . . . . . . . . . . . . . 13

2.11 (a) sketch of the ECAL detector with their main components. (b) transverse
section of the ECAL showing one quadrant in the plane yz and pointing the
η coverage. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.12 Sketch of the hadron calorimeter of CMS pointing its main components and
the η coverage. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.13 Superconducting solenoid surrounded by one of the wheels of the steel return
yoke in the barrel region of CMS. . . . . . . . . . . . . . . . . . . . . . . 17

2.14 Photo of one return yoke disk. . . . . . . . . . . . . . . . . . . . . . . . . 18
2.15 Sketch of the muon system in one quadrant in the yz plane. . . . . . . . . . 19
2.16 Sketch of the transverse section of one of the wheels of CMS barrel. The DT

chambers are labeled by “MB”. . . . . . . . . . . . . . . . . . . . . . . . . 20
2.17 Drift Tube transverse section. . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.18 (a) disks with the Cathode Strip Chambers. An example of chamber is

showed in (b), together with a scheme showing how the anode and cathode
are organized inside the chambers. . . . . . . . . . . . . . . . . . . . . . . 21

2.19 Sketch of one Resistive Plate Chamber. . . . . . . . . . . . . . . . . . . . 22
2.20 Muon transverse momentum resolution. We present this quantity for three

situations: considering only the muon system, only the tracking system, and
both systems. In the left plot we show the resolution for 0 < |η|< 0.8 and in
the right plot for 1.2 < |η|< 2.4. . . . . . . . . . . . . . . . . . . . . . . . 22

viii



2.21 Pictorial representation of a Monte Carlo simulation of a hadron collision.
The hard process is described by the red color. Secondary interactions are
in purple. In blue is represented the radiations from the parton shower-
ing. In green are described the hadrons after the hadronization step and
dark green the decay of unstable hadrons. Finally, in yellow we have QED
Bremsstrahlung. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.1 Scheme describing the elementary particles in the standard model. We present
values for the mass, charge, and spin of each component. . . . . . . . . . . 26

3.2 Scheme describing the interactions among the elementary particles in the
standard model. For example, the lines connecting the leptons with gauge
bosons mean that the leptons can interact exchanging these bosons. The
closed lines refer to self couplings. . . . . . . . . . . . . . . . . . . . . . 27

3.3 Higgs branching fractions in different decay channels as a function of its mass. 30

4.1 For cH ∼ cF ∼ 1. Left: Branching fractions of two body decay for neutral
heavy vector resonance as a function of its mass and fixing gV = 3. Right:
Total width for the neutral heavy vector resonance as a function of its mass. 36

4.2 Excluded regions from direct searches and EWPT. The colored regions are
excluded at 95% of C.L. by the direct searches: lν (yellow), WZ→ 3lν (dark
blue), and WZ → jj with W/Z tagged jets (light blue). The regions in the
left of the black curves are excluded by EWPT: strict 95% of C.L limts on
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Chapter 1

Introduction

Very recently, the validity of the standard model (SM) of particle physics has been con-
firmed by the discovery of a Higgs boson with mass near 125 GeV by the ATLAS and CMS
experiments [1, 2]. Though the SM successfully describes a broad range of high energy
phenomena, the answer to remaining questions regarding the theoretical structure of the SM,
particularly the hierarchy problem, leads naturally to the introduction of physics beyond the
standard model (BSM), possibly at the TeV scale [3, 4, 5, 6, 7, 8]. Many of the BSM models
predict the existence of heavy resonances with masses of the order of a TeV, which may
have sizable couplings to gauge and Higgs boson fields of the SM [9, 10, 11, 12]. We con-
sider here one important family among these models, which incorporate composite Higgs
bosons [11, 12]. In these models, the Higgs boson is a pseudo-Nambu-Goldstone boson of
a broken global symmetry. Other composite bound states beyond the Higgs are expected to
exist and could be experimentally observed.

Several searches for TeV scale resonances decaying into pairs of vector bosons or Higgs
bosons have been performed by the ATLAS and CMS experiments [13, 14, 15, 16, 17, 18,
19, 20, 21]. Both collaborations have studied criteria for reconstruction and identification of
high-momentum bosons decaying leptonically and hadronically. Kinematic selections have
been tuned in order to have the best discrimination between background and signal events. In
CMS, since 2011, there is a group in charge of the experimental searches for these signatures.
We have investigated semileptonic channels (one boson decaying into leptons and the other
hadronically) and all-hadronic channels (with both bosons decaying hadronically).

In this thesis, we search for a resonance with a mass in the range 0.8− 2.5 TeV decaying
to ZH, where the Z boson decays to qq̄ and the Higgs boson decays to τ+τ−. It is assumed
that the natural width of the resonance is negligible in comparison to the experimental mass
resolution, which is between 6% and 10% of the mass of the resonance, depending on the
mass.

The theoretical model used as benchmark in this work is described in Ref. [22]. In
this model a heavy SU(2)L vector triplet (HVT) containing neutral (Z’) and charged (W’±)
spin-1 states is introduced. This scenario is well-motivated in cases where the new physics
sector is either weakly coupled [23], or strongly coupled, e.g., in the minimal composite
model [24]. The cross sections and branching fractions (B) for the heavy triplet model
depend on the new physics scenario under study and can be characterized by three parameters
in the phenomenological Lagrangian: the strength of the couplings to fermions cF, to the
Higgs cH, and the self-coupling gV. In the case of a strongly coupled sector, the new heavy
resonance has larger couplings to the W, Z, and H bosons, resulting in larger branching
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fractions for the diboson final states.
In the high-mass case under study, the directions of the particles stemming from Z and

H boson decays are separated by a small angle. This feature is referred to as the “boosted
regime” or “boosted topology”. For the case of Z→ qq̄, this results in the presence of one
single reconstructed jet after hadronization called a “Z-jet” or “fat-jet”. For H→ τ+τ−, it is
observed two narrow jets separated by a small angle and with a low charge multiplicity. This
last feature is because most τ decays are in one or three charged tracks plus some neutral
hadrons (one or three prongs). The novel feature of this study is the reconstruction and
identification of a τ pair in the boosted regime. For this purpose, it is important to define
criteria to avoid at maximum the interference between the two τ candidates.

In the following, we label τ decays in a simplified way: τ±→ e±νν̄ as “τe”, τ±→ µ±νν̄
as “τµ”, and τ± → (nπ)(mK)ν as “τh”, where n and m can be 0, 1, 2, or 3, and the pions
and kaons can be either charged or neutral. Six channels, depending on the combinations of
τ decays, are studied separately and labeled as all-leptonic (τeτe , τeτµ, τµτµ), semileptonic
(τeτh, τµτh), and all-hadronic (τhτh). In this thesis, we will describe in details the all-hadronic
channel.

The experimental strategy is to reconstruct and identify the two bosons and to combine
their information into a variable that can discriminate between signal and background and
on which a statistical study can be performed. This variable is the estimated mass of the
Z′ after applying dedicated reconstruction techniques to the boosted qq̄ and ττ pairs (mZH).
The mZH distribution would show an excess of events at the assumed Z′ mass if a signal is
present.
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Chapter 2

The CMS experiment at the LHC

2.1 Accelerator physics
In this section we will discuss briefly some important characteristics of some types of particle
accelerators. More specifically, we are going to talk about some basics of colliders. In
general, the circular colliders use two beams of particles accelerated in opposite directions,
which interact in a given point where the detectors are located. The energy of the particles
that make up the beams are the same, so that the energy in the center-of-mass (CM) is:

ECM = 2Ep, (2.1)

where Ep refers to the energy of each particle in the beam.
The research with accelerators has a very vast applicability, and not only in physics, but

in medicine, biology, among other areas [25, 26]. In the case of the Large Hadron Collider
(LHC), the main purpose is in the physics area, more specifically in High-Energy Physics.
In this case, we need a very big amount of energy for each particle in the beam, so that it
is possible to create heavy particles (based on the Einstein relation E = mc2), like the Z
boson, and investigate deeply the subatomic structure (as expected by the de Broglie relation
λ = 2π/p).

Two common types of colliders are the linear and circular. In the linear collider, the
bunch crossing occurs just one time (between the beam and target), then it is not possible to
reuse the particles that did not interact with this target. In the case of the circular collider this
is not a problem, because the two beams are reused many times while circulating in the ring.
However, to maintain the circular orbit we have to use charged particles, which lose energy
by the synchrotron radiation,

∆Esinc ∝
E4

p

m4Ro

, (2.2)

where m is the mass of the accelerated particle and Ro is the radius of the orbit.
The type of the particles in the bunch is related with the purpose of the experiments.

For example, the e−e+ colliders are in general dedicated to precision physics. We know with
precision the energy of the electrons in the initial state, and since the electron is an elementary
particle, the environment is much cleaner than in a hadronic collision. In a proton-proton
collider, for example, we are interested in collisions among the partons that make up the
protons. In this case we do not know very well the energy of the initial partons. Since we
fix a direction to accelerate the particles, it is reasonable to infer that the momentum of the
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partons in the perpendicular direction is approximately zero, but in the direction of the beam
it is not easy to estimate the parton momentum because they share in a non-stationary way the
momentum of the proton in this direction 1. In searches for new physics, since in general we
do not know in which energy scale it will appear, the hadron colliders are more appropriated
because for a given energy of the hadron, the colliding partons will have CM energies in
a considerable range below the hadronic CM energy. Since hadrons are heavier than the
electrons, they lose less energy by the synchrotron radiation, allowing higher energies for
the colliding particles.

In order to relate the theoretical quantities with the experimental ones (number of events),
it is defined a quantity called instantaneous luminosity (L), which is related with the num-
ber of events produced in a collision per unit of time (dN

dt
). These events occurring with a

probability described by a cross section σ (in general σ is defined in units of barn (b) with
1 b = 10−24 cm2), are related with the instantaneous luminosity by,

dN

dt
= σ · L. (2.3)

In the case where the beams have NB bunches, each with N particles, which cross with a
frequency f , the instantaneous luminosity is defined by,

L =
f ·NB ·N2

4πσxσy

, (2.4)

where each bunch has a gaussian shape in the orthogonal directions with respect to the beam,
with width σx in x and σy in y. In the case of the LHC, the expression above is multiplied
by an additional factor to take into account the fact that, in general, the bunches cross with
an angle with a small deviation from π [27].

The total number of events in an interval of time is obtained integrating Eq. 2.3. Sup-
posing σ independent of the time, it is possible to write the total number of events (Ntot)
as function of a quantity called integrated luminosity Lint (Lint =

∫
dtL, with units of

[Lint] = (10−12b)−1 = pb−1, for example):

Ntot = σ · Lint. (2.5)

2.2 The Large Hadron Collider
The LHC complex is located in the border between France and Switzerland, and its accel-
erators and detectors are located in the underground between 50 e 175 m below the surface,
see Fig. 2.1. The LHC [27] is a circular accelerator that operates with protons and ions (Pb
ions). Since the two beams circulate in opposite directions, it is necessary two rings with su-
perconducting dipole magnets in many points of the accelerator in order to bend the particles
trajectory. In Fig. 2.2 we show a transverse section of the accelerator and a magnet dipole
represented by its field lines.

The protons used in the collisons are obtained ionizing hydrogen atoms. Before they
reach the LHC ring, the beam passes through a process of acceleration called injection chain,

1The fractions of the proton energy carried by the partons are described by complicated distributions (parton
distribution functions), which are deduced based on observed events.

4



CHAPTER 2. THE CMS EXPERIMENT AT THE LHC

where the protons pass in a sequence of accelerators “Linear Accelerator 2 (Linac2)”, “Pro-
ton Synchroton Booster (PSB)”, “Proton Synchroton (PS)”, and “Super Proton Synchroton
(SPS)”, so that when the beam reach the LHC the protons have an energy of around 450 GeV,
see Fig. 2.3. The total energy is reached in the LHC accelerator.

The main ring where the particles collide has a circumference of approximately 26.7 km.
There are four points where the bunches are bent to cross and the detectors are built around
this region of collision. There are four main detectors:

• A Large Ion Collider Experiment (ALICE): Specialized in ion collisions. It is studied,
for example, quark/gluon plasma systems.

• A Toroidal LHC ApparatuS (ATLAS): General purpose detector, with the main topics
in Higgs physics and searches for physics beyond the SM.

• Compact Muon Solenoid (CMS): General purpose detector like ATLAS. Possibility
to perform independent studies and combine the results with ATLAS.

• Large Hadron Collider beauty (LHCb): Focus mainly in the b-physics, for example,
study of CP violation in systems involving B mesons.

Besides the detectors above, there are other two: TOTEM (TOTal Elastic and diffrac-
tive cross section Measurement) and LHCf (Large Hadron Collider forward), which study
regions closer to the beam pipe (forward detectors). They are important in the measurement
of total proton-proton cross section and monitoring of the LHC luminosity.
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Figure 2.1: Geographical position of the LHC complex [27].

(a) (b)

Figure 2.2: (a) transverse section of the LHC [28]. (b) representation of a magnet dipole of
the LHC with the field lines [29].

In this thesis we studied proton-proton collisions collected in 2012 by the CMS detec-
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Table 2.1: Beam parameters for the LHC in 2012 Run and nominal values.

Parameters of the beam 2012 Run Nominal value
Energy of each proton 4.0 TeV 7.0 TeV
Number of protons per bunch 1.7× 1011 1.15× 1011

Maximum number of bunches per beam 1374 2808
Mean lifetime of the beam 15 h 15 h
Distance between two bunches 50 ns 25 ns
Maximum instantaneous luminosity 7.7× 1033 cm−2s−1 1.0× 1034 cm−2s−1

tor, which had an energy of 8.0 TeV in the CM. The LHC was designed to work with an
instantaneous luminosity of 1034 cm−2s−1 and a CM energy of 14 TeV, but due to some
initial incidents, it was convenient to work in the first years with different parameters from
the nominal ones. In Tab. 2.1 we show the values for some important parameters used in the
Run of 2012 and their respective nominal values.

Figure 2.3: Proton injection chain in the LHC complex [28].
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Figure 2.4: Integrated luminosity delivered by LHC, recorded and certified as good for
physics by CMS during the Run of 2012 [30].

In the 8 TeV Run of 2012 the LHC delivered ∼ 23fb−1 of integrated luminosity. CMS
recorded ∼ 21.8 fb−1, with ∼ 19.8 fb−1 classified as good for physics analysis [30] (see
Fig. 2.4). In this scenario we observed a mean of 20 primary vertices for a single bunch
crossing (pile-up).

2.3 The Compact Muon Solenoid
The CMS [31] is a general purpose detector, which has as main goals:

• Search and study properties of the Higgs boson. Provide a better understanding of the
spontaneous symmetry breaking mechanism in the electroweak sector of the SM.

• Search for new physics in the TeV scale like supersymmetry, extra dimensions, com-
posite Higgs, etc...

In order to perform these studies, the CMS was built with a wide angular coverage and
high resolution in trajectories and energy deposits measurements. The detector:

• Is compact: The material density is in general higher than the other LHC detectors.

• Has a dedicated system for muon trajectory measurements and trigger.

• Has as one of the main components a superconductor solenoid, which is responsible
for an uniform magnetic field of 3.8 Tesla in its center. The uniformity of the magnetic
field is increased by a steel return yoke external to the solenoid. In Fig. 2.5 it is shown
the degree of uniformity of the magnetic field.
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Figure 2.5: Field map of the magnetic field in the CMS detector [32].

Figure 2.6: General view of the CMS detector [31].

With its cylindrical geometry, see Fig. 2.6, the CMS surrounds the beam pipe of the LHC
in one of the interaction points, the P5, located in Cessy (France). The cylinder is 21.6 m
long, has radius of 7.3 m, mass of 12500 t, and is divided in three regions: end-cap forward,
end-cap backward, and barrel. The main detection systems are:

• Trajectory system.

• Calorimetry system.
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• Superconducting solenoid with a steel return yoke.

• Muon system.

Figure 2.7: Scheme with the CMS coordinate system.

It is defined a cartesian coordinate system with origin in the center of the detector. The
z axis is in the beam direction, the x axis points to the center of the LHC ring, and y points
to the surface in the cavern2. It is common to use spherical coordinates (see Fig. 2.7) and
a quantity called pseudorapidity (η) that is related with the θ coordinate in the spherical
system. The pseudorapidity is obtained in the high-energy limit of the rapidity, defined as:

y =
1

2
ln

ˆ

E + pL

E − pL

˙

,

where pL is the longitudinal momentum of the particle with respect to the z axis and E is its
energy. Therefore, in the high-energy limit (E2 = m2 + ~p2 → E ≈ |~p|), we have:

y ≈ η =
1

2
ln

ˆ

|~p|+pL

|~p|−pL

˙

=
1

2
ln

ˆ

|~p|+|~p|cos θ

|~p|−|~p|cos θ

˙

.

Using the trigonometric identities: cos2(θ/2) = (1 + cos θ)/2 e sin2(θ/2) = (1 − cos θ)/2,
we have:

η = − ln

ˆ

tan

ˆ

θ

2

˙˙

, (2.6)

i.e., from a quantity that depends on the energy and momentum of the particles we derived a
quantity that only depends on the geometrical coordinate θ.

The main reason that we use the pseudorapidity is due to the fact that the rapidity and
consequently the pseudorapidity are invariant under Lorentz boosts in the z direction aside

2In fact, the LHC ring is located in an inclined plane with 1.4% slope [33].
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of one constant (η′ = η + c). And based on this fact it is possible to define a quantity that is
invariant under boosts in the z direction:

∆R =
a

(∆φ)2 + (∆η)2, (2.7)

which describes distances in the plane η − φ.
These coordinates are used in the description of the CMS. In addition they are very useful

in the description of the trajectories of the particles and energy deposits. In the following we
will talk briefly about some subdetectors of CMS.

2.3.1 Tracking system
The tracking system (tracker) is responsible for the reconstruction of the trajectories of
charged particles. Due to the magnetic field, the trajectories of the particles are bent allow-
ing to estimate their momenta. The tracker has a very good spatial resolution, which allow a
precise mapping of all the trajectories. It is possible to reconstruct not only the primary but
also secondary vertices, like the ones from b hadron decays. In addition, the tracking system
is used in the identification of particles isolated from extra hadronic activity from the same
event.

The tracker is the sub detector closest to the beam pipe. It is important that it does not
interfere much in the energy of the particles, so that the bias in the measurements of other
sub detectors is reduced as much as possible. The tracker was built using two technologies:
silicon pixel and strips sensors. Below we describe briefly these components.

