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Resumo

Estudamos neste trabalho a produção de um novo bóson vetorial neutro pelo

detector Compact Muon Solenoid (CMS) do Large Hadron Collider (LHC). Adotamos

as condições de operação do LHC em 2012, i.e. energia do centro de massa de 8

TeV e luminosidade integrada de 20 fb−1.

Nós realizamos um estudo de viabilidade da busca de fı́sica além do modelo

padrão através da produção e decaimento de uma ressonância exótica em um

par de bósons vetoriais W+W−. O fundo do Modelo Padrão foi estimado por

amostras de Monte Carlo geradas centralmente pela colaboração CMS, enquanto

as amostras do sinal foram simuladas localmente por nós no SPRACE. A massa

transversal invariante foi reconstruı́da usando léptons de cargas opostas mais a

energia transversal faltante.

Uma análise da significância, considerando sinais com massas de 0.5, 1, 1.5, e

2 TeV, foi implementada para melhorar a eficiência da seleção de eventos. Final-

mente, para avaliar a sensibilidade da análise, foram estabelecidos limites espera-

dos com 95% CL para a seção de choque multiplicada pela razão de ramificação

σ(pp → Z′)× BR(Z′ → WW → e + μ + ET/ ).

Palavras Chaves: Fı́sica de Altas Energias; Fı́sica de Partı́culas; Colisores Hadrônicos;

Fı́sica Além do Modelo Padrão.

Áreas do conhecimento: Fı́sica de Altas Energias.
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Abstract

In this work, we study the production of a new neutral vector boson at the

Compact Muon Solenoid (CMS) detector from the Large Hadron Collider (LHC). We

adopt the operation parameters of the LHC during the 2012 run, i.e. center-of-mass

energy of 8 TeV and integrated luminosity of 20 fb −1.

We conducted a feasibility study of the search for physics beyond the standard

model through the production and decay of an exotic resonance in a pair of vector

bosons W+W−. The Standard Model background was estimated by Monte Carlo

samples centrally generated by CMS, while the signal samples were simulated

locally by us at SPRACE. The invariant transverse mass was reconstructed using

the oppositely charged leptons and the missing transverse energy.

An analysis of the significance of the signal, considering resonances with mass

of 0.5, 1, 1.5, and 2 TeV, was implemented to improve the efficiency of the event

selection. Finally, to assess the sensitivity of the analysis, we calculated the 95%

CL limits for the cross section times the branching ratio, σ(pp → Z′)× BR(Z′ →
WW → e + μ + ET/ ).

Key Words: High Energy Physics; Particle Physics; Hadronic Colliders, Physics

Beyond the Standard Model.

Research area: High Energy Physics.
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Chapter 1

Introduction

Understanding nature from the study of its microscopic constituents is the goal

of Particle Physics. The knowledge about elementary particles obtained through

decades of experimental discoveries, accompanied by theoretical and technological

developments, allowed to establish the Standard Model (SM) as the main theory

of Particle Physics. The model embeds two quantum field theories, quantum

chromodynamics for strong interactions and the Weinberg-Salam theory for weak

and electromagnetic interactions.

The Quantum Electrodynamics (QED), which describes the electromagnetic

interaction with an astonishing precision, turned into a prototype gauge theory

for the other interactions. After the discovery of the asymptotic freedom of the

non-abelian gauge theories, a reliable theory for the strong interactions at short

distance became possible. Based on the SU(3)C colour group, the Quantum Chro-

modynamics (QCD) was very successful describing the strong phenomena at high

energies.

The weak force has a significant influence only to a distance of a hundredth the

radius of a proton, and its short range implies that the virtual particles exchanged

in weak interactions must be very massive. In fact, the weak bosons (W±, Z0)

are around ninety times heavier than a proton. In 1967 Abdus Salam and Steven

Weinberg proposed a model of the weak interaction in which the gauge bosons

acquire mass through the Higgs mechanism. They explored the same gauge group

proposed in 1961 by Sheldon Glashow, the SU(2)L ×U(1)Y. In order to preserve

local symmetries, four gauge bosons are introduced at the outset all of them

massless.

The spontaneous symmetry breaking is implemented by a potential constructed

out of a Higgs complex scalar doublet, represented by four scalar particles. Three

of the Higgs fields are absorbed by the gauge bosons W+, W− and Z0. The fourth

gauge boson remains massless, being associated with the photon, the mediator

5



Chapter 1. Introduction 6

of the electromagnetic interaction. The three scalar particles that lend mass to the

gauge bosons disappear from the physical spectrum, but one neutral scalar, the

Higgs particle, is not absorbed and should be observed in experiments.