• Silicon pixel detector: This is the component closer to the beam, see Fig. 2.8. Since it
is very close to the interaction point, the pixel detector needs to deal with an environ-
ment with very high radiation dose3. The pixel detector is made up by three cylindrical
layers with radii 4.4, 7.3, and 10.2 cm with respect to the beam and two disks in each
extremity, see Fig. 2.9. The detector has a total of 66 M silicon sensors (cells) with
area of 100 µm × 150 µm each, resulting in an active area of approximately 1.1 m2.
When a particle passes through a sensible region of the detector, it ionizes the material
creating electron-hole pairs (∼ 110 pairs/µm). These charge carriers are separated in
opposite directions due to an electric field applied in the silicon. The induced charges
are then collected and amplified by a low-noise electronic system. Position measure-
ments in the pixel detector have a spatial resolution of order 10 µm in the plane xy
and 20 µm in the z direction. With this very good resolution, it is possible to recon-
struct primary and secondary vertices in an event. The pixel detector is used in the
measurement of the luminosity using a pixel cluster counting technique [34].

• Silicon strip tracker: This component is divided in two regions: inner silicon strip
tracker with internal radius of 20 cm and outer silicon strip tracker with internal radius
of 55 cm. The inner silicon strip tracker is composed by two sub detectors, the tracker
inner barrel (TIB) and tracker inner disks (TID), which are respectively made up by
four cylindrical layers and three disks in each extremity. The outer silicon strip tracker
is composed by two sub detectors, the tracker outer barrel (TOB) and tracker end caps
(TEC), which are respectively made up by six cylindrical layers and nine disks (see

3For example, in a distance of 8 cm with respect to the interaction point, we have around
106 particles/cm2s.
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Fig. 2.8). Increasing the radial distance from the interaction point decreases the particle
flux in the detector so that we need a better resolution for the internal components.
The separation between the strips is lower in the TIB and TID resulting in a spatial
resolution of approximately 23−25 µm in comparison with a resolution of 35−53 µm
in TOB/TEC.

Figure 2.8: zy view of the tracking system [31].

(a) (b)

Figure 2.9: (a) sketch of the pixel detector. (b) one quadrant in the zy plane of the pixel
detector [31].

In Fig. 2.10 we show the transverse momentum resolution and spatial resolution in the
xy plane and z direction. All these quantities are studied as a function of muon transverse
momentum equal to 1, 10, and 100 GeV and 0 < |η|< 2.4 [35].

2.3.2 Electromagnetic calorimeter
The electromagnetic calorimeter (ECAL) measures the energy of high-energy electrons and
photons, which interact with the ECAL material until being absorbed. They interact with a
scintillator material that emits photons in the optical spectrum, which are detected by photo-
detectors allowing an estimate of the energy deposited by the particles. The ECAL is mainly
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Figure 2.10: Transverse momentum and spatial resolution in single muon events with trans-
verse momenta of 1, 10, and 100 GeV as a function of |η|. Upper: transverse momentum
resolution. Lower left: spatial resolution in xy plane. Lower right: spacial resolution in z
direction [31].

made up by PbWO4, which is a fast response scintillator material with 80% of the optical
photons emitted within 25 ns, allowing a separation between the bunch crossings. The atoms
that constitute this material have a huge concentration of electrons (high atomic number),
allowing higher electromagnetic interaction with the particles. The ECAL is composed by
three sub detectors (see Fig. 2.11):

• ECAL Barrel (EB): Composed by 61200 PbWO4 crystals, the EB has a cylindrical
shape with pseudorapidity coverage of |η|< 1.479.

• ECAL Preshower (ES): Composed by two lead disks followed by silicon detectors
similar to the ones from the tracking system, the ES distinguishes π0, which decay
in two photons very close in space, from a single high-energy photon. When pass-
ing through the lead disks, the photons create an electromagnetic shower (composed
mainly by electron-positron pairs), which is detected by the silicon sensors. The ES is
located in a η region where these signatures frequently occur, 1.653 < |η|< 2.6. This
sub detector has an important role in analyses with the Higgs boson in the diphoton
channel.
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• ECAL Endcaps (EE): The EE in conjunction with the ES compose the extremities
of the ECAL. The EE is composed by 3662 PbWO4 crystals, covering a η region of
1.479 < |η|< 3.0.

Several components spoil the measurement of the deposited energy in ECAL: calibration
uncertainties, noises from electronic components, pile-up, and others. The resolution in the
energy measurement in ECAL is described by the following expression [31]:
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where E is the energy in GeV and the values of each term were obtained with a fit to data
from an electron test beam for 0 < E < 250 GeV.

2.3.3 Hadron calorimeter
In general the hadrons have mass (order of 1 GeV) much higher than the electron’s mass
(around 0.5 MeV). At typical energies of the LHC, the hadrons are produced with energies
of the order of several GeV. These features make useful the implementation of a sub detector
composed by materials with atoms with very high atomic number, where these hadrons will
predominantly interact via strong interaction, complementing the measurements from the
electromagnetic calorimeter. The hadron calorimeter (HCAL) is located externally to the
ECAL and has the following components (see Fig. 2.12):

• HCAL Barrel (HB): This sub detector is composed by brass plates that absorbe the
particles. These plates are alternated with scintillator layers that generate signals asso-
ciated to the energy deposits. The HB is located in a region between ECAL Barrel and
the superconductor solenoid, with a coverage of |η|< 1.3.

• HCAL Outer (HO): With a similar coverage as in the HB, the HO is in a region
between the superconductor solenoid and the steel return yoke. The main function of
the HO is to detect and absorb the very energetic hadron showering that passes through
the whole HB. The HO is composed by five rings of scintillator material. In the central
region, where the particles fly through a smaller distance in the HB (smaller absorption
power), two layers of scintillator material are filled by an iron absorber.

• HCAL Endcaps (HE): This component has a similar composition and function as
HB, but it covers the 1.3 < |η|< 3.0 region.

• HCAL Forward (HF): This component covers a region of 2.9 < |η|< 5.2, which
is not covered by any other CMS sub detector. Due to its very close position with
respect to the beam pipe, the HF is composed mainly by quartz fiber, resistant to high
radiation, combined with a steel absorber.

With this very high η coverage, the HCAL is a key component in the estimate of the
transverse missing energy, which is an important object in many analyses in the collabora-
tion. The expected resolution in the energy measurement of HCAL is approximated by [36]:
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(a)

(b)

Figure 2.11: (a) sketch of the ECAL detector with their main components [31]. (b) transverse
section of the ECAL showing one quadrant in the plane yz and pointing the η coverage [35].

where E is in GeV and the values of each term were obtained with a fit to data from test
beam for particles’ energy in the range 30 < E < 1000 GeV.

2.3.4 Superconducting magnet
This component is responsible for a magnetic field of 3.8 T in the center of CMS. With this
field magnitude it is possible to estimate the electric charge and momentum of a charged
particle even at very high energy (order of TeV). The solenoid is located between the HB
and HO and it has a cylindrical shape with diameter of 6 m and length of 12.5 m. Outside
the solenoid, giving mechanical support to the muon system, is located the steel return yoke,
which is responsible for the homogeneity of the magnetic field outside the solenoid. In
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Figure 2.12: Sketch of the hadron calorimeter of CMS pointing its main components and the
η coverage [31].

the barrel region this system is composed by five “rings” with a transverse section with a
dodecagon shape. Each “ring” has three layers of steel and between these layers are located
the muon system, see Fig. 2.13. In the end-caps of the detector, the return yoke system is
composed by six disks, three in each extremity (see Fig. 2.14).

2.3.5 Muon system
The muons are object of study in many analyses in the LHC. Due to this importance, it was
developed a system of detectors specialized in complementing the position and momentum
measurements from the tracker system, providing a more precise muon identification. Due
to its relatively high mass and the fact that it does not interact strongly, the muon passes
through all the material of the tracker and calorimeters without losing a considerable amount
of its energy. The muon system is located outside the calorimeters between the layers of the
steel return yoke in the barrel and end-caps, see Fig. 2.15. The sub detectors were built using
three technologies: Drift Tubes (DT), Resistive Plate Chambers (RPC), and Cathode Strip
Chambers (CSC).

• Drift Tubes: With a coverage of |η|< 1.2, the DT system has a spatial resolution
of approximately 100 µm. In total there are 250 chambers, which are located in 4
concentric stations inside the steel return yoke of CMS. These stations are divided into
5 wheels with 12 sectors each. Each sector covers ∼ 30◦ in φ, see Fig. 2.16. The DT
chambers are composed by 12 silver layers grouped in three sets of four layers. Each
set of layers has 60 tubes with transverse section of width of 4.2 cm and height of
1.3 cm. The tubes are filled with a mixture of argon (Ar) and carbon dioxide (CO2),
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Figure 2.13: Superconducting solenoid surrounded by one of the wheels of the steel return
yoke in the barrel region of CMS [31].

see Fig. 2.17. When a charged particle passes through the gas, it ionizes the atoms.
In each tube there is a wire (anode) that together with a cathode create an electric
field that accelerates the electron from the gas ionization. With a gain in energy due
to the electric field, the electron has energy enough to ionize other atoms in the gas
resulting in an avalanche effect, which is recorded by the electronic system. Since the
mean velocity of the electrons in the gas is a known parameter and that is possible to
obtain the mean time that the electrons pass through the gas untill reach the anode, it
is possible to obtain the position of the charged particle.

• Cathode Strip Chambers: This component uses a similar approach as the Drift
Tubes, but covering the region of 0.9 < |η|< 2.4 and with a spatial resolution of
50 µm. Since they are located in the end-caps, the CSC were designed in order to
work more efficiently in a region with higher magnetic fields. The sets of CSC make
up four disks for each end-cap, which are composed by 18 or 36 chambers in trapezium
shape (in total 468 chambers), see Fig. 2.18(a). Each chamber is composed by seven
layers with cathode strips and six layers filled with a mixture of gases (40% of Ar, 50%
of CO2, and 10% of CF4) and with many wires (anode) as showed in Fig. 2.18(b).

• Resistive Plate Chambers: This sub detector is located in both barrel and end-caps. It
helps the other components (DT and CSC) in the trajectory reconstruction and provides
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Figure 2.14: Photo of one return yoke disk [31].

a trigger system. There are six layers of RPC in the barrel and three in each end-
cap. The RPC is composed by two bakelite plates, which are parallel and separated
by a small distance. Between these two plates it has gas and it is fixed a high electric
potential difference, see Fig. 2.19. A charged particle passes trough the gas and ionizes
some atoms producing an avalanche inside the chamber. Combined with the plates
there are some silver strips responsible by the read-out of the signal created by the
avalanche of electrons. Due to the small distance between the bakelite plates, we have
a very fast response to the passage of the charged particle, order of 5 ns, which is
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enough for a trigger system given that the time between each collision at the nominal
luminosity is about 25 ns.

0

100

200

300

400

500

600

700

800

0 200 400 600 800 1000 1200
Z (c m)

R
 

(c
m

)

RPC

 CSC

DT 1.04

2.4

�
�

�
� � �

2.1

1.2
 eta = 0.8

1.6

ME 1

ME 2 ME 3 ME 4

MB 4

MB 3

MB 2

MB 1

Figure 2.15: Sketch of the muon system in one quadrant in the yz plane [31].

In Fig. 2.20 we show curves describing the muon transverse momemtum (pT) resolution,
looking all the covered η region (except the crack region between 0.8 < |η|< 1.2, see
Fig. 2.15). We present the resolution by the muon system only, the tracking system, and
the combination of the two systems. For the low pT region, below ∼ 100 GeV, the muon
system provides much worse resolution than the tracking system. For higher momenta, the
resolution for the tracker degrades faster than the muon system, so that they have comparable
resolutions for pT > 2 TeV in the central region, 0 < |η|< 0.8.

2.3.6 Trigger system
The trigger system [37] was developed in order to select fastly and precisely “interesting
events” (with characteristics compatible with the physics analyses program of the LHC), and
to reduce considerably the amount of data to be stored. In the nominal LHC luminosity, we
expect around 20 proton-proton collisions 4 for each bunch crossing, which occur in 25 ns
intervals. This rate of events translates in an amount of data that, with the current technology,
is not viable to be recorded. Therefore, it is necessary a trigger system with fast response

4It is important to remember that we have other parameters in heavy-ion collisions, which imply in different
trigger strategies for these studies.
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Figure 2.16: Sketch of the transverse section of one of the wheels of CMS barrel. The DT
chambers are labeled by “MB” [31].

Figure 2.17: Drift Tube transverse section [31].

and efficient algorithms to select the required events. It is possible to divide the CMS trigger
system in two big categories:

• Level 1 Trigger (L1 Trigger): Currently most of this step is performed in the cus-
tom electronics of CMS. It is divided in some sectors that reconstruct and classify
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(a)

(b)

Figure 2.18: (a) disks with the Cathode Strip Chambers. An example of chamber is showed
in (b), together with a scheme showing how the anode and cathode are organized inside the
chambers [31].

some physical objects (like muons, electrons, jets, etc...) using informations from the
calorimetry and muon systems. This analysis is passed to a final component that de-
cides to save or not the event. This last decision need to be done in a time interval
of around 3.2 µs after each collision because the data are stored in a temporary area
and are overwritten after this time interval. In the nominal luminosity, the L1 Trigger
reduces the rate of events from 40 MHz to 100 kHz. Each event with a mean of 20
primary vertices as described above.
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Figure 2.19: Sketch of one Resistive Plate Chamber [31].

Figure 2.20: Muon transverse momentum resolution. We present this quantity for three
situations: considering only the muon system, only the tracking system, and both systems.
In the left plot we show the resolution for 0 < |η|< 0.8 and in the right plot for 1.2 < |η|<
2.4 [31].

• High Level Trigger (HLT): The events selected by the L1 trigger are transferred to
a computer farm, where a more detailed event selection is done. The HLT does a
similar reconstruction and identification as in the physics analysis level, which uses
more specific criteria for the objects like requirements on the transverse momentum
and energy of jets, muon/electron isolation, etc... In this layer of the trigger system the
events that pass at least one pre-defined set of requirements (trigger path) are stored,
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which reduces the rate of events from 100 kHz to 100 Hz (100 MB/s to be permanently
stored).

2.4 General view of an event and analysis framework
When we have a proton bunch crossing in the center of the detector, many interactions take
place among these protons. The interactions that we are interested in (and to be selected
by most of the trigger paths) are the ones in which the proton constituents (partons) interact
producing other particles with transverse momentum of tens of GeV (hard process). In the
interactions, these partons can exchange, for example, gluons, Z/W bosons, photons. These
bosons result in more stable particles that are detected by CMS. In the case of production of
high-pT quarks/gluons (or hadronic decay of the bosons), these final state partons go through
a serie of intermediate processes like radiation emission, combination into color singlets
(hadrons), hadron decay. Since the mother partons have a high-momentum, in general the
stable final state particles are detected in localized regions in the detector. These complex
objects are called jets.

Figure 2.21: Pictorial representation of a Monte Carlo simulation of a hadron collision [38].
The hard process is described by the red color. Secondary interactions are in purple. In blue
is represented the radiations from the parton showering. In green are described the hadrons
after the hadronization step and dark green the decay of unstable hadrons. Finally, in yellow
we have QED Bremsstrahlung.
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Before the hard interaction, the partons radiate other particles like gluons and photons,
called initial-state radiation (ISR). Just after the hard process, it is possible that the final state
particles radiate, which is known as final-state radiation (FSR). It is observed the production
of particles coming from secondary interactions among the other partons constituents of the
protons that originated the hard interaction (underlying-event). In Fig. 2.21 we show how
Sherpa [38], a Monte Carlo generator, models these processes, including the non-perturbative
hadronization and unstable hadron decay steps.

Due to the high-luminosity of LHC, it is possible to have more than one proton-proton
hard interaction in one single bunch crossing, pile-up. As described in Sec. 2.2 we had a
mean of 20 hard collisions per bunch crossing in the run of 2012. All these processes can
interfere in the particle reconstruction for each event. For example, radiation and hadroniza-
tion tend to smear out the energy of jets from the hard process (“splash-out” effect), while
the underlying-event and pile-up tend to add energy to the hard interaction (“splash-in” ef-
fect) [39].

The stable particles interact with the sensible material in the detector generating signals,
called hits. These signals are measurements of the position of the particles when passing
through the sensitive volume of the CMS. An algorithm of pattern recognition uses these
hits for the reconstruction of the trajectories, which are combined with energy deposits in
the calorimeters providing more details about the physics objects. More complex objects
like jets and taus are reconstructed using these primary objects. This “offline” reconstruction
is done using an analysis framework called CMSSW (CMS SoftWare) [40], which has a
modular structure, where each module written in C++ is controlled by configuration files
written in Python. The CMSSW is also used to perform the analysis selection itself, it is
possible to access several information about the events (particles’ momentum, charge, spatial
position, etc...) using dedicated analysis modules. These last information are directly related
with theoretical particle physics frameworks. In the next chapters some theoretical models
and their phenomenology are briefly described.
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Chapter 3

The standard model and some possible
extensions

3.1 The standard model of particle physics
The standard model (SM) [41, 42, 43, 44, 45, 46] is nowadays the main paradigm to describe
elementary particles and their interactions. This model has been tested successfully by many
experiments [1, 2, 47, 48, 49, 50, 51, 52, 53, 54]. It uses quantum field gauge theories
that describe the fundamental interactions among the particles fixing local symmetries in
the corresponding Lagrangians. In particular, the current formulation of the SM is built
defining the most general renormalizable Lagrangian with a set of particles described below
and invariant under symmetries associated to the Poincaré and gauge SU(3)×SU(2)×U(1)
groups1.

Many experimental results gave guidance to the development of the SM2. For instance,
the observation of parity violation by the weak interaction defined the structure of the weak
current in the SM.

The masses of the Z0 (from now on Z) and W± bosons are generated by the Higgs mech-
anism. In this procedure, new degrees of freedom are introduced in the theory, represented
by massless scalar particles (Goldstone bosons), which are “transferred” in a consistent way
to become new degrees of freedom for these massive vector bosons. A consequence of this
mechanism is the appearance of an additional massive scalar particle, the Higgs boson, which
has a crucial role in the perturbative unitarization of the theory. The masses of the fermions
are generated by Yukawa couplings between the fermions and the Higgs boson.

The fermions are the matter fields defined by the fundamental representations of the
gauge groups. They are divided into quarks and leptons, which are classified in three gener-
ations or families. The elementary bosons are associated to the interactions in the model. In
Figs. 3.1 and 3.2 we show, respectively, the elementary particles and the interactions among
them in the framework of the SM. In the next subsections we describe briefly some properties
of each elementary particle that is useful for the understanding of the analysis procedure.

1The gravitational interaction is not included in the SM. In fact, for the energies tested until now (at order of
TeV), the introduction of quantum effects from gravity is not necessary since it is expected to be much weaker
than the other known interactions. It is worth to mention that nowadays we do not have a standard theoretical
framework to describe quantum-gravity in the energy regime (i.e. Planck scale, MP ∼ 1019 GeV) that the
gravitational interaction is expected to be comparable with the other known fundamental interactions.

2See Ref. [55] for a historical summary.

25



CHAPTER 3. THE STANDARD MODEL AND SOME POSSIBLE EXTENSIONS

Figure 3.1: Scheme describing the elementary particles in the standard model. We present
values for the mass, charge, and spin of each component.

3.1.1 Leptons
Leptons are fermions that interact both electromagnetically and weakly, with the exception
of the neutrinos that only interact weakly.

• Electron (e): The lightest charged lepton in the SM is the electron with a mass of
around 0.5 MeV. Since it is charged and stable, the electron production in the col-
lisions results in a track in the silicon detector and a considerable amount of energy
deposit in the electromagnetic calorimeter of CMS.

• Muon (µ): With a mass of around 200 times bigger than the electron mass (≈ 106 MeV),
the muon is an unstable lepton with a mean lifetime of t ≈ 2 µs, which corresponds to
ct ≈ 600 m. With this mass and not interacting strongly, the µ does not interact much
with the material of the calorimeters, instead its reconstruction and identification are
mainly done by the tracker and muon systems.

• Tau (τ ): This is the heavier lepton observed to date, with a mass of approximately
1.8 GeV and a mean lifetime much smaller than the muon, t ≈ 3 × 10−13 s (ct ≈
90 µm). The τ lepton decays before interacting with the tracker, therefore only its
decay products are detected in CMS, i.e., pions (π0, π±), kaons (K0, K±), electrons,
muons, etc... In Tab. 3.1 we present the dominant τ decay processes with the respective
branching fractions, and intermediate vector meson resonances production.

• Neutrino (ν): For each e/µ/τ described above exist a corresponding neutrino, which
interact only through the weak force. In the simplest formulation of the standard model

26



CHAPTER 3. THE STANDARD MODEL AND SOME POSSIBLE EXTENSIONS

Figure 3.2: Scheme describing the interactions among the elementary particles in the stan-
dard model. For example, the lines connecting the leptons with gauge bosons mean that the
leptons can interact exchanging these bosons. The closed lines refer to self couplings.

they are massless. Nowadays, from neutrino experiments we have some facts (neutrino
flavor oscillation [56]) indicating that neutrinos have mass. The neutrinos do not in-
teract with any component of the CMS detector. They are included in the transverse
missing energy, which is defined as the negative of the vector sum in the transverse
plane (with respect to the beam line) of all visible particles.

3.1.2 Electroweak vector bosons
• Photon (γ): The photons are responsible for the electromagnetic interaction. They are

massless and electrically neutral, interacting mainly with the material of the electro-
magnetic calorimeter creating pairs of electron-positron.

• Charged bosons (W±): Both have the same mass (mW± ≈ 81.4 GeV) and enter in
the diagrams of many processes in the SM. In Tab. 3.2 we list the decay modes and the
respective branching ratios.

• Boson Z: Electrically neutral boson with a mass of approximately 91 GeV. The
Z width for decay into leptons and hadrons is, respectively, Γll ≈ 84 MeV and
Γhh ≈ 1.7 GeV. The Z can interact off-shell (Z∗), so that the invariant mass of the
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Table 3.1: Dominant decay processes for the τ− lepton with the respective branching frac-
tions [57]. For the decay modes intermediated by vector meson resonances, we present their
type and mass. The symbol h− represents both charged pions and kaons.

Decay mode Resonance Resonance mass (MeV) Branching fraction (%)
τ− → µ−ν̄µντ ≈ 17.4
τ− → e−ν̄eντ ≈ 17.8
τ− → h−ντ ≈ 11.5
τ− → h−π0ντ ρ− ≈ 770 ≈ 26.0
τ− → h−π0π0ντ a−1 ≈ 1200 ≈ 9.5
τ− → h−h+h−ντ a−1 ≈ 1200 ≈ 9.8
τ− → h−h+h−π0ντ ≈ 4.8

Table 3.2: Branching fractions for the W− decay modes [57].

Decay modes Branching fraction (%)
e−ν̄e ≈ 10.8
µ−ν̄µ ≈ 10.6
τ−ν̄τ ≈ 11.3
hadrons ≈ 67.6

decay products can be much smaller than the mass of the Z. In this case the process
is indistinguishable from virtual photon (γ∗) exchange. In hadron colliders, when a
produced lepton-antilepton is mediated by Z/Z∗/γ∗, we call it a Drell-Yan process. In
Tab. 3.3 we list the decay modes of the Z boson with the respective branching frac-
tions. The leptonic decay is in general very clean in CMS (exception for the τ decay
mode) and is used, for example, in efficiencies studies and calibrations.

Table 3.3: Branching fractions for the Z decay modes [57]. “Invisible” means decay into a
pair of neutrinos.

Decay modes Branching fraction (%)
e−e+ ≈ 3.4
µ−µ+ ≈ 3.4
τ−τ+ ≈ 3.4
invisible ≈ 20.0
hadrons ≈ 69.9

3.1.3 Quarks and gluons
There are six quarks in the SM, which interact electromagnetically, weakly, and strongly. The
strong interaction is mediated by vector bosons called gluons, and due to the confinement
nature of these interactions, the quarks are not observed isolated in the detector. Instead
we detect the hadrons, which are quark bound states. The hadrons are classified in baryons
(made up by three quarks) and mesons (made up by one quark and one antiquark) 3.

3Recently it was observed by the LHCb experiment [58] compound states of cc̄uud, called charmonium-
pentaquark states.
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• Quarks up (u), down (d), and strange (s): They are the lightest quarks with masses
of a few MeV for u and d and approximately 100 MeV for s. These quarks make up
many hadrons, some of them with very low mean lifetime and others with much bigger
lifetime, for example, the protons and neutrons are made up by quarks up and down.

• Quarks bottom (b) and charm (c): The hadrons made up by these quarks are unstable
with some decay products including non-isolated leptons. The hadrons made up by
quarks c have mean lifetime between around 0.5 and 1.0 ps (ct ≈ 150 − 300 µm).
The hadrons made up by quarks b have mean lifetime of the order of 1.5 ps, i.e., ct ≈
450 µm. In general, we reconstruct these hadrons with a measurable displacement (or
impact parameter) from the initial parton interaction in the proton-proton collision.

• Quark top (t): With a mass of around 172 GeV, the top quark is the heaviest elemen-
tary particle to date. Most of the time in proton-proton collisions they are produced
in pairs. They decay before hadronize, so that we do not observe hadrons made up of
top quarks, which decay with almost 100% of branching fraction in a W boson and
a b quark. The production of pairs of top quarks (tt̄) are included in the background
of many analyses of physics beyond the standard model. In Tab. 3.4 we list the main
decay products of (tt̄) with the respective branching fractions.

Table 3.4: Braching fraction for the main decay modes of pairs of top quarks [57].

Decay modes Branching fraction (%)
Semileptonic
eνebb̄qq̄

′ ≈ 14.8
µνµbb̄qq̄

′ ≈ 14.8
τντbb̄qq̄

′ ≈ 14.8
Leptonic
e+νeµ

−ν̄µbb̄ ≈ 2.5
e+νeτ

−ν̄τbb̄ ≈ 2.5
µ+νµτ

−ν̄τbb̄ ≈ 2.5
e+νee

−ν̄ebb̄ ≈ 1.2
µ+νµµ

−ν̄µbb̄ ≈ 1.2
τ+νττ

−ν̄τbb̄ ≈ 1.2
Hadronic
bb̄qq̄′q′′q̄′′′ ≈ 44.4

3.1.4 Higgs boson
In 2012 a candidate for the last unobserved elementary particle in the SM was discovered
by ATLAS and CMS experiments [1, 2]. The Higgs boson (H) from the SM is a scalar
elementary particle with its mass defined as a free parameter. The Higgs couplings with
massive gauge bosons (proportional to the square of the boson mass) are a corollary of the
Higgs mechanism and the couplings with the fermions (proportional to the fermion mass)
are introduced as Yukawa terms. The branching fractions of the Higgs bosons to decay in
SM particles depend on the mass of the Higgs (see Fig. 3.3). ATLAS and CMS measured
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the Higgs mass with a very good precision, and the combined4 result is mH = 125.09 ±
0.21(stat.)± 0.11(syst.) GeV [59], which is in agreement with the SM, taking into account
previous theoretical and experimental constraints. There are some preliminary measurements
about the properties of the Higgs bosons that agree with the SM expectations [60, 61, 62, 63],
however there are many options beyond the SM to be investigated, like the possibility of the
Higgs to be a composite state.
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Figure 3.3: Higgs branching fractions in different decay channels as a function of its
mass [64].

3.2 Going beyond the SM
As we have briefly described above, the SM is a successful framework that explains and
predicts many phenomena in particle physics. Despite it is robust description of the strong
and electroweak interactions and particle spectra, there are some theoretical and experimental
facts that make us think about the validity of the SM at an arbitrary energy scale [65, 66, 67,
68]. Below we list three possible examples of limitations of the SM:

1. It does not account for the Dark Matter content estimated in the universe;
4The collaborations consider

?
s = 7 TeV and 8 TeV proton-proton collisions from both experiments, and

they analyse the channels: H→ γγ and H→ ZZ→ ll ll.
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2. Neutrino masses are indirectly inferred by the observation of neutrino flavor oscil-
lations. At least in its minimal formulation, the SM does not include mass for the
neutrinos;

3. We do not have a consistent description of quantum-gravity at energies Á MP.

In fact, from the points above we do not have any strong hint that new physics should
appear at the energies tested by LHC. From points “2” and “3” we have some indications [65]
that new physics can appear at scales ∼ 1015 GeV and ∼ 1019 GeV, respectively, which are
very far away from our experimental reach nowadays. This is in general the case of many
other questions raised about the characteristics of the SM: if there is new physics we do not
know exactly at which energy scale it will appear. Even harder is to know the nature of the
theory that will describe a possible new phenomenon.

Looking deeply into the structure of the SM, we see a feature that we are not accostu-
mated to deal with in quantum field theory: there is a hierarchy between the Higgs mass (or
the Electroweak Symmetry Breaking (EWSB) scale v), and the untraviolet (UV) cutoff of
the SM, ΛSM. Since in the SM the Higgs is an elementary scalar, its mass receives one-loop
corrections that are proportional to ΛSM ∼MP, requiring a very fine tunning in order to have
the observed value of the Higgs mass. This is called the “Hierarchy Problem” (HP) [66, 65]5.
In fact, the HP is not an inconsistency of the SM. In principle, there is no problem to think
that Nature has these kind of hierarchies. The problem can be formulated in other words:
suppose the SM is valid up to a very high-energy scale ΛSM, where will appear new parti-
cles associated with the “New Physics” (NP). How could this NP manage to generate at low
energy a scale v so much different from the typical masses of the particles that is of order
ΛSM?

A way out of this HP is to suppose that NP will instead appear at the TeV scale. It is
possible to identify three general approaches [65]:

1. Supersymmetry [69, 70]: Where bosons and fermions are connected with their respec-
tive fermions and bosons superpartners. In this theory the quadratic corrections to the
Higgs mass are canceled by the contributions from the superpartners.

2. Composite Higgs [71]: Where the Higgs is a pseudo-Nambu-Goldstone boson with its
mass protected by an approximate Goldstone symmetry;

3. Extra dimensions [72, 73]: In these classes of models it is possible to reduce the hi-
erarchy allowing the gravitational interaction to propagate through the extra spatial
dimension(s). The cutoff scale (in 4D) is reduced to the electroweak scale.

All these theories need to describe the physics at the energies tested so far. In this case many
constraints are obtained and sometimes additional requirements are needed. Some of these
approaches appear with important additional properties like in the case of supersymmetry
that propose a candidate for Dark Matter.

These NP classes of models in general predict new particles that couple with SM parti-
cles resulting in signatures that can be probed at LHC. The signatures can present different
features. For example, it can happen through a cascade decay resulting in distortions in SM
distributions or decay of a TeV scale resonance resulting in a peak at high values of invariant

5There is another “Hierarchy Problem” about the cosmological constant (Λcosmo) [68], which will not be
discussed here.
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mass of final state candidates. In particular, in this thesis we will be interested in classes
of models that predict the production of heavy resonances, which couples preferably with
dibosons. This feature is very common, for example, in composite Higgs [6, 7, 74] and extra
dimension [75, 76, 77] models.

32



Chapter 4

Benchmark model and simplified model
approach

In order to define a strategy for the analysis, it is essential to have a benchmark model to be
simulated and compared with our expectations from SM and the observed events from LHC.
We intend to search for a hypotetical high-mass (MV Á 1 TeV) resonance decaying into
a pair of SM bosons (Higgs or massive vector bosons W± and Z). This kind of signature
can appear, for example, in an effective description of a strongly coupled theory presented
in Ref. [74]. This model is based on the coset SO(5)/SO(4), i.e. at some energy scale F a
global SO(5) symmetry is spontaneously broken into a symmetry associated with the SO(4)
group, which is isomorphic to SU(2) × SU(2), SO(4) ∼ SU(2) × SU(2). The model is
inspired in the non-linear sigma model [68] developed to describe light mesons in QCD,
like pions and kaons. In the new approach, the Higgs is analogous to these light mesons,
with its mass protected by the explicit breaking of the Goldstone symmetry SO(5), like the
chiral symmetry in QCD that is explicitly broken by the quark masses1. As a consequence,
it is expected to appear other composite resonances heavier than the Higgs, analogous to the
vector meson ρ in QCD.

We used the implementation of the model (“Model B”) from [22] (HVT paper). The main
purpose of this paper is to present a model-independent analysis for possible new narrow
resonances based on a simplified phenomenological Lagrangian, which can be directly iden-
tified with some explicit models of heavy vector triplets (HVT). In fact, the relation between
the phenomenological Lagrangian and the experimental output (for example, limits on σ×B)
has some caveats, because the reconstructed resonance mass distribution receives corrections
from the parton distribution functions (PDFs) and quantum interferences from non-negligible
irreducible backgrounds. It is hard to control these interferences and consequently to find an
explicit connection with the parameters of the phenomenological Lagrangian, mainly in the
tails of the distributions that receive higher interferences. In the region very close to the peak
it is a good approximation to describe the invariant mass distribution with a Breit-Wigner
(BW)2. Consequently, it is possible to relate in an analytical way the experimental results

1In the Goldstone theorem [78] it is expected exactly massless bosons (called Nambu-Goldstone bosons) if
there is a global symmetry in the Lagrangian. When we say “explicitly broken”, it means that the symmetry is
broken by a small amount in the Lagrangian, resulting in low-mass bosons (called pseudo-Nambu-Goldstone
bosons).

2Actually the experimental output is not a simple BW but a different distribution that includes the experi-
mental resolution. In the peak region it is fine to use a convolution between a BW and a Gaussian to describe
detector resolution.
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and the parameters defined in the phenomenological Lagrangian. The tails of the invariant
mass distribution is in general sensible to additional parameters that are especific of each
explicit model, not included in the simplified description.

As we will describe in the analysis section, since the number of events from SM back-
ground is very small for our specific channel, we perform a cut-and-count analysis, with a
selection optmized for a narrow resonance3. In this case we are almost free from effects in
the tail of the resonance mass distribution. Then, in a good approximation, we can interpret
the limits in terms of the couplings of the simplified model Lagrangian. We need to be cau-
tion to not consider such values of the parameters that, for example, result in signals with a
non-narrow-width.

The following simplified phenomenological Lagrangian is used to describe the dynamics
of the heavy vector triplet:

LV = − 1

4
D[µV

a
ν]D

[µV ν] a +
m2
V

2
V a
µ V

µa

+ igVcHV
a
µH

†τa
↔
D
µ

H +
g2

gV

cFV
a
µ J

µa
F

+
gV

2
cVVVεabcV

a
µ V

b
νD

[µV ν] c + g2
VcVVHHV

a
µ V

µaH†H

− g

2
cVVWεabcW

µν aV b
µV

c
ν , (4.1)

where V a
µ (a = 1, 2, 3) are real vector fields in the adjoint representation of SU(2)L and

with vanishing hypercharge. Written in the charge eigenstates below, they describe massive
spin-1 charged and neutral particles:

V ±µ =
V 1
µ ∓ iV 2

µ
?

2
, V 0

µ = V 3
µ .

The first two terms in the Lagrangian describe the kinetic and mass terms of the heavy
vector bosons with:

D[µV
a
ν] = DµV

a
ν −DνV

a
µ , DµV

a
ν = ∂µV

a
ν + gεabcW b

µV
c
ν ,

where g is the SM SU(2)L gauge coupling and W a
µ are SM fields.

The second line shows two important terms for the phenomenology of the models. They
describe, respectively, the couplings of the heavy vector fields with the Higgs (cH) and left-
handed fermion (cF) currents defined as:

iH†τa
↔
DH = iH†τaDµH − iDµH†τaH

and
JµaF =

∑
f

f̄Lγ
µτafL,

where τa = σa/2 (σ are the Pauli matrices) and Dµ defined as in SM:

Dµ = ∂µ + igτaW a
µ + ig′Y Bµ.

3Width smaller than the experimental resolution that is, for example, around 7% of the resonance mass for
MV = 1.0 TeV and MV = 1.5 TeV.
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The coupling gV is introduced as an overall parameter in order to parametrize the interac-
tion terms in a way that is more convenient to study weakly- and strongly-coupled theories,
since similar combinations of parameters appear in the explicit models.

The three last terms in general result in small contributions for the LHC phenomenology,
since they mainly involve self interaction among the heavy vector bosons. There are terms
mixing V a

µ with SM gauge bosons, but in most of the explicit models this mixing is negligible
compared with the terms in the second line. We could think of contributions from cascade
decays, but in order to satisfy the tree level SM prediction of ρ = 1, it was verified that
the heavy vector triplet need to be practically degenerate in mass (MV := M± ≈ M0),
suppressing this kind of signature. The tensor W a

µν is the same as in SM:

W a
µν = ∂µW

a
ν − ∂νW a

µ + gεabcW b
µW

c
ν .

After diagonalyzing the mass matrices that mix the heavy vector triplets with the SM
gauge bosons and fixing a hierarchical relation among the masses in order to have TeV scale
resonances and SM mW,Z ∼ 100 GeV, i.e., (mW,Z/MV À 10−1), it is possible to compute
approximate expressions for the width into fermions and bosons:

ΓV±→ff̄ ′ ' 2ΓV0→ff̄ ' Nc[f ]

ˆ

g2cF

gV

˙2
MV

48π
, (4.2)

where Nc[f ] is the number of colors (3 for decay into quarks and 1 for decay into leptons).

ΓV0→W+
L W

−
L
' ΓV±→W±L ZL

' g2
Vc

2
HMV

192π

(1 + cHcVVVζ
2)2

(1− c2
Hζ

2)2
=
g2

Vc
2
HMV

192π
[1 +O(ζ2)],

ΓV0→ZLh ' ΓV±→W±L h
' g2

Vc
2
HMV

192π

(1− 4cVVHHζ
2)2

1− c2
Hζ

2
=
g2

Vc
2
HMV

192π
[1 +O(ζ2)],

(4.3)

where ζ = gVv̂
2MV

(v̂ is the Higgs field vacumm expectation value (VEV) 〈HH†〉 = v̂2/2 in the
models considered) and h is the “Higgs boson”4. The widths for difermions were computed
using the Unitary Gauge and due to the small mixing angle between the heavy vectors and
SM gauge bosons (θN,C À 0.1), the decays are mainly in left-handed chiralities. In the dibo-
son case, the widths for the longitudinal components were computed using the Equivalence
Theorem [79], i.e., computing these quantities with the Goldstone bosons associated with
the SM massive vector bosons. The transverse component can be computed in the Unitary
Gauge, but it is negligible compared with the longitudinal component. The other dibosons
decay modes like ZZ, hh or γγ are very suppressed or prohibited.