The first decisive test of the electroweak model was the existence of weak

interaction between neutral currents represented by the exchange of the Z0, ob-

served in 1973 at CERN. Without the Z0 contribution, any weak interaction would

necessarily entail an exchange of electric charge by the W± bosons. However,

particles interacting through neutral weak currents keep their original identities.

The absence of flavor-changing neutral currents is a prominent feature of the

electroweak theory.

During the 80’s both W and Z bosons were produced on-shell at the Spp̄S

collider at CERN. In the next decade, the four collaborations of the Large Electron-

Positron Collider (LEP) were able to deeply scrutinise several aspects of the stan-

dard model. They measured almost 20 parameters related to the SM and arrived to

an impressive agreement between experimental data and theoretical predictions.

Another intriguing prediction of the SM is the Higgs boson, whose mass is not

predicted by the theory. After 45 years of intensive search for this particle, in 2012,

both CMS and Atlas collaborations of LHC have presented very strong evidences

that the Higgs boson has been discovered. A boson with mass around 125 GeV

sharing much of the characteristics of the Higgs has showed up mainly in the γγ

and four leptons final states.

Despite its great success describing all the experimental data at present, the SM

has some intrinsic problems. For instance, the SM does not predict the value of the

masses of the elementary particle and does not furnish an explanation for the huge

amplitude of the mass spectrum. The SM contains a large number of parameters,

does not explain the generation structure, and has difficulties associated with

hierarchy and fine-tuning problems. It does not incorporate gravity and fails to

unify the electroweak and strong forces. The SM does not have any candidate that

could explain the existence of the dark matter either.

Soon after the proposal of the electroweak model there were many suggestions

for extended or alternative electroweak gauge theories, some of which involved

new heavy gauge bosons, electrically neutral and quite similar to Z0 bosons.

We shall call “Z prime” (Z′) any neutral spin–1 resonance more massive than

the Z0 of the SM. This particle could be observed in Drell-Yan production followed
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by its decay, for instance, into a lepton-antilepton pair. On the other hand, scenar-

ios presenting extra dimensions allow Z′ resonances to emerge as Kaluza-Klein

excitations of the Z0 boson. Such models, motivated as alternatives to the elemen-

tary Higgs for electroweak symmetry breaking, may involve fermiophobic Z′ that

can be produced in proton-proton collisions and detected by their coupling to

standard W± bosons.

A diboson W+W− can decay into a fully leptonic, semileptonic, or fully

hadronic channel. In the first mode, it is possible to obtain a quite clean spec-

trum of the transverse mass, thus any deviation from SM predictions would

indicate new physics. For decades, direct searches for exotic resonances decaying

into dibosons have been performed without any evidence of physics beyond the

SM so far.

The experimental discovery of a new Z′ would be exciting, but the implications

would be much greater than just the existence of a new vector boson. Breaking

the U(1)′ symmetry would require an extended Higgs sector, with significant

consequences for collider physics and cosmology such as dark matter, electroweak

baryogenesis, etc. In some constructions, especially in the ones string derived,

the U(1)′ charges do not present a family universality, which can lead to flavour

changing neutral current effects. The decays of a heavy Z′ may be a useful pro-

duction mechanism for exotics and superpartners. Finally, the constraints from

the U(1)′ symmetry can significantly alter the theoretical possibilities for neutrino

mass.

This present study is based on a simulation of the process,

pp → Z′ → W+W− → �+ν� �
′−ν�′ (1.1)

where � stands for lepton, muon or electron, and ν� the respective neutrino. We

choose a particular Z′ model to simulate the signatures of this signal upon a SM

background. We have taken into account the parameters of the 2012 operation

of LHC, considering a center-of-mass energy of
√

s = 8 TeV and an integrated

luminosity L = 20 fb−1.

In the next Chapter, we present a synthetic review of the SM, i.e. quantum

chromodynamics and the electroweak theory. Some aspects of the possible physics

beyond the SM and motivations for exotic searches are presented in Chapter 3.

Chapter 4 gives a fast overview of the LHC and outlines the CMS experiment,



Chapter 1. Introduction 8

presenting aspects on particle identification, software and computing. Chapter 5

contains the core of our analysis, where the study of the above channel is fully

addressed. Finally, a brief summary of the work and its conclusions are given in

chapter 6.