In principle, ζ can be of order of unit, but only for very strong coupled models with
very high values of gV. It is a good approximation to consider ζ � 1 for the parameter
values used as benchmarks. In this limit it is interesting to note that the most important part
of the phenomenology of the simplified model, i.e. production and decay of heavy vector
resonances, is described with a good precision by the couplings: g2cF/gV and gVcH.

4Note that this is not really the Higgs boson of the SM, since it comes from the Higgs field (H) in the
simplified Lagrangian, but we expect it to have very similar properties (at least it needs to be compatible with
the properties measured until now). When working with the signal we will consider this h as the SM Higgs
boson.
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Figure 4.1: For cH ∼ cF ∼ 1. Left: Branching fractions of two body decay for neutral heavy
vector resonance as a function of its mass and fixing gV = 3. Right: Total width for the
neutral heavy vector resonance as a function of its mass [22].

Figure 4.2: Excluded regions from direct searches and EWPT. The colored regions are ex-
cluded at 95% of C.L. by the direct searches: lν [80] (yellow), WZ→ 3lν [81] (dark blue),
and WZ → jj with W/Z tagged jets [82] (light blue). The regions in the left of the black
curves are excluded by EWPT: strict 95% of C.L limts on Ŝ of Ref. [83] (continuous line) and
multiplying the bound in Ŝ by a factor two (dotted line). The theoretically excluded region
corresponds to parameters values where it is not possible to reproduce the SM parameters
αEW, GF, and MZ [22].

The matching of the phenomenological Lagrangian with a specific model describing the
lighest vector resonances from a composite Higgs theory described in [74] results in the
characteristic values of the parameters,

cH ∼ cF ∼ 1.

To simulate signal events, we fixed gV = 3 and generated resonances with MV = 0.8, 0.9,
1.0, 1.2, 1.5, 2.0, and 2.5 TeV. This combination of parameter values results in heavy res-
onances decaying predominantly into dibosons. From expressions 4.2 and 4.3, it is possible
to observe this feature. In Fig. 4.1 we show the branching fractions for the two body decay
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Figure 4.3: Left: ratio between DY and VBF production cross-section for different resonance
masses and collider energies. Right: Considering cF = 0. Number of signal events produced
through VBF as a function of the ratio between the total width and resonance mass [22].

of the neutral heavy vector boson (Z′) as a function of the mass considering the parame-
ters fixed above. The performance of the standard leptonic searches like Z′ → ll or W′

→ lν is very reduced in these scenarios. In Fig. 4.2 we present limits in the plane (MV,
gV) with cH ∼ cF ∼ 1. Colored regions represent excluded values for (MV, gV) from the
CMS direct searches in the following final states: lν [80] (yellow), WZ → 3lν [81] (dark
blue), and WZ → jj with W/Z tagged jets [82] (light blue). The limits are not statistically
combined but just superimposed in the plot. The regions in the left of the black curves are
excluded by electroweak precision tests (EWPT). The continuous line represents strict 95%
C.L. on Ŝ of Ref. [83], while the dashed line represents more conservative limits enlarging
the bounds on Ŝ by a factor of two. Comparing the limits from direct searches, we observe
better limits from leptonic analysis in the low gV region (gV À 3), these in general repre-
sent weakly coupled vector resonances that can be produced in models with an extended SM
gauge group [84]. For gV Á 3, which configures strong coupled models (non-perturbative
theories) with higher branching fractions in dibosons, the limits are much better in dibo-
son searches. Comparing with the constraints from EWPT, for the low gV region the direct
searches has a better performance, but the contrary happens for gV Á 3.

The parameters that we chose for our benchmark model are approximately located in the
border of the exclusion regions in the parameter space. For the production mechanism we
will consider a Drell-Yan process, which is the dominant production considering cF ∼ 1,
cH ∼ 1, and gV ∼ 3.

In the case of the strongly coupled scenario another possibility could be a vector boson
fusion (VBF) production. From left plot of Fig. 4.3 we note that VBF can be comparable
(or even dominant) to Drell-Yan for regimes with very high gV (gV ∼ 6 − 7), mainly for
higher energies of proton-proton collisions, for example

?
s = 100 TeV. Another possibility

in strongly coupled theories could be the investigation of the VBF production in models
where cF ≈ 0. From right plot of Fig. 4.3 we note that this scenario could be studied for
8 TeV proton-proton collisions, but the mass reach would be very small (around ∼ 1 TeV)
in order to have a considerable number of signal events and sufficient narrow resonances
(Γ/MV À 0.1).

Since V or H have many decay modes, the diboson channels have lots of possible final
state configurations. There are many analyses in CMS and ATLAS trying to cover as much
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Figure 4.4: Feynman diagram for the signal reaction.

as possible these possibilities. The first channels investigated in proton-proton collisions at
?
s = 8 TeV were VV (V = W, Z) in semileptonic and all-hadronic final states. After, as a

continuation of these analyses both collaborations started to cover VH and HH channels.
In the ZH channel, the following options for the final state are possible (higher branching

fractions):

1. All-hadronic channel: H→ bb̄, Z→ qq̄;

2. Semileptonic channel: H→ bb̄, Z→ l−l+;

3. Hadronic-invisible channel: H→ bb̄, Z→ νν̄;

4. Semileptonic ττ channel: H→ τ−τ+, Z→ qq̄;

5. All-leptonic ττ channel: H→ τ−τ+, Z→ l−l+;

6. Leptonic-invisible ττ channel: H→ τ−τ+, Z→ νν̄.

In CMS, the first three channels have other groups working on them. We analyze here the
channel in item “4” (see corresponding Feynman diagram in Fig. 4.4). The “all-leptonic
ττ” channel has a very low branching fraction, but the signal is very clean, with zero back-
ground contamination at high-mass. Despite the lower branching fraction with respect to the
“semileptonic ττ”, the “leptonic-invisible ττ” channel seems really challenging because we
have a “mixture” of the neutrinos from the Z and from the τ decays.

In the “semileptonic ττ” channel, the main expected backgrounds come from fakes.
These fakes can be jets that pass the reconstruction and identification criteria used to de-
fine the τ object in the analysis. It is possible as well to misidentify electrons and muons as τ
decaying hadronically. In the Z→ qq̄ side it is possible to have fakes from quark/gluon-jets.
Events with a genuine boosted Z/W bosons decaying hadronically or Z→ ττ events that en-
ter in the Higgs mass window are also possible contributors for the background. With these
considerations, the main processes that contribute to the background are: QCD multijets, tt̄
and Single− top production, Z/W + jets and SM dibosons (VV). In principle, one could
consider the irreducible SM background: pp→ Z∗ → Z (qq̄) H (ττ). But the cross-section
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of this process at
?
s = 8 TeV is very small compared with the other backgrounds and we

expect a negligible contribution in the signal region (after all selection cuts). For example,
comparing with the ZZ background that has a production cross-section of around 8 pb, the
ZH production has a cross-section supressed by a factor of 10−2 [85]. We will show in the
analysis section that the number of events expected for the ZZ background in the signal re-
gion is compatible with zero. The total selection efficiency is higher for the ZH process
because of the H→ ττ reconstruction, but we will show that even using a looser selection,
without the Higgs identification, the ZZ background is already negligible.

The proportion among the background components depends on the decay modes of the
τ leptons that come from the Higgs. In this thesis I will detail the channel where both τ
leptons decay hadronically. In collaboration with other students from University of Perugia
and Zurich we covered the leptonic decay modes as well (see Ref. [86]).

Before describing the specific analysis channel pp→ Z′→ ZH→ qq̄ ττ , we will present
a more general description about the searches for high-mass resonances in the diboson chan-
nels in proton-proton collisions with

?
s = 8 TeV at LHC.
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Chapter 5

Overview of heavy resonances searches in
the VV/VH/HH channels by CMS and
ATLAS

There are many models that predict heavy resonances decaying preferably into SM bosons
with no strong limits from standard fermionic final state searches. In this chapter, we will
give a general idea about the difficulties and search strategies on this topic used by ATLAS
and CMS experiments. We are going to describe the analyses using

?
s = 8 TeV proton-

proton collisions of 2012 LHC Run, which present the more stringent limits for resonances
with masses Á 1 TeV.

The production of TeV resonances decaying into SM boson pairs, implies that these
bosons will be created with a high-momentum. In this case, the decay products of the bosons
are within a small angular interval, with distance in ηφ plane given by:

∆Rz1z2 ≡
a

(φz1 − φz2)
2 + (ηz1 − ηz2)

2 ≈ 2MY

pY
T

, (5.1)

whereMY and pY
T are respectively the mass and transverse momentum of the SM boson. For

example, for a resonance with mass of 2 TeV decaying into two Z bosons, the tipical distance
in ηφ plane between the Z decay products is ∆R ∼ 0.2. This feature of very collimated decay
products introduces additional complications in the reconstruction and identification of the
bosons.

In the case of a hadronic decay, the final state in the detector will be characterized by a
wide jet with high-energy. If we use only the common jet kinematical quantities (like mass,
pT, η, φ) to distinguish these “fat-jets” from the ones originated primarily from quark/gluon,
we will conclude that the fake-rate is still very high and the bosons will be badly identified.
In addition, since the area ocupied by the jet is higher, the contamination from secondary
processes like underlying-event, pile-up, final state radiation, will be higher [87], introducing
considerable interferences in the jet kinematics. In order to improve the boson identification
(tagging), it was developed several procedures/algorithms that we can roughly divide into
two categories 1:

1. Groomers [88, 89, 90, 91]: It tries to minimize as much as possible the effect from
soft (low pT) and high-angle jet constituents in the jet kinematics. As a result of the jet

1In fact, there are algorithms that consider both techniques at once.
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grooming, the interferences from pile-up, underlying-event and initial state radiation
will have a considerable reduction. Since these soft and high-angle radiations tend to
considerably modify (in general increase) the mass of the jet, the groomed jet mass
tends to be closer to the mass-scale of the primary parents, i.e., it shifts toward zero for
quark/gluon jets and toward the pole mass of the boson for boson-jets. In this scenario
the mass of the groomed jet becomes a really powerfull variable to distinguish signal
jets (from boson decay) from quark/gluon jets (from QCD background). In general we
optimize a window for the jet groomed mass around the pole mass of the boson.

2. Taggers (or shape variables) [89, 92, 93, 94, 95, 96, 97, 98]: As we said before, in the
boosted regime we have wide jets representing the bosons. If we look “inside” these
jets, it is possible to identify a different substructure as compared with quark/gluon
jets. For example, in the case of the SM bosons (Z, W, and H) with a two-prong
decay, the wide jets are expected to have two localized energy clusters that can be
defined as two “subjets”. The taggers use these features to discriminate the boson-jets
from quark/gluon-jets.

In order to improve the sensitivity of the 8 TeV analyses with respect to 7 TeV, ATLAS
and CMS have used some combinations of groomers and taggers to identify boosted bosons
decaying hadronically. Both collaborations have studied the performance of many groomers
and taggers [99, 100, 101, 102]. For example, in Fig. 5.1, the efficiency of a mass cut,
60 < mjet < 100 GeV, for the groomed jets and a tagger selection represented by a cut in
a variable defined as τ2/τ1 are shown as a function of the jet pT and the number of vertices
2 . It was used a simulation of WW signal events (both W decaying hadronically) in the
CMS detector. There is a turn-on behavior at low pT representing the pT region where both
subjets start to be reconstructed within a single jet. There is a decrease in efficiency for
high-pT, representing a degradation in the detector resolution for jet substructure. The τ2/τ1

variable suffers from these effects, increasing more the pT dependence of the efficiency. The
efficiency in the mass cut drops by ∼ 6% from 5 to 30 reconstructed vertices. Also, the
τ2/τ1 variable shows a pile-up dependency, dropping by ∼ 12% from 5 to 30 reconstructed
vertices.

For the leptonic decay we have a cleaner situation, but some care is necessary. For
example, it is common to define an isolation criteria for muons, electrons, and taus, which are
very important to discriminate signal events from QCD background. The isolation basically
quantify the activity in the tracker and calorimeters detectors around the respective lepton
(pT-sums), excluding the lepton pT itself. Since in this boosted topology the directions of
the leptons have a small angular separation, it is possible that one lepton spoil the isolation
criterium of the other and vice-versa. One common approach is to identify the leptons and
then remove their contributions for the isolation pT-sums.

CMS and ATLAS used a common general approach to perform the searches for heavy
resonances: when the signal is expected to have a boson decaying hadronically, it is identified
using an optimized combination of a mass window for groomed jets and a shape variable
criterion - in the case of the Higgs decaying into bb̄ in addition it was used b-tagging. In
the leptonic side, the visible candidates (electrons and muons) are identified applying the
corrections described above. From hadronic and/or leptonic identification, it is possible to

2The τ2/τ1 variable quantifies the tendency of the jet to be composed by two subjets, typical of a hadronic
V decay.
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Figure 5.1: Efficiency of the mjet cut and the τ2/τ1 cut combined with the mjet cut [101].
Left: Efficiency as a function of the jet pT. Right: Efficiency as a function of the number of
reconstructed vertices, which quantifies the amount of pile-up.

estimate the bosons 4-momenta and consequently reconstruct the heavy resonance. After
defining a dedicated kinematical selection to isolate as much as possible the signal events
from SM background, a search for bumps is performed in the smooth diboson invariant mass
distribution.
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In Tab. 5.1 we list some analyses by ATLAS and CMS searching for heavy resonances
decaying into dibosons applying jet substructure techniques. We have selected the analyses
using

?
s = 8 TeV proton-proton collisions that became public before 25/06/2015. Besides

the channels, we show the models used as benchmark, the resonance mass range investigated
and the 95% C.L. upper limit on the resonance production cross-section times the branching
fraction into dibosons. We have just picked the upper limits corresponding to the mass values
in the extremity of the search mass range 3.

There are some other analyses with boosted topology in progress by CMS and ATLAS
using

?
s = 8 TeV proton-proton collisions, mainly investigating VH channels. At the

same time both collaborations are working hard in the preparation of the analyses for the
RunII of LHC that will use

?
s = 13/14 TeV proton-proton collisions. This increase in the

center-of-mass energy provides higher mass reach in the searches, due to the increase in the
parton luminosities. In addition, it is being studied new techniques for jet substructure [108]
and pile-up/underlying-event mitigation [109] that tend to improve the performance of the
analyses as a whole.

It is important to note that some analyses using 2012 data-samples, in both experiments,
observed small excesses of events for masses around 1.8-2.0 TeV [17, 14, 13, 18]. The
highest excess was observed in the dijet ATLAS analysis [17] with a global significance of
around 2.5σ in the channel X → WZ → JJ. This is an additional motivation to pay special
attention on these boosted signatures at LHC for the RunII.

In the next chapter we will describe the analysis listed in the last row of Tab. 5.1, detailing
the all-hadronic decay mode of the pairs of τ leptons.

3In the VV all-hadronic searches ATLAS and CMS had splitted the limits optimizing the groomed jet mass
window for Z and W candidates. In this case we just showed the more sensitive result.
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Chapter 6

Heavy resonances search in the ZH
channel at CMS detector

A high-mass spin-1 resonance decaying into a Higgs and a Z bosons is searched. The events
are caracterized by two hemispheres: one where the Higgs boson is reconstructed through
its decay in a pair of τ leptons and the other where the Z boson is reconstructed from its
hadronic decay.

In H → ττ , for TeV scale resonances, the directions of the two τ leptons have a small
angular separation. In Fig. 6.1 we show the distributions of the ∆R between the two τ
leptons at generator level 1 using four mass values for the signal resonance: 1.0, 1.5, 2.0,
and 2.5 TeV. Increasing the resonance mass, ∆R moves to lower values. This overlap
introduces inefficiencies in the standard τ reconstruction. To avoid this, a different technique
for τ lepton reconstruction have been studied.

In Z→ qq, as in the case of the τ leptons, the two quarks are produced with a small angu-
lar separation, being identified as a single jet (Z-jet) in the detector. In order to discriminate
these objects from quark/gluon-jets we use substructure techniques.

After reconstructing and identifying the Z and Higgs bosons, we combine these informa-
tions to reconstruct the heavy resonance. The mass of this object helps in the caracterization
of the signal region. We search for excess of events with respect to the SM for masses above
0.8 TeV. In this search we follow a strategy called “blinded analysis”, where we define and
validate background prediction methods in a kinematical region that does not contain a sig-
nificant number of signal events (side-band region). From the statistical point of view the
“blinding” is important because it avoids bias from our knowledge about the observed events
in signal region. Once we have the background estimate, signal, and observed events, we
perform a statistical test in order to see if we can discard at 95% confidence level a possible
class of models resulting on this signature.

I will describe in details the final state where both τ leptons decay hadronically (all-
hadronic channel), since this was the channel that I have worked in the CMS collaboration.
I will present the final results considering all the categories (all-leptonic, semileptonic, and
all-hadronic). These results were published in PLB [86].

1It is used the kinematics of the Higgs decay into tau leptons provided by Monte Carlo generator without
considering detector and reconstruction effects.
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Figure 6.1: Spacial distance between the two τ leptons coming from the decay of the Higgs
boson for four values of the resonance mass.

6.1 MC simulation and observed events
Here we describe the MC simulation for signal and background and the observed events used
in the analysis, indicating the run periods, triggers, and other baseline requirements used to
prepare these samples.

6.1.1 Signal samples
As a benchmark model for the signal events we consider Z’ production via quark-antiquark
interaction, and the decay Z’→ ZH→ qq̄τ+τ−. For the parton level description of this reac-
tion it was used MadGraph 5 1.5.11 [110], producing Les Houches Event (LHE) files [111]
with basic kinematic quantities. The generation was based in the couplings described in [22]
for strongly coupled models: gV = 3 and cF = −cH = 1 (see Chapter 4) 2. On Tab. 6.1
we list the signal samples generated, characterized by the mass of the Z’. Taking as input
these LHE files, it was used PYTHIA 6.426 [112] for the showering and hadronization. Tau
leptons decay were done using TAUOLA library [113]. The passage of the stable particles
through the detector material and detector geometry were simulated using GEANT4 [114].
As done in real data events, detector information was digitalized. Simulated minimum bias
samples have been mixed to signal events in order to emulate effects of pile-up. A set of
trigger criteria was emulated and stable particles were reconstructed.

In this analysis chapter, when referring to MC simulation of signal events, we will be
referring to the samples described here.