Chapter 2

The Standard Model

Four basic forces mediate all known interactions among the particles of matter.

Electromagnetism and gravitation are infinite range forces, so they are familiar

to everyone for their macroscopic effects. The two remaining forces, which are

called the weak force and the strong force, cannot be perceived directly because

their influence extends no larger than the radius of an atomic nucleus. The strong

force binds together the protons and neutrons in the nucleus, and sticks the quarks

to constitute hadrons. The weak force is mainly responsible for decay processes,

characterised by a short lifetime due to the large mass of the weak bosons that

carry the interaction.

The Standard Model (SM) [1, 3, 4] is a field theory that incorporates quantum

mechanics and special relativity to describe three of the four fundamental inter-

actions: strong, electromagnetic, and weak interactions. The fourth fundamental

interaction, gravity, is far weaker and is not expected to contribute significantly to

the physical processes involved in a collision between elementary particles.

According to the SM, there exist 12 fermions (6 quarks plus 6 leptons), 4 vector

bosons (W, Z, photon, gluon), and one scalar field (Higgs) responsible for the

mechanism of electroweak symmetry breaking (EWSB). Each particle has its own

anti-particle related by charge conjugation.

The quarks are the constituents of composite particles and can combine to

form hadrons which are bound states of 2 (mesons) or 3 (barions) quarks. Quarks

cannot be observed as free particles, have fractional electric charge, and a quantum

number called “colour” which is the source of the strong interaction. Gluons, the

mediators of colour flow in the strong interactions, carry colour and anti-colour.

The leptons, having the electron as the best known member, do not undergo

strong interactions because they do not carry colour. There exist two classes of

leptons: charged leptons, and neutral leptons better known as neutrinos. Neutrinos

rarely interact with anything, and their detection is usually inferred by energy

9



Chapter 2. The Standard Model 10

imbalance.

Figure 2.1: Arrangements of the most elementary particles in the standard model.
(L)Left and (R)Right helicities of the spin 1/2 particles are arranged differently [2].
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2.1 Structure of the SM

The fundamental particles of matter are six leptons and six flavours of quarks

(Fig. 2.1), each of the quarks being present in three colours. The SM of elementary

particle interactions describes the forces of nature by means of non-Abelian gauge

theories. Electromagnetism and weak force are mediated by the gauge particles of

the Glashow–Weinberg–Salam model, namely the massless photon and a triplet

of massive vector bosons, the W+, W−, and Z0. The strong force is attributed to

the eight massless gluons of quantum chromodynamics. In additions there is one

Higgs boson, which is massive and electrically neutral.

The fields associated with the elementary particles are representations of a

symmetry group. For the SM, the governing symmetry group is

SU(3)C × SU(2)L ×U(1)Y . (2.1)

The factor SU(3)C corresponds to the strong sector, carries the colour charge,

and generates (32 − 1) gauge fields associated with the eight gluons. The factor

SU(2)L ×U(1)Y corresponds to the electroweak sector, carries iso-spin and hyper-

charge, and generates (3 + 1) gauge fields associated with the weak bosons and

the photon.

2.1.1 Strong Sector

Quantum Chromodynamics (QCD) is the theory of the strong interactions

between quarks and gluons, governed by the symmetry group SU(3)C. The funda-

mental representation of SU(3)C is a triplet, so the three quark colours red, green,

and blue, or (r, g, b), form the fundamental representation:

q .
=

⎛
⎜⎜⎝

qr

qg

qb

⎞
⎟⎟⎠ . (2.2)

In this representation, the SU(3)C generators are the Gell-Mann matrices denoted

λa, with a = 1, . . . , 8. The QCD Lagrangian is given by

LQCD = ∑
q=u,d,s...

q̄(i �D−mq)q − 1
4

Ga
μνGaμν (2.3)
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where

Ga
μν ≡ ∂μGa

ν − ∂νGa
μ − gs f abcGb

μGc
ν

is the strength tensor of the gluon field Ga
μ. The structure constant f abc is defined

through

[λa, λb] = 2i f abcλc .

The sum in Eq. 2.3 runs over the quark flavours up, down, strange, charm,

bottom, and top. The covariant derivate is defined as

Dμq ≡
(

∂μ + igs
λa

2
Ga

μ

)
q (2.4)

where gs is the coupling of the strong force.

The strong interactions have a characteristic energy scale Λ ∼ 200 MeV in-

terpreted as the energy at which the coupling constant diverges. The running of

the coupling constant obtained by the renormalization group equation, at leading

order of perturbation theory is given by

αS(Q2) =
12π

(33− 2n f ) log(Q2/Λ2)
(2.5)

where n f is the number of quark flavours and Q2 the probed energy. At very

large Q2 (corresponding to small distances), αS becomes increasingly small. This

phenomena is known as asymptotic freedom, property that allows perturbative

expansion at small distances.

2.1.2 Electroweak Sector

The 12 fundamental fermions are grouped in three generations:

{
νe u

e d

}
,

{
νμ c

μ s

}
,

{
ντ t

τ b

}

The three generations differ only in the mass and the flavour quantum number,

but are representations of the same symmetry group. Each generation is separated

in two doublets and three singlets of SU(2)L. For the first generation we have

{
νe u

e d

}
≡

(
νe

e

)
L

,

(
u

d

)
L

, eR , uR , dR
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Generation SU(2)L U(1)Y

I II III( u
d
)

L

( c
s
)

L

( t
b
)

L doublet + 1
6

uR cR tR singlet + 2
3

dR sR bR singlet − 1
3(

νe
e
)

L

( νμ
μ

)
L

(
ντ
τ

)
L doublet − 1

2

eR μR τR singlet −1

Table 2.1: Fermion fields, representation and corresponding hypercharge.

and similarly for the other two generations.

The subscripts L and R stand for left and right chiral component. For a Dirac

spinor f its chiral decomposition is

f = fL + fR = PL f + PR f (2.6)

where PL,R = (1∓ γ5)/2 are the left and right chiral projectors. Left and right

fields belong to different representations of SU(2) and exhibit different values of

U(1)Y hypercharge, property summarize in Table 2.1.

Using the notation

ψ1 =

(
u

d

)
L

, ψ2 = uR , ψ3 = dR (2.7)

the Lagrangian for fermions∗ can be written

Lfermion =
3

∑
j=1

iψ̄jγ
μDμψj (2.8)

∗We only consider quarks in the first generation to derive the charge current, though the result
can be generalized to include more generations and leptons as well.
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with the covariant derivates defined as

Dμψ1 ≡
[
∂μ + ig

σi

2
Wi

μ + ig′y1Bμ

]
ψ1

Dμψ2 ≡
[
∂μ + ig′y2Bμ

]
ψ2

Dμψ3 ≡
[
∂μ + ig′y3Bμ

]
ψ3 .

g and g′ are the SU(2)L and U(1)Y gauge couplings, Wi
μ and Bμ are the respective

gauge bosons, yj are the hypercharges, and σi the Pauli matrices.

The charge current Lagrangian obtained from 2.8 corresponds to

−LCC = gψ̄1γμ σ1

2
W1

μψ1 + gψ̄1γμ σ2

2
W2

μψ1

=
g√
2

{
ūLγμdLW+

μ + d̄LγμuLW−
μ

}
(2.9)

where

W±
μ = (W1

μ ∓ iW2
μ)/
√

2 .

The neutral current Lagrangian is given by

−LNC = gJμ
3 W3

μ + g′ Jμ
YBμ = eJμ

em Aμ + g1 Jμ
1 Z0

1μ . (2.10)

The currents Jμ
3 and Jμ

Y are

Jμ
3 = ∑

f
f̄ γμ[t3

fL
PL + t3

fR
PR] f (2.11)

Jμ
Y = ∑

f
f̄ γμ[y fL PL + y fR PR] f (2.12)

where t3
fL

(t3
fR

) is the third component of weak isospin for the left (right) chiral

component of fermion f . For quarks in the first generation,

t3
uL

= + 1
2 , t3

dL
= − 1

2 , and t3
uR

= t3
dR

= 0. (2.13)

The weak hypercharges y fL,R are chosen to yield the correct electric charges,

t3
fL
+ y fL = t3

fR
+ y fR = q f (2.14)

where q f is the electric charge of f in units of the positron charge.
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The mass eigenstates in Eq. 2.10 are the massless photon Aμ and the massive

Z0
1μ ≡ Zμ, where

Aμ = sin θWW3
μ + cos θW Bμ (2.15)