2I would like to thank Alexandra Carvalho, Angelo Santos, and Jennifer Ngadiuba for the production of the
LHE files and cross-sections computation.
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Table 6.1: Signal samples: Z’ production cross-section (σ) and branching fraction (B) to
decay in ZH as function of the Z’ mass.

MZ′ [GeV] σ(pp→ Z′) [fb] B(Z′ → ZH)
800 317.121 0.5672
900 238.800 0.5340
1000 165.454 0.5176
1200 76.261 0.5007
1500 24.370 0.4893
2000 4.013 0.4815
2500 0.708 0.4783

6.1.2 Background samples
All background MC simulation have the same setup as used for the signal events. In the Z-jet
plus two collimated high-pT τ leptons final state, the main backgrounds depend on the decay
mode of the two τ leptons. Events considered in the all-hadronic channel are: QCD multijets
with large HT simulated with PYTHIA 6.426 (HT is the scalar sum of the pT of all jets with
pT > 30 GeV), tt̄ production simulated with POWHEG 1.0 r1380 [115, 116, 117, 118], SM
diboson (PYTHIA 6.426), and Z/W+jets (MadGraph 5 1.3.30). For QCD and W+jets we
use cross-sections at leading order. For the other components all the cross-sections are at
next-to-leading order. On Tab. 6.2 we list the backgrounds with the number of events and
cross-sections. Most of these components (except ZZ and WZ) present reducible signatures.
We have tight criteria to avoid high fake-rate in the analysis, but even in this case we have
fakes of τ leptons from quark/gluon-jets, isolated electrons and muons. We have fakes of
Z-jets from quark/gluon-jets as well.

Table 6.2: Background samples: number of generated events and cross-sections.

Sample Number of events σ [pb]
QCD multijets: 250 < HT < 500 GeV 27062078 2.76×105

QCD multijets: 500 < HT < 1000 GeV 30599292 8426
QCD multijets: 1000 GeV < HT 13843863 204
Z(→ ll)+jets: Mll > 50 GeV and 70 < pZ

T < 100 GeV 11764538 53.0
Z(→ ll)+jets: Mll > 50 GeV and 100 GeV < pZ

T 12511326 32.9
Z(→ ll)+jets: 10 < Mll < 50 GeV and 70 < pZ

T < 100 GeV 5389313 11.05
Z(→ ll)+jets: 10 < Mll < 50 GeV and 100 GeV < pZ

T 4146124 4.22
W(→ lν)+jets: 400 GeV < HT 4971847 25.22
tt̄ production 21675970 225.20
WW 10000431 57.11
WZ 10000283 33.21
ZZ 9799908 8.06

6.1.3 Data samples, High Level Trigger and pile-up mitigation
For the six channels in this analysis we consider the same combination of hadronic High
Level Triggers (HLT) to select the observed events. Besides the easier way to combine
channels using always the same samples, we found that the efficiency in channels with
muons/electrons in the final state is larger when triggering on jet activity because of the
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high-energy thresholds of dilepton triggers. Events are selected online by triggers that re-
quire the presence of at least one of the following: either a hadronic jet reconstructed by the
anti-kT algorithm [119] with a distance parameter of 0.5, transverse momentum pT larger
than 320 GeV, and |η|< 5.0; or a total hadronic transverse energy, HT, defined as the scalar
sum of the transverse energy of all the jets of the event, larger than 650 GeV. The trigger
names with the respective criteria are listed in Tab. 6.3. Using events selected by less restric-
tive, pre-scaled triggers, it has been verified that the efficiency of these criteria after applying
the offline selection is above 99%. In Fig. 6.2 we show the efficiency for three different
trigger requirements. The efficiency is calculated as a function of the jet pT and a significant
improvement is shown when using the “OR” between the three triggers, so that the plateau
of the curve, defined at the point when the efficiency becomes higher than ≈ 99%, is shifted
from ≈ 460 GeV to ≈ 400 GeV.

Taking into account only the certified luminosity sections, we investigated 19.7 fb−1 of
proton-proton collisions at 8 TeV from 2012 LHC run. On Tab. 6.4 we list these samples.

Table 6.3: Trigger names and the respective criteria. HT is defined as the scalar sum of the
transverse energy of all the jets of the event.

Trigger names Criteria
At least one anti-kT jet with R = 0.5 and:

HLT PFJet320 (unprescaled) pT > 320 GeV
|η|< 5.0

HLT PFJet140 (pre-scaled) Same as in HLT PFJet320, but jet pT > 140 GeV
HLT PFHT650/HLT PFNoPUHT650 (unprescaled) HT > 650 GeV

Table 6.4: Observed events: Number of events and integrated luminosity processed. These
samples were reprocessed, improving the event reconstruction, at the beginning of 2013.

Sample Number of events Lint [pb
−1

]
Run2012A-22Jan2013 9400333 876.225
Run2012B-22Jan2013 15513284 4412
Run2012C-22Jan2013 25774250 7048
Run2012D-22Jan2013 27572330 7367

As we have discussed in the MC simulation section, we emulate the pile-up interactions
in MC. In Fig. 6.3 we show the number of pile-up interations corresponding to the conditions
used in all MC simulations and the corresponding distribution for observed events in the
entire 2012 run. We do a reweighting in MC distributions so that the pile-up distribution in
MC is compatible with the one in observed events.

Jets are the main objects in this analysis that are affected by the pile-up interactions.
The energy of the jets can be biased by components coming from pile-up. It is possible
to reconstruct jets totally composed by pile-up components. In order to correct this effect,
before jet clustering we remove the charged constituents that do not come from the primary
vertex - the primary vertex is chosen as the one with highest sum of p2

T of the tracks. To
remove the bias on the jets kinematics due to the additional neutral-hadron component we
use the jet-area method implemented in Fastjet software [120, 121]. Finally, for the leptons
we apply only corrections due to the pile-up on the isolation criterion.
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Figure 6.2: Trigger efficiency in observed events as a function of the jet pT. The labels
correspond to the trigger names defined in Tab. 6.3.
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Figure 6.3: Number of pile-up interactions in MC simulations and observed events.

6.2 Physics object reconstruction and identification
Here we define the reconstruction and identification in the analysis level. We are going
to show the offline reconstruction that is one step before we define a selection to improve
the signal sensitivity. After this section we will have defined the τ leptons, Z-jets, missing
transverse energy, and the Higgs. We will generically call them physical objects. The offline
object reconstruction basically optimizes a combination of criteria based on the information
from CMS subdetectors. In this analysis, the reconstruction of the missing transverse energy,
hadronic tau decays, and jets starts from basic objects reconstructed and identified by the
particle-flow (PF) algorithm in CMS [122, 123]. For the Higgs and Z bosons reconstruction
we consider respectively, a pair of τ leptons and a wide jet.
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6.2.1 Particle-flow
The particle-flow algorithm reconstructs and identifies stable particles (i.e., photons, elec-
trons, muons, charged and neutral hadrons) using consistently the information from all the
CMS subdetectors to estimate the energy, direction, and type of these particles.

The algorithm has the following three steps:

1. It reconstructs the tracks from tracker system using an iterative-tracking strategy [124,
125]. Energy clusters from ECAL and HCAL are defined by a dedicated calorime-
ter clustering, and muon-tracks are defined combining the three muon systems (both
methods described in Ref. [122]). These objects are called “elements”. One stable par-
ticle is expected to be reconstructed by a combination of many particle-flow elements.

2. The elements above are combined into objects called “blocks” by Link algorithm [122],
which connects them based on η×φ distance (closer elements have higher probability
to be connected) and/or χ2 of global fits that combine tracker and muon systems fits.

3. For each block, to avoid ambiguity, the PF algorithm applies criteria to define the par-
ticle candidates in a sequence starting from muons, electrons, then charged hadrons,
photons, and neutral hadrons. Per block it is possible to define more than one par-
ticle. For example, the “particle-flow muon” is defined combining the tracker and
muon systems information, however there might be additional elements in the block,
like ECAL/HCAL clusters, that will be used to reconstruct and identify photons and
hadrons.

From the last step a list of stable particles is produced, which can be used to reconstruct
compound objects, like taus, jets, and missing transverse energy.

6.2.2 τ leptons
The standard τ hadronic reconstruction and identification in CMS is performed by the hadron-
plus-strips (HPS) algorithm [126] in two steps: one that reconstructs the decay modes and
other that use criteria (discriminators) in order to mitigate fake-rates from quark/gluon-jets,
electrons, and muons.

The first step of the HPS technique uses as input the particle-flow constituents of a jet
clustered with the anti-kT algorithm with distance parameter equal to R = 0.5. The HPS
algorithm uses the PF constituents to define π0 and charged hadron (h±) candidates compat-
ible with a τ decaying in h±h±h∓, h±π0π0, h±π0, and h±. The four-momentum of the τ
decaying hadronically (τh) is constructed by the four-momentum sum of all the candidates
used in the reconstruction.

In the second step, an isolation criterion is used to reduce jet → τh fake-rate, which
is produced with a very high cross-section in QCD processes. Unlike quark/gluon-jets, τ
decay is described by an electro-weak process and does not have high hadronic activity
in a region around the τh candidate. The isolation basically quantify the neutral/charged
particle activity coming from the primary vertex whithin a cone of ∆R = 0.5 around the
τh candidate and it does not take into account the constituents used in the τh reconstruction.
It is also possible that electrons and muons pass the requirements in the reconstruction and
isolation. Additional discriminators that compare energy deposits in the ECAL and HCAL
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to discriminate τh from e , and consider hits in the muon chambers to discriminate τh from µ
are used to reduce these fake-rates.

In this analysis we use a slight modification of the procedure above. Since the two τ
leptons from boosted Higgs decay are very close in space, with ∆R ∼< 1.0 (depending on
the resonance mass - see Fig. 6.1), the standard procedure using PF anti-kT jets with R = 0.5
can be spoiled because one single jet can contain the decay constituents of two τ leptons. To
avoid this problem, we consider subjets found within wide jets as input to the HPS algorithm.
These wide jets are clustered using the Cambridge-Aachen algorithm [127], with a distance
parameter R = 0.8 (CA8). To find the subjets and reconstruct the τ leptons, the following
algorithm (based on [89]) is used:

1. Check if the jet has two subjets passing the following criteria (we order them with
m1 > m2, where mi is the mass of the subjet i):

• p1,2
T (pT of subjet 1,2) > 10 GeV.

• ∆R(subjet 1, subjet 2) < 0.8.

• max(m1,m2)/mjet < 0.667.

2. If this pair of subjets pass these criteria, they will be passed to the HPS algorithm.

3. If they do not pass:

• If p1
T > 10 GeV: redo the step 1 using subjet 1 as the initial jet.

• Else, if p2
T > 10 GeV: redo the step 1 using subjet 2 as the initial jet.

4. The maximum number of iterations is 4.

To estimate the efficiency to find the subjets corresponding to the τ leptons in simu-
lated signal events, for each subjet candidate it is checked if it matches (∆R < 0.15) with
the generator-level visible component (excluding the neutrino) of the τ leptons decaying
hadronically. In Fig. 6.4 we show this efficiency for τ leptons with negative and positive
charge as a function of the pT of the generator-level visible τ . For pT above 40 GeV the
efficiency is practically constant of approximately 92%. In the first pT bin (20 − 40 GeV)
the efficiency is lower (around 80%). In this region it is common to have cases where some
subjets are associated with pile-up or underlying-event constituents, which have in general
lower pT compared with the τh decay products from the signal.

After matching the subjets with the generator-level visible τ , the efficiency of the dis-
criminators is estimated using these subjets (see results in Fig. 6.5). For pT above 40 GeV
we observe an efficiency around 88% and for pT between 20 and 40 GeV we observe an
efficiency around 75%, showing the interference from pile-up and underlying-event in the
identification.

In the non-boosted regime (two isolated τ leptons), it was observed some problems of
energy reconstruction, i.e. in general the energy of the reconstructed τh is subestimated
due to inefficiencies in the energy and tracking measurements and in the offline definition
of the τh constituents. In order to verify how well the energy of the τh decay products is
reconstructed in the boosted regime, we plot in Fig. 6.6 the ratio between the histograms
of the pT of the reconstructed τh passing the discriminators described above and the pT of
the generator-level visible τ . We observe an excess for the low pT region, independent of

51



CHAPTER 6. HEAVY RESONANCES SEARCH IN THE ZH CHANNEL AT CMS
DETECTOR

the τ charge. In Fig. 6.7 we plot the pT of the leading and subleading (in pT) reconstructed
τ leptons and compare with the respective generator-level visible component. We observe
that this excess mainly comes from the subleading τ leptons. In addition, we notice that
excess of reconstructed vs. generator-level τ leptons observed in certain pT bins for the
leading τ distribution corresponds to deficit in the subleading one and vice-versa. This can
be interpreted as a misassignment of constituents between the two subjets. In case of an
imbalance in the pT of the two τ candidates, it is probable that constituents of the subleading
τ are erroneously assigned to the leading one because the decay products of the former have
a larger opening angle between them.

Most of the τh candidates in signal events have pT above 50 GeV so that all these ineffi-
ciencies at low pT do not affect much the total signal efficiency. In the systematic uncertainty
section we will present results associated with the pile-up effect, which are very small com-
pared with the leading uncertainties in the analysis and uncertainties associated with the
modified method using subjets for boosted τ leptons that represent an important component
in this analysis.
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Figure 6.4: Left: efficiency to match a subjet candidate with a generator-level visible τ with
negative charge as a function of the pT. Right: efficiency to match a subjet candidate with a
generator-level visible τ with positive charge as a function of the pT.

6.2.3 Jets
The signature under investigation contains a high-pT Z boson decaying into a quark pair,
which hadronize close to each other, being detected as a single jet in the detector. Through
particular studies of jet “grooming” techniques and variables looking into the jet substruc-
ture [88, 90, 92], which were used in many analyses in the collaboration (see for exam-
ple [14, 13, 100]), this single jet might be identified as coming from a Z boson (Z-jet).
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Figure 6.5: Left: decay mode reconstruction plus isolation criteria efficiency as a function of
the pT of generator-level visible τ with negative charge. Right: decay mode reconstruction
plus isolation criteria efficiency as a function of the pT of generator-level visible τ with
positive charge.
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Figure 6.6: Left: ratio plot between the pT of the τh candidate after decay mode reconstruc-
tion and isolation criteria and the generator-level visible τ with negative charge. Right: ratio
plot between the pT of the τh candidate after decay mode reconstruction and isolation criteria
and the generator-level visible τ with positive charge.

In this analysis the jet clustering is performed with the Cambridge-Aachen algorithm
with distance parameter R = 0.8 using PF constituents. These jets are then re-clustered
with a kT algorithm [128, 129] using the pruning procedure [130, 90], i.e., adding a set of
requirements during the clustering in order to remove constituents that are soft (low pT) or
emitted at large angles. The pruning reduces the impact of the underlying-event and pile-up,
i.e., particles that are not related to the hard process. As a result, the mass of the pruned-jet
is a good discriminant to select Z bosons and reject quark/gluon-jets.
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Figure 6.7: pT of the leading and subleading reconstructed τ candidates and their matched
generator-level visible τ leptons.

Figure 6.8: Characteristic variables for the jets using four signal mass points (MX =
1.0, 1.5, 2.0, 2.5 TeV). Top left: pT of the jet. Top right: mass of the jet after pruning
procedure. Bottom: ratio of τ2 over τ1 (τ21).

Another variable used to discriminate between Z and quark/gluon-jets is the N-subjettiness,
which helps discriminate between a jet that is comprised of two subjets and a jet that does
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Figure 6.9: Characteristic variables for the jets using observed events with trigger selection
applied. Top left: pT of the jet. Top right: mass of the jet after pruning procedure. Bottom:
ratio of τ2 over τ1 (τ21).

not present a very well defined substructure. This variable is defined as:

τN =
1

d0

·
∑
k

[pTk ·min(∆R1,k,∆R2,k, ...∆RN,k)]

where k is the number of constituents and N is the number of subjets under consideration.
The final variable used to discriminate Z-jets (that are expected to have two subjets) and
quark/gluon-jets (that are expected to have no subjets) is τ21 = τ2/τ1.

In Fig. 6.8 three of the variables used to select the jet coming from the Z boson are
plotted for four mass points of the signal. The same variables are shown for data in Fig. 6.9,
with only a trigger selection to ensure that the distributions are populated primarily by QCD
multijet background events. As shown in the top right plots, the pruned jet mass (mP

jet) is
peaked at the mass of the Z boson for the signal and at a lower value (around 20 GeV) for
the quark/gluon-jets in data events. The subjettiness variable, τ21 = τ2/τ1, peaks at ∼ 0.35
for the signal (see Fig. 6.8 bottom) and at ∼ 0.8 for the background (see Fig. 6.9 bottom).
The final selection on the jets is listed below:

• pT > 400 GeV (to match the trigger threshold).

• |η|< 2.4 (to match tracker acceptance).

• 70 < mP
jet < 110 GeV (from previous analysis with boosted Z → qq̄ [14]).

• τ21 ≡ τ2/τ1 < 0.75 (described below).
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• Jet identification (loose working point):

– muon energy fraction of the jet < 0.99.

– photon energy fraction of the jet < 0.99.

– charged EM energy fraction of the jet < 0.99.

– neutral hadron energy fraction of the jet < 0.99.

– charged hadron energy fraction of the jet > 0.00.

– number of constituent particles larger than 1.

• RCN > 2 for jets with 1.0 < |η|< 1.5, whereRCN is the ratio between the multiplicity
of charged PF candidates over neutral PF candidates.

The selection on the τ21 variable is decided looking at the expected upper limit in the
cross-section of a possible signal for two values: 0.5 and 0.75 3. The selection with τ21 <
0.75 showed a more stringent limit, probing lower values of possible signal cross-sections.
The requirement on RCN is applied in order to remove jets where the tracking software
behaves in an anomalous way, and many fake tracks are wrongly associated with the jet [14].

In addition to this selection, we apply standard CMS corrections for the jet energy cali-
bration and transverse momentum resolution [131].

6.2.4 Missing transverse energy (|~/ET |)
The missing transverse emergy is constructed using particle-flow (PFMET), computed as the
negative vector sum of all particles’ transverse momentum. On top of the raw PFMET two
kinds of corrections are considered: one that propagates the jet energy corrections (JEC) to
the |~/ET | computation, and other that eliminates the observed modulation of the |~/ET | in the
xy plane4.

6.2.5 H→ ττ reconstruction
To estimate the Higgs mass two methods are tested:

• Visible mass (Mvis): The invariant mass of the detectable products (it does not consider
the neutrinos).

• SVFit mass (Msvfit): When the τ lepton decays there are neutrinos that scape detection,
then the direct Higgs mass reconstruction using standard objects is not possible. One
possibility is to estimate the neutrinos contribution constructing and maximizing a
likelihood based on the kinematics of the tau decay [132]. Using as constraint the
quantities that we can measure, it is possible to do an estimate of the four-momentum
of the Higgs. The SVFit mass is given by the maximization of a likelihood with respect
the free parameters that correspond to the neutrinos three-momenta. The inputs of
SVFit are:

3These two values were used to construct two categories in the previous analysis with boosted Z → qq̄ [14].
4These corrections are standard in CMS https://twiki.cern.ch/twiki/bin/viewauth/

CMS/EXOMissingET2012 and https://twiki.cern.ch/twiki/bin/view/CMSPublic/
WorkBookMetAnalysis.
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– the two 3-momenta of the two visible objects (τh).