Zμ = cos θWW3
μ − sin θW Bμ (2.16)

and the weak angle is θW ≡ tan−1(g/g′). The new gauge couplings are

e ≡ g sin θW , g2
1 ≡ g2 + g′2 = g2/ cos θW . (2.17)

The currents in the new basis are

Jμ
em = ∑

f
q f f̄ γμ f (2.18)

Jμ
1 = ∑

f
f̄ γμ[ε1

L( f )PL + ε1
R( f )PR] f (2.19)

with the chiral couplings

ε1
L( f ) = t3

fL
− q f sin2 θW , ε1

R( f ) = t3
fR
− q f sin2 θW . (2.20)

2.1.3 The Higgs Mechanism

The weak bosons of the SM acquire mass through a spontaneous symmetry

breaking in which 3 of the 4 generator of the electroweak sector are broken

SU(2)L ×U(1)Y → U(1)EM .

To illustrate the mechanism, consider the gauge group G = SU(N), with N − 1

diagonal generators. G can be broken by the vacuum expectation value (VEV) of

a real adjoint Higgs representation Φ, which can be represented by a Hermitian

traceless N × N matrix

Φ =
N2−1

∑
i=1

ϕiTi (2.21)

where ϕi are the real components of Φ and the Ti are the fundamental (N × N)

representation matrices. When Φ acquires a VEV, 〈Φ〉, G is broken to a subgroup

associated with those generators which commute with 〈Φ〉. The VEV 〈Φ〉 can be

diagonalized by an SU(N) transformation, so that the N − 1 diagonal generators
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remain unbroken.

The SM involves a scalar Higgs doublet

φ =

(
φ+

φ0

)
(2.22)

through the scalar Lagrangian

Lscalar = (Dμφ)†Dμφ− μ2φ†φ− h(φ†φ)2 , (μ2 < 0 < h) (2.23)

with the covariant derivate given by

Dμφ =
(

∂μ + igWi
μ

σi

2
+ ig′yφBμ

)
φ . (2.24)

The neutral component φ0 has weak isospin and weak hypercharge

tφ0 = −t3φ0 = yφ0 = 1
2 (2.25)

where t3 is the third component of weak isospin, yi = qi− t3i the weak hypercharge.

When the neutral scalar field φ0 accquire a VEV, the photon Aμ (Eq. 2.15) remain

massless, while the Zμ field develops a mass term

M2
Z0 ≡ 1

2
g2∣∣〈φ0〉∣∣2 =

1
4

g2ν2 =
M2

W
cos2 θW

(2.26)

where

ν2 = 2
∣∣〈φ0〉∣∣2 ∼ (√2GF

)−1 ∼ (246 GeV)2 (2.27)

is the square of the weak scale and GF is the Fermi constant.

The Higgs field also enters in the Yukawa Lagrangian (ignoring family indices)

−LYuk = hdQ̄LφdR + huQ̄Lφ̃uR + heL̄LφeR + h.c. (2.28)

where QL ≡
(

uL
dL

)
, LL ≡

(
νL
eL

)
. hd, hu, and he are the Yukawa constants which are

directly related with the mass of the fermions. The tilde field is defined by

φ̃ ≡ iσ2φ∗ =

(
φ0∗

−φ−

)
(2.29)
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where σ2 is the second Pauli matrix. After the spontaneous symmetry breaking

the mass of the fermions springs

−LYuk =
1√
2
(ν + H)(hdd̄d + huūu + heēe) (2.30)

where H is the scalar field of the Higgs remaining.

A single Higgs doublet suffices for the SM, but in many extensions including

some U(1)′ models, a second doublet may be introduced.

Fine-tunning on the Higgs mass

One important issue is associated with the radiative corrections to the Higgs

boson mass represented by the loop diagrams depicted in Fig. 2.2.

H H H H H H

HW f

H H H H

W H

Figure 2.2: Radiative corrections to the Higgs mass.