– x-y components of the PFMET.

– the covariance matrix of the PFMET.

In Fig. 6.10 the visible and SVFit masses are shown for signal events. Using the SVFit
approach the signal distribution has much better resolution. For both cases there are some
events at masses below 5 GeV, mainly for the lower resonance masses 1.0− 1.5 TeV. This
comes from events where ∆R(τ , τ ) is larger than 0.8. In these cases the reconstruction
procedure selects only one true τ , while the other is a fake object. The combination of the
fake with the true τ results in a very small mass for the Higgs candidate.

In Fig. 6.11 we show the Higgs pT as determined by the SVFit.
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Figure 6.10: Reconstructed Higgs mass. Left: visible mass. Right: SVFit mass.
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Figure 6.11: Reconstructed Higgs pT from SVFit method for signals with MX = 1.0, 1.5,
2.0, and 2.5 TeV.
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6.2.6 Resonance mass reconstruction
The resonance mass is estimated from the sum of the four-momentum of the Z-jet and the
Higgs. Since the SVFit gives a better resolution for the Higgs mass compared to the visible
mass, the Higgs four-momentum is taken from SVFit. In Fig. 6.12 we show the resonance
reconstructed mass.
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Figure 6.12: Reconstructed resonance mass for signals with MX = 1.0, 1.5, 2.0, and
2.5 TeV. The Higgs component is estimated with the SVFit method.

6.3 Event selection
An event is selected only if it passes several filters: primaryVertexFilter, noscrapingFilter,
hcalLaserEventFilter, HBHENoiseFilter, trackingFailureFilter, CSCTightHaloFilter, eeBad-
ScFilter, EcalDeadCellTriggerPrimitiveFilter. Those filters are detailed in Ref. [14] and ba-
sically improve the quality of the event reconstruction (tracks, vertices, and energy clusters)
avoiding, for example, detector interferences due to electronic noises.

In order to extract the signal, we optimize a kinematical selection. A signal event is
divided into two “hemispheres” in the detector: one represented by a jet from the high-pT

Z→ qq̄ decay and the other with two τh decay products plus |~/ET | from high-pT H→ τ−τ+

decay.

6.3.1 Baseline selection
We select at least two τ candidates passing the reconstruction and identification requirements
and with the kinematic cuts:

• pT > 20 GeV.

• |η|< 2.3.

• The leading and subleading (in pT) τh are required to have ∆R(τh, τh) < 1.0.
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Jets passing the jet identification criteria and missing transverse energy have the following
kinematical selection:

• pjet
T > 400 GeV and |ηjet|< 2.4.

• PFMET > 40 GeV.

The requirement of at least one jet with pT > 400 GeV is due to the trigger threshold; for
that range the trigger efficiency in observed events is practically constant and above 99%.

Combining the four momentum of the Z-jet and the Higgs we reconstruct the resonance
candidate. Since we are studying boosted topology we require:

• mZH > 800 GeV.

In order to have a clear separation between the two “hemispheres” and remove events
with spurious combinations of jets, τh and |~/ET | we require:

• |∆φ(jet, ~/ET )|> 2.0.

• |∆φ(τh,
~/ET )|< 1.5.

To avoid overlap with semileptonic and all-leptonic channels, events with at least one isolated
muon or electron are vetoed.

In Fig. 6.13 we show the number of events after each criterion described below in signal
events for mass points of 1.0, 1.5, 2.0, and 2.5 TeV. The description of each entry is as
follows:

• Pre-filter: The first bin corresponds to the number of events that passed the pre-filters
described at the beginning of this section. Those pre-filters have a very high efficiency
around 99− 98%.

• Leptonic veto: The second bin shows the number of events that pass the electron and
muon veto. At generator level one would expect approximately 42% of the events
in the first bins to survive the leptonic veto (i.e. the branching fraction of the two τ
leptons to decay hadronically). But given the inefficiencies in the identification and
kinematic cuts, around 50% of the events pass this veto.

• |~/ET | requirement: The third bin is the PFMET > 40 GeV requirement, which has
an efficiency always above 90%. The efficiency increases for higher resonance masses
due to the higher energy of the Higgs boson from the resonance decay.

• Jet requirement: The fourth bin is the requirement of the presence of at least one jet
with pT > 30 GeV and accepted by the jet identification criteria; as expected it has a
very high efficiency, around 99%.

• ~/ET angular threshold: The fifth bin is labeled “dPhiMETcut” and it represents the ef-
ficiency of the PFMET ∆φ cut: since in signal ∆φ(~/ET , τh) < 1.5 in practically 100%
of the cases, using true quantities, an inefficiency in this requirement is indicative of a
failure in the subjet finding. The efficiency due to this matching varies with the mass
points in the range 77–91%. For 1 TeV the efficiency is lowest. The explanation to
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this fact can be understood from the plot in Fig. 6.1 showing that for this mass point
there is a considerable number of events with ∆R(τ ,τ ) > 0.8; since subjets are con-
structed from the components of CA8 jets, this decreases the subjet finding efficiency.
For higher masses the trend is a decrease of the inefficiency due to this effect. For the
2.5 TeV there is again some loss of efficiency compared with the other masses; this
is mainly due to the cases where there is one subjet containing both τ leptons and the
other subjet is mainly due to pile-up and/or underlying-event processes.

• Tau pT requirement: The sixth bin corresponds to the number of events after the im-
position of pT thresholds to select two τh candidates; values are presented for thresh-
olds of 20 and 40 GeV. As expected, those selection increase in efficiency for higher
resonances masses; efficiencies are in the range of 58−67% (for 40 GeV) and 73−79%
(for 20 GeV).

• τh requirements: The remaining bins are relative to the τh discriminators (τ decay
mode reconstruction, isolation, electron/muon rejection) and the selection in ∆R(τh,
τh)< 1. The total efficiency of these requirements is in the range of 63 − 73% and
depends on the signal mass point and pT threshold.
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Figure 6.13: Cut flow for the baseline selection using four different signal mass points and
two pT cuts to select the τ pairs (pT > 20 GeV, black dotted and pT > 40 GeV, red solid).
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For both QCD and signal events the hadronic τ discriminators efficiency are investigated
on top of the baseline selection and in different energy regimes: (800 < MX < 1200 GeV)
and (1600 < MX < 2400 GeV), where MX is defined as the mass of the reconstructed high-
mass resonance candidate. In Fig. 6.14 we show these efficiencies for signal events and in
Tab. 6.5 for QCD. We observe efficiencies between 73 and 76% for the signal and of the
order of 10−3 for QCD in both mass regions.
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Figure 6.14: Cumulative efficiencies for τh reconstruction and identification criteria in signal
events after aplying the baseline selection. DM1 refers to the decay mode reconstruction
criteria, DM2 is the isolation requirement, and DM3/DM4 are the muon/electron rejection
discriminator. Left: efficiencies for 800 < MX < 1200 GeV. Right: efficiencies for 1600 <
MX < 2400 GeV.

Table 6.5: Efficiencies for τh reconstruction and identification criteria in QCD events in two
different energy scales. Efficiencies are computed on top of the baseline selection.

Mass region (GeV) QCD efficiency in %
800 < MX < 1200 0.08
1600 < MX < 2400 0.56

6.3.2 Cut optimization
On top of baseline selection additional cuts on the pT of the τ leptons, SVFit ττ mass (mτ,τ ),
and missing transverse energy are investigated to optimize signal over background.

In Fig. 6.15 it is shown the pT of the leading τh in signal events (left) and QCD (right).
The signal distributions peaks always for pT above 100 GeV and in QCD at approximately
30 GeV. A supplementary requirement on the leading τh pT at pT > 50 GeV is defined.

Applying the baseline selection plus the boosted Z selection and the cut on the leading
τh pT above 50 GeV, we investigate the best selection on mτ,τ looking the Punzi factor of
merit (P), defined as: P = εsig/(1 +

?
B) [133], where εsig is the signal efficiency and

B is the background yield after applying the selection. In Fig. 6.16 mτ,τ distributions for
background and signal simulation are presented. For the optimization, a scan in the mτ,τ

variable is performed, using a lower cut range between 60 and 115 GeV and an upper cut
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Figure 6.15: Left: leading τh pT for signal events after baseline selection. Right: leading τh

pT in QCD events after baseline selection.

range of 150−180 GeV, both varied in steps of 5 GeV, and testing all possible combinations.
In Tab. 6.6 we present all the selections investigated with the respective x-axis label used
in the plots of the Punzi’s significance in Fig. 6.17. In Fig. 6.18 the efficiencies in signal
and background events are shown for the same selections defined in Tab. 6.6. For all the
resonance mass points we observe a maximum in the Punzi significance in a similar region
of mτ,τ , which corresponds to the range (mlower

τ,τ = 105) && (150 < mupper
τ,τ < 180) GeV

(see Fig. 6.17). In order to get the best signal efficiency we decided to use the cut of 105 <
mτ,τ < 180 GeV.

Table 6.6: SVFit ττ mass windows used in the selection optimization. The column with the
labels is showing the x-axis for the plots in Figs. 6.17 and 6.18.

SVFit ττ mass requirements (GeV) Labels for the plots
mlower
τ,τ = 60 and mupper

τ,τ = 150, 155 . . . 180 1− 7
mlower
τ,τ = 70 and mupper

τ,τ = 150, 155 . . . 180 8− 14
mlower
τ,τ = 75 and mupper

τ,τ = 150, 155 . . . 180 15− 21
mlower
τ,τ = 80 and mupper

τ,τ = 150, 155 . . . 180 22− 28
mlower
τ,τ = 85 and mupper

τ,τ = 150, 155 . . . 180 29− 35
mlower
τ,τ = 90 and mupper

τ,τ = 150, 155 . . . 180 36− 42
mlower
τ,τ = 95 and mupper

τ,τ = 150, 155 . . . 180 43− 49
mlower
τ,τ = 100 and mupper

τ,τ = 150, 155 . . . 180 50− 56
mlower
τ,τ = 105 and mupper

τ,τ = 150, 155 . . . 180 57− 63
mlower
τ,τ = 110 and mupper

τ,τ = 150, 155 . . . 180 64− 70
mlower
τ,τ = 115 and mupper

τ,τ = 150, 155 . . . 180 71− 77

Adding themτ,τ selection defined above, the background is drastically reduced. In partic-
ular, there is no events from MC simulation of QCD. If we investigate the PFMET distribu-
tions comparing the MC simulation of signal with background, we would conclude that it is
not needed to apply a tighter selection on PFMET. However, from a data-driven background
estimate it seems that there are QCD events in the signal region.

As described before, after mτ,τ selection, we do not have QCD events in MC simulation.
It is possible to study the efficiency of PFMET selections in QCD events by defining a QCD
enriched sample with same kinematic selection as in signal region, but with at least one τ
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Figure 6.16: SVFit ττ mass distributions in background and signal events using the baseline
selection plus the Z-jet selection and the pT of the leading τh above 50 GeV. The signal
distributions are scaled to have the same area as in the background.

candidate failing the isolation criterion. In Fig. 6.19 we show PFMET distributions in MC
simulation and observed events using the criteria above. Observed events with the selection
above and after subtraction of the other background components from MC simulation (tt̄,
Z/W+jets, SM dibosons) are then compared with signal events, as done for the SVFit ττ
mass. In Figs. 6.20 and 6.21 we show the Punzi significance and signal efficiency versus
background rejection, respectively. Analyzing the curves of Figs. 6.20 and 6.21, it looks res-
onable to use different PFMET selections for each resonance mass; on the other hand, since
this control sample represents only the QCD component of the background, it is important
to investigate which is the optimal selection using all background components.

We compare signal events with the background prediction from a data-driven method 5

considering different PFMET thresholds. The optimal cut is defined by the one with the
best (or lower) expected upper limit in a possible signal cross-section (see Tab. 6.7). It is
observed that the optimal selection in PFMET varies with the resonance mass. On the other
hand, except for the 2.5 TeV mass point, the relative difference of the optimal expected limit
compared with that obtained with a constant threshold of 80 GeV is always below 25%.
In addition, tightening the PFMET threshold might lead to a zero background expectation,
resulting in higher systematic uncertainties from the background estimation method. In view
of the above, a compromise between good signal efficiency for all mass points and high
power of QCD rejection, a final requirement PFMET > 80 GeV was chosen.

In Tab. 6.8 we list the full selection defined above. These criteria define the “signal-
region” and it will be used for the final comparison between expected background and ob-

5This data-driven method will be described later in Sec. 6.5. It estimates all the background components
using data samples.
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Figure 6.17: Punzi’s significance as function of the SVFit ττ mass selection (see Tab. 6.6 to
refer to the x-axis labels in the plot). We consider signals with 1.0 TeV (top left), 1.5 TeV
(top right), 2.0 TeV (bottom left), and 2.5 TeV (bottom right).

Table 6.7: Number of background events estimate from ABCD method (see Subsec. 6.5) for
19.7/fb and using the full selection (column BG). We present as well the number of events
for the signal (signal generated luminosity) and the expected upper limits in the cross-section
in pb, comparing the background estimate and the signal output (no systematic uncertainties
included). The red numbers correspond to the best expected upper limits.

PFMET Number of events Exp. limit: pp→ X→ H(ττ)Z(qq) [pb]
BG 1TeV 1.5TeV 2TeV 2.5TeV 1TeV 1.5TeV 2TeV 2.5TeV

> 40 8.0 1547 2563 2794 2625 0.0039 0.0023 0.0022 0.0023
> 80 6.1 1371 2373 2669 2519 0.0037 0.0023 0.0021 0.0021
> 170 2.1 789 1762 2225 2241 0.0048 0.0021 0.0017 0.0017
> 200 1.9 597 1555 2070 2133 0.0063 0.0025 0.0019 0.0018
> 300 0.7 140 887 1455 1711 0.0203 0.0033 0.0020 0.0017
> 400 0 2 362 886 1246 0.9600 0.0053 0.0021 0.0015
> 450 0 0 215 684 1046 – 0.0089 0.0029 0.0018
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Figure 6.18: Efficiency in signal (red curves) and background (black curves) as a function
of the SVFit ττ mass cuts (see Tab. 6.6 to refer to the x-axis labels in the plot). We consider
signals with 1.0 TeV (top left), 1.5 TeV (top right), 2.0 TeV (bottom left), and 2.5 TeV
(bottom right).

served events. In Tab. 6.9 we show the signal efficiency for this selection.

6.4 Comparison between observed events and MC simula-
tions

In Tab. 6.8, in addition to the full selection, we list the baseline criteria. This last selection
is useful for comparison between MC simulations and observed events because it results
in higher number of events in both samples, and consequently well defined distributions.
The full selection results in a very small number of expected events (order of 10 events for
Lint ∼ 20/fb).

In Figs. 6.23–6.25 some control plots comparing observed events and MC simulation are
shown. The distributions were done after the baseline selection and in signal-free regions, i.e.
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Figure 6.19: PFMET distribution in a QCD enriched sample defined with the full selection
with at least one τ failing the isolation criterion.

Table 6.8: Summary of the event selection.

Selection Comments

At least two identified τh candidates
pleadT > 50 GeV and psubleadT > 20 GeV Baseline selection uses pleadT > 20 GeV

Taus |η|< 2.3 and |∆φ(~/ET , τh)|< 1.5

∆R(τh, τh) < 1.0

105 < mτ,τ < 180 GeV Not applied in baseline selection

At least one jet passing the Loose Jet ID

Jets pleadT > 400 GeV Baseline selection uses pjetsT > 30 GeV

|η|< 2.4 and |∆φ(jet, ~/ET )|> 2.0

70 < pruned jet mass < 110 GeV and τ21 < 0.75 Not applied in baseline selection

Veto the event if at least one isolated e/µ
Events PFMET > 80 GeV Baseline selection uses PFMET > 40 GeV

mZH > 800 GeV

using only events that fail the pruned jet mass window requirement 70 < mP
jet < 110 GeV.

This requirement is in agreement with the blinding strategy used in this analysis to avoid bias
from anticipated observation of events in signal region. We observe a reasonable description
of the observed events by the MC simulations, but it is possible to visualize some discrepan-
cies. It must be stressed that, even at this level of selection, the low amount of events in the
simulated samples already leads to discrepancies (mainly in the tail of the distributions), par-
ticularly in the QCD simulation; this generates spikes that appear as considerable deviations
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Figure 6.20: Punzi’s significance as function of the PFMET threshold. The background is
represented by a QCD enriched sample from observed events. We consider signals with
1.0 TeV (top left), 1.5 TeV (top right), 2.0 TeV (bottom left), and 2.5 TeV (bottom right).

Table 6.9: Number of signal events generated and signal yield after full selection (defined in
Tab. 6.8). Dividing these values we obtain the total signal efficiency, including the branching
fraction of the two τ leptons to decay hadronically. The last column shows the final efficiency
of the τhτh channel.

Resonance mass (TeV) Signal events generated Signal yield Final efficiency (%)
1.0 17958 1359 18.0
1.5 14099 1726 29.1
2.0 13080 1751 31.9
2.5 13091 1653 30.1

from the observed events.
QCD multijets is the highest background component when using the baseline selection.

This background has cross sections calculated only at leading-order, which means we expect
big uncertainties on the normalization of this process. It is possible to correct this normal-
ization applying a k-factor estimated from a QCD enriched sample with the same selection
as the baseline, but asking at least one of the τh candidates to fail the isolation discrimina-
tor. In Fig. 6.22 η distributions for the selected τh candidates and jets in the QCD enriched
sample are shown. From this sample, a k-factor of 1.482± 0.003 is obtained comparing the
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Figure 6.21: Background rejection as function of the signal efficiency for each PFMET
threshold (the same cuts as in x-axis of Fig. 6.20). The background is represented by a QCD
enriched sample from observed events. We consider signals with 1.0 TeV (top left), 1.5 TeV
(top right), 2.0 TeV (bottom left), and 2.5 TeV (bottom right).

normalizations of MC simulation of QCD multijets with the observed events subtracted by
the other background components from MC simulation (mainly W+jets and tt̄).

6.5 Background estimation
This analysis has followed a “blinding policy”, i.e., first we have defined and validated all
the background estimate techniques looking only in kinematic regions that are expected to
not have signal events. In these regions we have compared simulations with background
estimates using observed events. After this validation we have “unblinded” the analysis,
comparing our estimates with the observed events in the signal region.

In analyses that search for exotic signal in a specific kinematic region it is common to
define a “signal-free region”, denoted here by side-band (SB), from where it is possible to
“propagate” the number of events in background to the signal-region (SR). In general these
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Figure 6.22: Distributions in a QCD enriched sample used to extract the QCD k-factor for
the control plots in Figs. 6.23–6.25. Top: Jet candidates η. Bottom: τh candidates η.