The Higgs mass receive quantum corrections from loops that contain bosons

(W, Z, Higgs) and fermions, with the last one being dominated by the top quark

since its contribution goes with the square of the fermion mass. Taking into account

those contributions we can write the renormalised Higgs mass as, [6]

M2
H︸︷︷︸

physical

= M2
0,H︸ ︷︷ ︸

bare

+ Λ2
[
6M2

W + 3M2
Z + M2

H − 12M2
top

]
GF

4π2
√

2︸ ︷︷ ︸
loop corrections

(2.31)

where Λ is the maximum energy for which the SM applies, or in other words, for

energies larger than Λ a new theory should be taken into account. In principle,

this scale can be as large as the Plank scale , that is,

Λ ∼ MPlanck = (h̄c/GNewton)
1/2 ≈ 1.2× 1019 GeV .
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According to Eq. 2.31, the quantum correction goes with Λ2 and it contains the

sum of the effect of the bosons loops minus the sum of the effect of the fermions

loop. It is important to notice that the quantum correction is not proportional to

the Higgs mass itself. Therefore, the correction is present even for a Higgs with

zero bare mass.

The physical Higgs mass is equal to the bare mass plus a very large number (Λ2)

multiplied by a (negative) loop factor. Therefore, in order to obtain a reasonable

value for the physical Higgs mass (let us say, 125 GeV) one must have a very

fine-tuning cancellation between the radiative correction and the bare mass. Even

when the scale is not extremely large (Λ 
 5 TeV), a careful balancing is required

to maintain a small Higgs mass (Fig 2.3).

Figure 2.3: Relative contributions to ΔM2
H for a value of Λ = 5 TeV [6].

Unless we suppose that the bare mass and the quantum corrections are finely

tuned to yield MH ∼ 125 GeV, some new physics must intervene. Such precise

balancing is utterly unnatural in physics theories, leading the physicists to propose

a series of ways in which this cancellation could occur naturally. For instance,

supersymmetry [7] exploits the fact that fermion loops contribute with an overall

minus sign relative to the boson loops (because of Fermi statistics), balancing

the contributions of fermion and boson loops. In unbroken supersymmetry, the

masses of bosons are degenerate with those of their fermion counterparts, so the

cancellation is exact.



Chapter 3

Going Beyond the Standard Model

3.1 Exploring the TeV Scale

The standard model is in very good agreement with all experimental data

obtained so far. Despite this great success, it is believed that the SM is inadequate

since it contains a large number of parameters and it has too many features which

are put by hand. The SM does not explain the generation structure, and it does not

make specific predictions for the masses of the quarks and leptons. The SM leaves

unexplained how the Higgs boson could have a light mass (around 125 GeV) in

the face of quantum corrections that tend to lift it toward the Plank scale. Other

questions that lie beyond the scope of the SM are related to the nature of dark

matter, the matter asymmetry of the universe, the quantization of electric charge,

and the role of gravity. Those fundamental topics have motivated theoreticians

and phenomenologists to construct extensions to the SM.

Several proposals for the so-called physics beyond the standard model (BSM)

[8] have been proposed with the motivation of solving the fine-tuning associated

with the quadratic divergence in the Higgs mass [9]. These involve, for instance,

the supersymmetric models (SUSY) [7] and various forms of dynamical symmetry

breaking and little Higgs models [10]. Some versions of theories with large extra

dimensions [11], which allow the W/Z bosons to propagate freely in the extra

dimensions, give rise to Kaluza-Klein [12] excitations. Such excitations can also

occur, for instance, in Randall-Sundrum models [13] and have motivated several

experimental searches [14–17].

Another especial motivation came from the desire to have a grand unified

theory (GUT) [18], which could unify the strong and electroweak interactions

within the context of a single gauge group. The simplest GUT is based on the

SU(5) group [19], however it still requires a large number of a priori unknown

parameters and fails to deal with most of the theoretical difficulties of the SM. In

19
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addition, the predictions of SU(5) model are inconsistent with data on both the

proton lifetime and the electroweak mixing angle (sin2 θ). The failures of the SU(5)

have led to the examination of larger GUT groups such as SO(10) [20], the next

simplest Lie group that is able to accommodate the SM group structure. In SO(10),

the three copies of the generation structure are still put in by hand. Theories based

on E6 [21] are the next natural choice after SO(10). In those E6 models, the SM

structure is extended to include a product of U(1)ψ ×U(1)χ.

In this work, we are interested in exploring the physics beyond the standard

model at the TeV scale, well within the LHC reach. The so-called Exotica area

encompasses in the CMS Collaboration all BSM models which are not based

on minimal SUSY model or its extensions. A non-exhaustive list includes the

searches for heavy resonances, composite objects, 4th generation quarks, long-

lived particles, leptoquarks, black holes, etc.

After the shut down of the Tevatron collider at Fermilab [22], the CERN LHC

collider is the hadron collider at the energy forefront. A summary of the CMS

exotic searches is presented in Fig. 3.1, which shows the mass limits at 95% CL for

different searches. So far, no clear sign of exotic phenomena has been identified,

neither by CMS [23] and ATLAS [24] nor by the experiments making precision

measurements. However the search for new physics phenomena is the most

important item of the LHC agenda during the next more than 20 years of scheduled

operation.

3.2 Extended U(1)’ Model: An Example

A quite natural extension to the standard model is to broaden the gauge

structure of the model by adding, for instance, one or more U(1)′ groups. As

pointed out by Langacker in reference [5], the extension to a gauge group

SU(2)×U(1)Y ×U(1)′ n , n ≥ 1 (3.1)

requires a generalisation of the neutral current (Eq. 2.10)

−LNC = eJμ
em Aμ +

n+1

∑
α=1

gα Jμ
α Z0

αμ (3.2)
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Figure 3.1: Summary of mass limits (TeV) in CMS exotica searches [23].
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where g1, Z0
1μ, and Jμ

1 are respectively the gauge coupling, gauge boson, and the

neutral current of the SM. Similarly, gα and Z0
αμ, α = 2 · · · n + 1, are the gauge

couplings and gauge bosons for the additional U(1)′ groups.

The currents in Eq. 3.2 can be written as,

Jμ
α = ∑

f
f̄ γμ [εα

L( f )PL + εα
R( f )PR] f

= 1
2 ∑

f
f̄ γμ

[
gα

V( f )− gα
A( f )γ5

]
f . (3.3)

The chiral couplings εα
L,R( f ) are respectively the U(1)α charges for the left and

right components of fermion f , and

gα
V,A( f ) = εα

L( f )± εα
R( f ) (3.4)

are the corresponding vector and axial couplings. The values of gα
V,A( f ) depend

on the particular choice of U(1)′. These couplings entirely encode any specific Z′

model.

It is convenient to specify the U(1)α charges of the left chiral components

of both the fermion f and the conjugate antifermion f c, denoted Qα f and Qα f c ,

respectively. The two sets of charges are related by

εα
L( f ) = Qα f , εα

R( f ) = −Qα f c . (3.5)

For example, the SM quarks u and uc have, respectively, U(1)α charges given by

Q1u = 1
2 − 2

3 sin2 θW and Q1uc = + 2
3 sin2 θW .

The additional gauge couplings and charges, as well as the gauge boson masses

and mixings, are model dependent.

3.2.1 Masses and Mass Mixings

The three and four point gauge interactions of a complex SU(2) scalar multiplet

φ can be read off from the kinetic term

L kin
φ = (Dμφ)†Dμφ . (3.6)
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The diagonal (neutral current) part of the covariant derivate of an individual field

φi is

Dμφi =
(

∂μ + ieqi Aμ + i
n+1

∑
α=1

gαQαiZ0
αμ

)
φi . (3.7)

where qi and Qαi are respectively the electric and U(1)α charges of φi.

The neutral scalar fields φi acquire a vacuum expectation value in such a way

that Aμ remains massless, while the Z0
αμ fields develop a mass term

L mass
Z = 1

2 ∑
α,β

M2
αβZ0

αμZ0μ
β (3.8)

where

M2
αβ = 2gαgβ ∑

i
QαiQβi

∣∣〈φi〉
∣∣2 . (3.9)

M2
11 ≡ M2

Z0 would be the (tree-level) Z mass in the SM limit in which the other

Z0’s and their mixing can be ignored. If the only Higgs fields are SU(2) doublets

as in the SM, then

M2
Z0 =

1
2

g2
1 ∑

i

∣∣〈φi〉
∣∣2 =

1
4

g2
1ν2 (3.10)

where ν2 = 2 ∑i
∣∣〈φi〉

∣∣2 ∼ (
√

2GF)
−1. A general Higgs structure allows Eq. 3.10 to

become

M2
Z0 =

g2
1

4
√

2GF ρ0
(3.11)

where

ρ0 ≡ ∑i(t2
i − t2

3i + ti)
∣∣〈φi〉

∣∣2
∑i 2t2

3i

∣∣〈φi〉
∣∣2 singlet/doublet−−−−−−−−→ 1 (3.12)

that is, ρ0 remains equal to 1 provided that the scalar representation be a singlet or

a doublet.