SB regions are used to find both the normalization and shape of the background distributions
in SR.
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Figure 6.23: Comparison between MC simulation and observed events. Top left: leading jet
pT. Top right: jet pruned mass. Bottom: τ21 variable.
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Figure 6.24: Comparison between MC simulation and observed events. Left: leading and
subleading τh pT. Right: SVFit ττ mass.

In this analysis, the SB is defined as the full selection but using only the events in the
pruned jet mass window (20 < mP

jet < 70 GeV). With this selection, the number of back-
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Figure 6.25: Comparison between MC simulation and observed events. Top left: PFMET
variable. Top right: HT variable, scalar sum of the jet pT for jets with pT > 30 GeV. Bottom:
mass of the system Z-Jet + ττ .

ground events is suppressed and it is not suitable to perform a shape analysis. In addition, the
MC simulation of these events does not seem reliable as we could appreciate in the control
plots of Figs. 6.23–6.25. To avoid this problem, our strategy to estimate the background in
the SR will be to use a single bin analysis (no shape) and avoiding as much as possible the
usage of MC simulations.
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For the background estimate we consider the “ABCD method”. This method is defined
as follows: given two uncorrelated variables (var1 and var2), if we can define four re-
gions in the plane var1 × var2 so that three regions are signal free (“regions BCD”, for
example) and one contain mostly the signal events (“region A” in this case), it is possi-
ble to estimate the number of events in “region A” using the events from “regions BCD”
through: Nest

A = ND ∗ (NB/NC). Note that in this method we always consider observed
events to estimate the number of background events in the SR. In this analysis we propose
to use the variables pruned jet mass (mP

jet) and SVFit ττ mass (mτ,τ ) to define the “ABCD
regions”. The reason for this is that in theory they do not have any correlation between
each other. The SVFit method basically depends on the kinematics of the τh and PFMET.
Here we defined one selection that avoid any overlap between the Z-jet candidate and the
two τh candidates 6. To be more quantitative about this correlation, we calculate it using a
ROOT method GetCorrelationFactor that returns a Person Product-Moment Corre-
lation Coefficient, which is defined by the covariance between the two variables divided by
the product of the RMS for each variable. Basically this coefficient measures the tendency
for any linear dependence between the two variables. In Fig. 6.26 we present three 2D-plots
of “mP

jet × mτ,τ” for differents ranges of the two variables in MC simulations of the back-
ground events that passed the baseline selection defined in Tab. 6.8. The correlation factors
obtained for three cases are considered very small, so that if exist any correlation between
these two variables it will be very weak. The factors are 0.041 (top-left distrubution),−0.004
(top-right distribution), and 0.073 (bottom distribution).

In Fig. 6.27 we show a diagram describing the regions ABCD in mP
jet × mτ,τ . The

higher thresholds (70 < mP
jet < 110 GeV and 105 < mτ,τ < 180 GeV) are chosen so

that they are in agreement with the signal region and the lower thresholds (mP
jet > 20 GeV

and mτ,τ > 60 GeV) are chosen to avoid contaminations from problematic backgrounds,
like low-mass resonances. Applying the ABCD method in observed events using the full-
selection, the results are shown on Tab. 6.10 (column “Observed events - Original”).

6See distance in x-y plane between jets, τh, and PFMET defined in Tab. 6.8
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Figure 6.26: Correlation between the variables Jet pruned mass and mτ,τ in MC simulation
of background events. The plot in the top-right is just a zoom in the low-mass region of the
plot in the top-left. In the bottom part we present the correlation for the mass regions used in
the ABCD method. We calculated the correlation factor for the three cases: 0.041 (top-left
plot), −0.004 (top-right plot), and 0.073 (bottom plot). NB: there is a kind of strip with lack
of events for around mτ,τ = 10 GeV, this is a kinematical effect given that we have in the τ
reconstruction level a cut in the pT of the subjet in 10 GeV (see Subsec. 6.2.2).

To test the consistency of the ABCD method we re-estimate the events in “region A”, but
changing the lower thresholds in the mass selection for “regions BCD” as follows:

20 < mP
jet < 70 GeV→ 5 < mP

jet < 70 GeV;

60 < mτ,τ < 105 GeV→ 5 < mτ,τ < 105 GeV.

In this way, we maintain the “region A”. On Tab. 6.10 we present the results using this “test
configuration” and compare with the original regions. We observe a good agreement between
the two estimates.

Using the QCD enriched sample, where at least one τh fails isolation criterion, it is pos-
sible to test the method for these events, which, besides to be mainly composed by QCD
events, have a very similar kinematics compared to the full selection. In addition, the en-
riched sample has high number of events to test the ABCD method and, given that this is not
the “true sample”, we can compare the estimate with the direct number of observed events,
without violating the “blinding policy”. On Tab. 6.11 we show these results and conclude that
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Figure 6.27: Diagram showing the ABCD regions in the mP
jet and mτ,τ variables.

Table 6.10: Number of events in each ABCD region in two different configurations: the
“original” used in the ABCD method and one reducing the lower threshold in the mass cuts
(test configuration). In addition, we show the number of events estimated in the signal region
“NA (estimate)”. We present only statistical uncertainties.

Regions Observed events - original Observed events - test configuration
NB 9.0+4.1

−2.9 14.0+3.7
−4.8

NC 43+8
−7 128+12

−11

ND 29+6
−5 50+8

−7

NA (estimate) 6.1+3.2
−2.5 5.5+2.1

−1.7

Table 6.11: Number of events in each region for observed events in a QCD enriched sam-
ple. We show the number of events estimated through the ABCD method in region A
“NA(estimate)”, which is compared with the direct number of events in this region “NA”.
We present only statistical uncertainties.

Regions Observed events - QCD enriched sample
NB 3762+62

−61

NC 11419+108
−107

ND 6568+82
−81

NA 2164+49
−49

NA(estimate) 2101+47
−46

the estimate in “region A”, row “Region A (estimate)”, is in agreement, within the statistical
uncertainties, with the direct number of events in the same region, row “Region A”.

To further test our estimation, we perform a closure test changing the pruned jet mass
region from “70 < mP

jet < 110 GeV” to “mP
jet > 150 GeV”, so that we can compare
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the number of events estimated with the output in the “new region A” (very small signal
contamination, then we can “unblind”). On Tab. 6.12 we present the results and conclude
that the estimate and number of events observed in “region A” are in agreement considering
the statistical uncertainties.

Table 6.12: Closure test for ABCD method. Number of events observed in each region.
“Regions A and D” are re-defined changing the pruned jet mass selection from “70 < mP

jet <
110 GeV” to “mP

jet > 150 GeV”. We consider only statistical uncertainties.

Regions Observed events
NB 9.0+4.1

−2.9

NC 43+8
−7

ND 18+5
−4

“NA” 3.8+2.1
−1.7

“NA”(estimate) 5.0+3.4
−2.2

The ABCD method relies on the assumption that there is a negligible number of signal
events in the side-bands. However, it is possible to have some contamination. Fig. 6.28
shows the two dimensional distribution of mP

jet × mτ,τ for observed events after the full
selection with a MC simulation of a signal superimposed (MX = 1.5 TeV). We observe
that in all the regions we have signal events. In order to see if the ABCD method is still
reliable after a possible signal contamination in the side-bands, we redo the background
estimate and expected limits adding signal events in the “regions BCD”. Tab. 6.13 shows the
background expectations for three situations: without any signal events in the SBs, adding
signal events in SBs, and adding signal events multiplied by a factor of ten. In these three
cases we have compatible results, leading us to conclude that the method is insensitive to
signal contamination in SBs.

Table 6.13: Background estimate from ABCD method for three situations: without any
signal events in the SBs, adding signal (MX = 1.5 TeV) events in SBs, and adding signal
events but multiplied by a factor of ten.

Regions Results Results (add signal in SBs) Results (add 10× signal in SBs)
B 9.0+4.1

−2.9 9.1+4.1
−3.0 10.2+4.3

3.1−
C 43+8

−7 43+8
−7 44+8

−7

D 29+6
−5 29+6

−5 33+7
−6

“Estimate in A” 6.1+3.2
−2.5 6.2+3.3

−2.6 7.8+3.8
−3.1

Exp. limit (fb) 3.0+1.7
−1.6 3.0+1.7

−1.6 3.2+1.9
−1.1

An alternative method to be compared with the ABCD is described in Appendix A. This
method uses a QCD enriched sample and two SB regions in order to estimate separately
QCD multijets, Z/W+jets + tt̄, and SM dibosons. The background estimate from this method
using only statistical uncertainties is 7.6+3.7

−2.8, which is in agreement with the ABCD method
prediction of 6.1+3.2

−2.5.
In Fig. 6.29 we show the distributions of the mass of the system Z-jet + ττ (mZH) for

observed events and MC simulations of the background and signal for 1.5 TeV after full-
selection. All the background components are from MC simulations except the QCD that
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Figure 6.28: mP
jet×mτ,τ distribution for observed events (black points) and signal simulation

of MX = 1.5 TeV (red boxes). The green lines indicate the regions B (top left), A (top right),
C (bottom left), and D (bottom right) used in the background estimation method. Each black
point corresponds to one observed event for Lint ≈ 19.7 fb−1. The signal events are in
arbitrary units, so that each red box corresponds to a signal event in the luminosity of the
generated sample (Lgenint ), Lgenint >> Lint.

considers the shape from a QCD enriched sample constructed using the same signal selection
but requiring at least one τh to fail the isolation criterion.

6.6 Systematic uncertainties
The systematic uncertainties incorporate extra effects that affect the comparison among the
observed events, background estimate and signal yield. These effects come from many
sources, from detector based interferences to offline methods - like a fit procedure that mod-
els a distribution shape. In this section we will present the main effects that were supposed
to interfere in the present analysis7.

6.6.1 Background estimation method
In this analysis, we estimate the background using only observed events. The number of
background events in signal region (n) is estimated from events in the side-band region
(N ) multiplying by an extrapolation factor (α). In this case, a possible distribution for n
is the Gamma distribution (see Ref. [134] for a more detailed description). Therefore the

7I would like to thank Camilla Galloni from University of Zurich for the important contribution on these
studies.
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Figure 6.29: Observed distributions of mZH along with the corresponding MC expectations
for signal and background. The signal cross-section is scaled by a factor of 5.

uncertainty on n is described by a Gamma distribution:

Γ(n) =
1

α

(n/α)N

N !
e−n/α

In this analysis we have a side-band with N = 29 events and an extrapolation factor of
α = 0.21± 0.10.

6.6.2 Luminosity
From studies presented in Ref. [34], it is considered an uncertainty of 2.6% on the measure-
ment of the LHC luminosity delivered to CMS in 2012 proton-proton collisions.

6.6.3 Pileup reweighting
To match the number of pile-up interactions in observed events, the events from MC simu-
lations are reweighted. This is evaluated considering the instantaneous luminosity and the
total inelastic proton-proton cross section, ∼ 69.4 mb for 2012 LHC Run [135]. A system-
atic uncertainty is associated to this procedure: the analysis is redone after varying ±5% the
total inelastic proton-proton cross section and the variation in signal efficiency is taken as
systematic uncertainty. In Tab. 6.14 we list the relative variation for four resonance masses.

Table 6.14: Systematic uncertainties due to the pile-up reweigthing.

Resonance mass (TeV) 1.0 1.5 2.0 2.5
Relative uncertainty 1.0% 0.7% 0.1% 1.0%
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6.6.4 V-tagging efficiency
An uncertanty is associated to the V-reconstruction procedure that has a different efficiency
between MC simulation and observed events. A scale factor, SF(V − tag), which is the
ratio between the efficiencies in observed events and MC simulation is found following the
Ref. [14]:

SF(V − tag) = 0.94± 0.06.

The uncertainty of this scale factor is used as systematic error on the signal normalization.

6.6.5 Jet energy scale
For every jet in the event we correct the energy using the jet energy corrections increased and
decreased of an amount equal to their uncertainties. We corrected independently Cambridge-
Aachen jets with distance parameter 0.8 (CA8) and anti-kT jets with distance parameter 0.5
(Ak5). To avoid overcorrecting the PFMET, we propagated to this quantity just the correction
found using Ak5 jets with pT > 10 GeV. We take as systematic uncertainty the variation in
the signal yield. The systematic uncertainties are summarized in Tab. 6.15.

Table 6.15: Systematic uncertainties associated to the jet energy scale.

Jet Energy Scale
Up Down Up Down Up Down Up Down

Resonance mass (TeV) 1.0 1.5 2.0 2.5
Relative uncertainty 1.2% -2.8% 2.1% -1.8% 1% -3.1% 2.5% -2.2%

6.6.6 Jet transverse momentum resolution
We over-smear reconstructed jets in simulated events so that their pT resolution would be the
same as we measure it in observed events 8. We have to distinguish between 2 cases:

• if a matched jet is found at generator level (genJet): We scale the reconstructed (cor-
rected) jet pT based on the pT difference between matched reconstructed and genJet
pT → max[0., pT,genJet + c ∗ (pT − pT,genJet)] where c is the core resolution scaling
factor, i.e. the measured data/MC resolution ratio provided in [136].

• if a matched jet is not found at generator level: We randomly smear the reconstructed
(corrected) jet pT using a Gaussian of width

a

(c2 − 1)∗σMC. This method only allows
one to worsen the resolution (c > 1). We need to determine the jet resolution in MC
simulation (σMC). We determine them separately for CA8 and Ak5 jets, in bins of |η|
for the CA8 and in bins of |η| and pT for the Ak5. The results are listed in Tab. 6.16.

We computed the impact of the uncertainty of the jet energy resolution using the previous
procedure considering the uncertainties on the c factors, i.e. we repeated the procedure to
smear the pT > 100 GeV with the c factors increased and decreased of their uncertainties.
To avoid overcorrecting the PFMET, we propagated to the PFMET just the correction found
using Ak5 jets with pT > 10 GeV. The systematic uncertainties in the analysis are taken as
the yield variations in Tab. 6.17.

8It was observed in 2012 run that the jet energy resolution in data was worse than in simulation.
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Table 6.16: Jet energy resolution in MC simulation of signal events.

Jet energy resolution for Ak5 jets
|η|< 0.5 0.5 < |η|< 1.1 1.1 < |η|< 1.7 1.7 < |η|< 2.3 2.3 < |η|< 5

10 < pT < 30 GeV 0.19 0.21 0.23 0.22 0.23
30 < pT < 100 GeV 0.11 0.12 0.15 0.13 0.16
pT > 100 GeV 0.06 0.06 0.07 0.07 0.08

Jet energy resolution for CA8 jets
|η|< 0.5 0.5 < |η|< 1.1 1.1 < |η|< 1.7 1.7 < |η|< 2.3 2.3 < |η|< 5

pT > 100 GeV 0.05 0.06 0.06 0.06 0.03

Table 6.17: Systematics errors due to the jet energy resolution.

Jet energy resolution
Resonance mass (TeV) 1.0 1.5 2.0 2.5
Relative uncertainty -2.9% -2% -2.5% -2%

6.6.7 Hadronic tau: standard reconstruction and identification
We use the uncertainties on the standard identification and reconstruction for the τh recom-
mended by the collaboration: syst(pT) = 6% + 0.2 × pT/(1000 GeV) [137]. For each
resonance mass value, the impact of this systematic is computed assigning a weight to each
event depending on the pT of the τh ( “1 ± syst(pT)” for each τh; both τh are considered
in the all-hadronic channel). The percentage difference in the yields variation is taken as
systematic uncertainty. Considering the τh spectra (Fig. 6.30) of the MC simulation of signal
events, these uncertainties vary with the resonance mass from around 18% (1 TeV) to 26%
(2.5 TeV). The percentage variations in the yields are reported in Tab. 6.18.

Table 6.18: Expected variation of the signal yields due to the systematic uncertainty of the τ
identification creteria.

Resonance mass (TeV) Yield variation [%]
1.0 17.9
1.5 20.6
2.0 23.5
2.5 26.2

6.6.8 Hadronic tau: energy scale
We consider an uncertainty on the τh energy scale of 3% [138]. To estimate the impact of this
uncertainty in the analysis, we repeat our selection varying each τh pT of 3% (pT → pT+3%∗
pT while doing the event selection with energy scale increased and pT → pT−3%∗pT while
doing the event selection with energy scale decreased). We take as systematic uncertainties
the variation in the signal yields. We summarize the results in Tab. 6.19.
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Figure 6.30: Spectra of the τh for the resonance masses of 1.0 TeV (top left), 1.5 TeV (top
right), 2.0 TeV (bottom left), and 2.5 TeV (bottom right). In red and blue are showed the
variation of the spectra due to the uncertainty on the τh standard identification.

6.6.9 Hadronic tau: reconstruction and identification with subjets
We assign an extra uncertainty taking into account the fact that the two subjets are collimated.
The uncertainty is extracted by comparing the identification efficiencies using isolated τ
leptons from W′ → τν MC simulations and the signal samples with boosted τ leptons
reconstructed from subjets. The relative difference give us the additional systematic. From
Fig. 6.31 we conclude that it is reasonable to consider a flat conservative value of 10% for τh

candidates with pT > 20 GeV.
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Table 6.19: Systematics uncertainties due to the tau energy scale.

Tau energy scale
Up Down Up Down Up Down Up Down

Resonance mass (TeV) 1.0 1.5 2.0 2.5
Relative uncertainty -4.2% 0.7% -2.7% 1.8% -3.2% 1.2% -2.5% 1.3%
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Figure 6.31: Efficiencies for the standard τh reconstruction (red) and the reconstruction from
subjets (black). Top: efficiencies for |η|< 0.9. Bottom: efficiencies for 0.9 < |η|< 2.1. We
consider two W’ samples (MW′ = 0.3 TeV and MW′ = 1.5 TeV) so that it is possible to
estimate more precisely the uncertanties in the whole pT range 20 < pT < 1000 GeV.

6.6.10 Missing transverse energy
The uncertainties of the energy scale/resolution of jets are propagated to an uncertainty on
the missing transverse energy. In particular, for each jet energy uncertainty, a “new” PFMET
is used, defined as:

~/ET (new) = ~/ET +
∑

reco objects

r−→p T −−→p T(new)s

where “new” stays for the new vector after the variations have been applied.
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6.6.11 Summary of the systematics
In Tab. 6.20 a summary of all the systematic uncertainties considered in the analysis is
shown. The minimum and maximum values among the four signal masses (1.0, 1.5, 2.0,
and 2.5 TeV) are presented. These uncertainties are associated to the MC simulation. The
uncertainties affect only the signal prediction because the background is estimated using just
observed events.

Table 6.20: Summary of the systematics applied in the analysis. Minimum and maximum
values for four signal masses (1.0, 1.5, 2.0, and 2.5 TeV) are reported.

Source Relative uncertainty
Luminosity 2.6%
Pile-up 0.1%-1.0%
V-tag 6.4%
Jet scale 1.0%-3.1%
Jet resolution 2.0%-2.9%
Tau ID 17.9%-26.2%
Tau Scale 0.7%-4.2%
Tau - subjet 10%
PFMET Included in jet energy uncertainties

6.7 Results
As discussed before, we validated the methods for background estimate in the signal region
and after these cross-checks we unblinded the analysis, counting the number of observed
events in the signal region. We expect 6.1+3.2

−2.5 background events and it was observed 8
events, which are statistically compatible. The relative uncertainty on the expected back-
ground is only statistical and is around 50%, this huge percentage is due to the small number
of events in the side-bands.

A similar procedure was done for the other channels, where at least one of the τ leptons
are expected to decay leptonically9. In Tab. 6.21 we list, for all the channels, the signal
efficiencies, number of expected background and observed events after the final selection.
We did not observe any statistical significant excess in the observed events compared to the
expectations. From these numbers we computed expected and observed upper limits in the Z’
production cross-section times branching fraction in ZH. These upper bounds are computed
using the CLs criterion [139, 140]. The test statistic is a profile likelihood ratio [134] and the
systematic uncertainties are treated as nuisance parameters with the frequentist approach.
The nuisance parameters are described with log-normal probability distribution functions,
except for those related to the extrapolation from sideband events, which are expected to
follow a Γ distribution (see Section 6.6). In Fig. 6.32 it is shown the expected and observed
upper limits for the three categories (all-hadronic, all-leptonic, and semileptonic) considering

9These channels were investigated by Aniello Spiezia from University of Perugia. We have worked in a
very strong collaboration debugging codes and defining analysis strategies.

82



CHAPTER 6. HEAVY RESONANCES SEARCH IN THE ZH CHANNEL AT CMS
DETECTOR

all the systematic uncertainties10. The limits show the cross-sections that are excluded at 95%
confidence level for each resonance mass hypothesis. Cross-sections above the black dotted
line represent the expected excluded values and cross-sections above the continuous line are
the observed excluded values. The green and yellow bands represent, respectively, ±1σ and
±2σ deviations of the expected limits. For lower resonance masses, below ∼ 1.5 TeV, the
all-hadronic and semileptonic channels showed better limits than in all-leptonic. For masses
above∼ 1.5 TeV all the channels are comparable. This is reasonable, since the backgrounds
and observed events are always compatible with zero 11 and the signal efficiency is higher
(and similar among the channels) in these high-mass regions (see Tab. 6.21).

Table 6.21: Summary of the signal efficiencies, number of expected background events,
and number of observed events for the six ττ channels. Only statistical uncertainties are
included. For the all-leptonic and semileptonic channels, numbers of expected background
events and observed events are evaluated for each mass point inmZH intervals corresponding
to ±2.5 times the expected resolution. For the all-hadronic channel we consider the num-
ber of expected background, signal, and observed events for mZH > 800 GeV. When the
expected background is zero, the 68% confidence level upper limit is listed.

Mass (TeV) τeτe τeτµ τµτµ τeτh τµτh τhτh
B(ττ ) 3.2% 6.2% 3.0% 23.1% 22.6% 41.9%
εsig(%) 0.8 2.8 ± 0.7 3.4 ± 0.5 4.2 ± 0.7 3.3 ± 0.3 4.4 ± 0.3 2.2 ± 0.2

0.9 11 ± 1 16 ± 1 20 ± 2 14.3 ± 0.5 18.7 ± 0.6 11.5 ± 0.4
1.0 17 ± 2 24 ± 1 38 ± 2 21.2 ± 0.6 29.3 ± 0.7 18.0 ± 0.5
1.2 26 ± 2 30 ± 1 39 ± 2 28.3 ± 0.7 35.8 ± 0.7 23.0 ± 0.5
1.5 30 ± 2 42 ± 2 53 ± 2 29.2 ± 0.8 38.1 ± 0.9 29.1 ± 0.7
2.0 28 ± 2 39 ± 2 56 ± 3 31.1 ± 0.8 39.2 ± 0.9 31.9 ± 0.7
2.5 27 ± 2 37 ± 2 42 ± 2 26.8 ± 0.8 37.0 ± 0.8 30.1 ± 0.7

Nbkg 0.8 0.3 ± 0.5 1.1 ± 0.8 1.6 ± 1.2 6.1 ± 2.0 6.7 ± 2.1

6.1+3.2
−2.5

0.9 0.5 ± 0.4 1.7 ± 1.2 3.8 ± 2.1 9.8 ± 3.2 9.2 ± 2.9
1.0 1.4 ± 1.4 1.7 ± 1.0 2.0 ± 0.9 9.5 ± 3.5 7.6 ± 2.2
1.2 1.2 ± 1.2 1.2 ± 0.8 1.4 ± 0.6 5.0 ± 2.0 6.6 ± 2.3
1.5 0.4 ± 0.4 0.07 ± 0.04 0.9 ± 0.4 4.3 ± 1.8 2.6 ± 0.9
2.0 <0.5 <0.4 0.7 ± 0.4 0.1 ± 0.1 <0.4
2.5 <2.1 <0.3 0.3 ± 0.1 0.18 ± 0.05 <0.5

Nobs 0.8 1 1 2 3 10

8

0.9 2 2 3 4 13
1.0 2 2 5 2 13
1.2 0 1 3 5 12
1.5 0 0 1 2 5
2.0 0 1 0 0 0
2.5 0 0 0 0 0

6.7.1 Combination of all channels
All the channels were analysed so that the events in the signal regions do not overlap and we
do consistently a final combination to extract the final upper limits. In Fig. 6.33 it is shown

10For the channels involving leptons, in addition to the hadronic taus and jets systematic uncertainties, we
have uncertainties associated to electrons and muons.

11In all-hadronic channel this is not true since we consider a single bin to compute the limits, i.e. the number
of observed events and background estimate are always the same.
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Figure 6.32: Expected and observed upper limit on the σ(Z′) · B(Z′ → ZH) as a function
of the resonance mass for all search channels. Top: all-hadronic channel. Bottom left: all-
leptonic channel. Bottom right: semileptonic channel.

the upper limits for the three categories combined. The following systematic uncertain-
ties are considered fully correlated between the six channels: uncertainty on the luminosity,
pileup reweighting, and the error on the V-reconstruction efficiency. The uncertainties on
the lepton (e, µ, and τ ) identification and energy scale/resolution are correlated between the
channels that have at least one of the considered lepton. The other sources of systematic
uncertainties are considered uncorrelated. Comparing the combined result with each chan-
nel from Fig. 6.32 we observe a considerable improvement in the limits. We add a curve
describing the signal cross-section (in leading-order) for the HVT model showed in Subsec-
tion 6.1.1. We can not exclude any mass point considering the especific set of parameters:
gV = 3, and cF = −cH = 1.

In Fig. 6.34 it is shown a scan in the parameter space of the HVT model, with observed
limits in the plane (gVcH, g

2cF/gV). From this plot we observe that we exclude at 95% con-
fidence level some values of the parameters of HVT model for masses 1.0 TeV and 1.5 TeV.
As mentioned before, this analysis was developed with the narrow width assumption 12. We
show the regions in the parameter space where the narrow-width assumption is not valid,
represented by the solid shaded region in the corners of the plot.

12Resonance width is expected to be much smaller than the experimental resolution, which for masses be-
tween 1.0− 2.5 TeV ranges from 6% to 10% of the resonance mass.
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Figure 6.34: Exclusion regions in the plane of the HVT-model coupling constants (gVcH,
g2cF/gV) for two resonance masses, 1.0 and 1.5 TeV. The point B of the benchmark model
used in the analysis, corresponding to gV = 3 and cF = −cH = 1, is also shown. The
boundaries of the regions of the plane excluded by this search are indicated by the dashed
and dotted lines, and associated hatching. The areas indicated by the solid line and solid
shading correspond to regions where the theoretical width is larger than the experimental
resolution of the present search and thus the narrow-resonance assumption is not satisfied.
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Chapter 7

Summary

The searches for exotic heavy resonances in the diboson channels are a very important topic
in the LHC physics program because it covers a big set of beyond standard model theories
where the predicted heavy resonances have suppressed branching fractions into fermions.
This feature implies that most of the standard searches for heavy resonances via their direct
decays into leptons have low sensitivity for these models, and consequently weaker limits on
their parameter space. In addition, for high-mass resonances, these models present weaker
limits from electroweak precision tests, which allows a considerable range of values in the
parameter space.

ATLAS and CMS have dedicated groups working on the diboson signatures. The groups
are in charge of the development of optimized reconstruction and identification criteria for
high-momentum bosons, both in its hadronic and leptonic decays. This is a very important
task, because the accelerators are constantly increasing the energy of the colliding particles,
resulting in events with more high-momentum particles, including the SM bosons Z, W,
and Higgs. In addition, the groups study methods for SM background predictions, selection
optimization in order to increase the searches sensitivity, methods for setting limits on the
models parameter space, and other tasks related to the analyses.

In this thesis, we presented one of the channels investigated by the group in CMS col-
laboration. We described a search for a heavy (mass above ∼ 1 TeV) and narrow spin-1
resonance decaying into a Z and a Higgs bosons in the final state where the Z decays into
quarks and the Higgs decays in a pair of τ leptons. This analysis was performed with the
CMS detector at the LHC investigating 19.7/fb of integrated luminosity for proton-proton
collisions at

?
s = 8 TeV.

The signal events in the detector are expected to be composed by a wide high-energy
jet from the Z→ qq̄ with a high Lorentz boost and two very collimated τ leptons from the
boosted Higgs boson decay. Jet substructure techniques were used to identify the boosted
Z boson decaying hadronically and a modified approach was considered to reconstruct the
pair of τ leptons. After reconstructing and identifying the Z and Higgs bosons, we combined
their kinematic quantities in order to reconstruct the heavy resonance candidate.

MC simulations and control samples of observed events were used to describe SM back-
grounds. We compared many kinematic variables among observed events and simulations
in order to check how good is our understanding about the physics of the proton-proton col-
lisions in LHC. In general, it was showed that the MC simulations have a good agreement
with the observed events.

Since the MC simulations have a low number of generated events in the signal region, dif-
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ficulting a proper comparison with data samples, we have defined a method for background
estimate using only observed events. This method considered only events in kinematic re-
gions where the number of signal events are expected to be negligible compared with the
number of SM backgrounds events (side-band regions). Due to the background composition
after the full selection, it was possible to define two uncorrelated variables to extrapolate
(with negligible bias) the number of background events from these side-band regions to the
signal region.

We observed no deviations between our estimate of the SM background and the observed
events. Then we set 95% CLs upper limits in the resonance production cross-section times
the branching fraction into Z(qq̄)H(τ−τ+) as a function of its mass. We excluded cross-
sections in a range between 0.9 and 27.8 fb, depending on the resonance mass.

This channel with boosted τ leptons and jets showed to be an important component of
the diboson searches in CMS, allowing the exclusion of regions in the parameter space of
composite Higgs models. Our group in CMS started the studies for boosted τ leptons in
the RunII period of LHC with proton-proton collisions at

?
s = 13 TeV. We are currently

tuning the new criteria for boson reconstruction and identification and defining new analyses
strategies. The new techniques for boosted Higgs and Z/W bosons reconstruction are impor-
tant not only in searches for physics beyond the standard model, but for SM physics as well,
and it will become even more important in future accelerators where the colliding particles
energy will increase.
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Appendix A

Background Estimate - alternative
method

In order to validate the results from ABCD method defined in Sec. 6.5, we consider another
method to estimate (mostly using observed events) the QCD, Z/W+jets + tt̄, and SM diboson
backgrounds. The method is defined in four steps:

• Step1: Estimate QCD events in the side-band (SB) using a QCD enriched sample.

• Step2: Using the QCD in SB from Step1 and SM dibosons from MC, we estimate
W/Z+jets and tt̄ in signal region.

• Step3: Using the QCD in SB from Step1 and a QCD enriched sample, we estimate
the QCD in signal region.

• Step4: Using the MC simulation of SM diboson in signal region and summing with
the other components from Steps 2 and 3, we get the total background prediction.

A.1 Step 1
In this step we estimate the QCD-multijets in SB region. This is an important step because
in this region the MC simulation of QCD is not reliable due to the small number of events
generated. As pointed before, the SB region is defined in a specific mP

jet window (20 <
mP

jet < 70 GeV) with all the other cuts fixed to the value used in the full selection from
Tab. 6.8. In the SB region it is difficult to say which background dominates, but at a similar
selection with 40 < PFMET < 80 GeV, QCD has a higher rate compared to the other
components. This feature is important because in this method we will suppose that in the
region with PFMET below 80 GeV the QCD is represented by the number of observed
events minus the other background components from MC simulation 1. The QCD enriched
sample is defined with the full selection but requiring at least one τh to fail the isolation
criterion. This sample has a huge number of events and is dominated by QCD in integrated
number of events for PFMET below and above 80 GeV as shown in Fig. A.1. We use the
number of events from data-sample minus the other backgrounds components (tt̄, W/Z+jets,
SM dibosons) from MC simulation from both QCD enriched sample (control sample) and

1It was checked that the other background components represent around 6% of the events.
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original selection with the pair of isolated taus (true sample) to obtain the number of QCD
events in the SB. The formula below summarizes the method:

NQCD
SB (80<PFMET) =

transport factor
hkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkikkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkj

«

NDATA
SB (80<PFMET) −NOBs from MC

SB (80<PFMET)

NDATA
SB (40<PFMET<80) −NOBs from MC

SB (40<PFMET<80)

ffcontrol sample

×
”

NDATA
SB (40<PFMET<80) −NOBs from MC

SB (40<PFMET<80)

ıtrue sample
,

where “OBs” corresponds to Z/W+jets, tt̄ and SM diboson. From this method, the QCD
estimate in SB is 2.3+1.8

−1.2.
It is important to check if, at least in the MC simulation, the QCD in the SB for the true

and enriched samples have compatible PFMET shapes so that we can use the transport factor
in the formula above. However, in the “true SB” the number of events is very small in QCD
MC simulation. In order to compare the shape of the distributions, in Fig. A.2 we show
PFMET distributions for different events selections. In general, the shapes are in agreement
within the statistical uncertainties.
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Figure A.1: PFMET distribution in a QCD enriched sample defined with the full selection
in the SB (20 < mP

jet < 70 GeV) with at least one τh failing the isolation criterion and
PFMET > 40 GeV.

A.2 Step 2
Since we have the QCD estimate in SB (NQCD

SB ), using a similar method as described in
Ref. [14] we obtain the (W/Z+jets + tt̄) backgrounds in the signal region with the following
expression:

NZ/W+jets and tt̄
SIG = (NDATA

SB −NQCD
SB −NSM diboson

SB )× αMC,
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Figure A.2: PFMET shape comparison between the QCD enriched sample and the “true
sample” using MC simulation of QCD with different selections. Top left: baseline selection.
Top right: baseline selection plus τ21 < 0.75. Bottom left: baseline selection plus pleading τ

T >
50 GeV. Bottom right: baseline selection plus 105 < mτ,τ < 180 GeV.

where:

• NDATA
SB is the observed events in side-band, while NSM diboson

SB is the SM diboson estima-
tion taken from MC simulation.

• αMC is the number of events in MC simulation for (W/Z+jets + tt̄) in the signal region
divided by the number of events for the same backgrounds in the side-band.

In Tab. A.1 we present the components of the formula above and the estimate of the
(W/Z+jets + tt̄) background in signal region, 5.9+3.5

−2.7. We show only statistical uncertainties.

A.3 Step 3
Using a similar idea as in Step1, we estimate the QCD in the signal region with the help of
the QCD enriched sample. The procedure is defined by the formula below:

NQCD
SIG =

transport factor
hkkkkkkkkkkkkkkkkkkkkikkkkkkkkkkkkkkkkkkkkj

„

NDATA
SIG −NOBs from MC

SIG

NDATA
SB −NOBs from MC

SB

control sample

×
”

NQCD
SB

ıfrom Step1
,
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Table A.1: Values of the factors used to estimate Z/W+jets and tt̄ backgrounds in signal
region. We show only statistical uncertainties.

Components Results
NDATA
SB 9.0+4.1

−2.9

NQCD
SB 2.3+1.8

−1.2

NSM diboson
SB 0.016+0.244

−0.013

αMC 0.89+0.25
−0.24

NZ/W+jets and tt̄
SIG 5.9+3.5

−2.7

where “OBs” corresponds to Z/W+jets, tt̄ and SM diboson. Using the expression above we
estimate QCD in signal region to be 1.3+1.0

−0.6. Here, as in Step1, it is important to compare
the shapes of the pruned jet mass distributions between the true and enriched samples. In
Fig. A.3 we compare the shapes for different selections. In general they have a resonable
agreement considering the statistical uncertainties indicating that we can use the ratio from
the QCD enriched sample to estimate the number of events for QCD in the signal region.

A.4 Step 4
We have QCD, W/Z+jets and tt̄ in the signal region from previous steps. The SM diboson
corresponds to a very small fraction of the background so it is reasonable to take it from
MC simulation, 0.39+0.19

−0.22. In Tab. A.2 it is shown the total background estimate in the signal
region, 7.6+3.7

−2.8. This result is in agreement with the estimate from ABCD method of 6.1+3.2
−2.5

(see Sec. 6.5).

Table A.2: Summary of the results. Only statistical uncertainties are included.

Components Results
NZ/W+jets and tt̄

SIG 5.9+3.5
−2.7

NQCD
SIG 1.3+1.0

−0.6

NSM diboson
SIG 0.39+0.19

−0.22

NTot
SIG 7.6+3.7

−2.8

As in the case of the ABCD method, we test this procedure modifying the selection.
We have applied this method for a fixed SVFit ττ mass 105 < mτ,τ < 180 GeV that
corresponds to our signal region. We recompute the background defining a new mass window
that is totally orthogonal to the signal region, 60 < mτ,τ < 105 GeV. We compare this
estimate with the number of observed events. In Tab. A.3 we present the results for each
component and the observed number of events. The values are in agreement within the
statistical uncertainties, validating the method.
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Figure A.3: Pruned jet mass shape comparison between the QCD enriched sample and
the true sample using QCD MC simulation with different selections. Top: baseline selec-
tion. Middle right: baseline selection plus τ21 < 0.75. Middle left: baseline selection plus
pleading τ

T > 50 GeV. Bottom right: baseline selection plus 105 < mτ,τ < 180 GeV. Bottom
left: baseline selection plus PFMET > 80 GeV.

93



APPENDIX A. BACKGROUND ESTIMATE - ALTERNATIVE METHOD

Table A.3: Method applied in a kinematical region orthogonal to the signal region. We
compare the total estimate “NTot” with the observed number events “NData”.

Components Results
NZ/W+jets and tt̄

SIG 17.4+3.7
−3.2

NQCD 5.1+1.4
−1.1

NSM diboson 1.19+0.29
−0.26

NTot 23.6+3.9
−3.4

NData 29+6
−5
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