The physical massive bosons are obtained after diagonalizing the mass matrix

(Eq. 3.9) . The n + 1 massive eigenstates are

Zαμ =
n+1

∑
β=1

UαβZ0
βμ (3.13)

where U is an orthogonal mixing matrix.

The case n = 1 corresponds to only one additional gauge boson. For this case
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the mass matrix is

M2 =

(
2g2

1 ∑i t2
3i

∣∣〈φi〉
∣∣2 2g1g2 ∑i t3iQ2i

∣∣〈φi〉
∣∣2

2g1g2 ∑i t3iQ2i
∣∣〈φi〉

∣∣2 2g2
2 ∑i Q2

2i

∣∣〈φi〉
∣∣2

)

≡
(

M2
Z0 Δ2

Δ2 M2
Z′

)
. (3.14)

The eigenvalues of 3.14 are the physical masses, given by

M2
1,2 =

1
2

[
M2

Z0 + M2
Z′ ∓

√
(M2

Z0 −M2
Z′)

2 + 4Δ4
]

(3.15)

where U is the rotation

U =

(
cos θ sin θ

− sin θ cos θ

)
(3.16)

and

θ =
1
2

arctan
(

2Δ2

M2
Z0 −M2

Z′

)
. (3.17)

A possible implementation of a Extended U(1) Model is the Sequential Stan-

dard Model (SSM) where the Z′SSM boson is assumed to have the same couplings

as for the standard Z boson. Using Eq. 3.4 and Eq. 2.20 lead to the vector and axial

couplings for quarks

g1
V(d) = −1 + 4

3 sin2 θW = −0.693 , g1
A(d) = −1 ,

g1
V(u) = 1− 8

3 sin2 θW = 0.387 , g1
A(u) = 1 .

Similar expressions hold for the couplings with leptons

g1
V(e) = −1 + 4 sin2 θW = −0.08 , g1

A(d) = −1 ,

g1
V(νe) = 1 , g1

A(νe) = 1

where we have taken sin2 θW = 0.23.

The superstring inspired E6 theory is another example of an extended U(1)

model. The E6 group has several intermediate breaking scales, for instance, it

could break to a SO(10) and a U(1)ψ, i.e.,

E6 → SO(10)×U(1)ψ . (3.18)
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The SO(10) itself is further broken to SU(5) and a U(1)χ gauge group, i.e.,

SO(10)→ SU(5)×U(1)χ . (3.19)

Finally, the SU(5) is broken to the SM gauge group

SU(5)→ SU(3)C × SU(2)L ×U(1)Y . (3.20)

The gauge fields corresponding to the groups U(1)ψ and U(1)χ are not the mass

eigenstates. As usual, the mass eigenstates Z′ and Z′′ are obtained via the rotation

of the fields Z′ψ and Z′χ that diagonalises the mass matrix,

Z′(θ) ≡ Z′ψ cos θ + Z′χ sin θ , Z′′(θ) ≡ Z′ψ sin θ − Z′χ cos θ (3.21)

with θ being a parameter depending on the Higgs vacuum expectation value and

the gauge couplings gψ and gχ corresponding to U(1)ψ and U(1)χ.

The direct discovery channel of a neutral heavy resonances would be the

observation of the resonance peak in difermion Drell-Yan channel. The dilepton

channel provides very clean signals without much background. The most recent

results of searches for exotic resonances decaying into a massive lepton pair

�+�− at a centre of mass energy of 8 TeV were reported by the CMS and Atlas

collaborations. We present in Table 3.1 a summary of their results.

CMS [25] ATLAS [26]

sequential 2960 2860

ψ 2600 2380

χ - 2540

Table 3.1: 95% CL lower limits on Z’ gauge boson masses (GeV).

The CMS results exclude at 95 % CL, a sequential standard model Z′SSM reso-

nance lighter than 2960 GeV and a superstring-inspired Z′ψ lighter than 2600 GeV,

according to Fig. 3.2.
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Figure 3.2: Upper limits on the production ratio Rσ of cross section times branching
fraction into lepton pairs for Z′SSM and Z′ψ boson production to the same quantity
for Z bosons [25].

3.2.2 Parameterization of the Z′ Properties

Another way to observe neutral heavy resonances is through an intermediate

decay into W± boson pairs. In fact, we dedicate the whole Chapter 5 to explore

the possibilities of a diboson leptonic channel. From the phenomenological point

of view [28–30], the study of process

pp → Z′ → W+W− → �+�′−ET/ (3.22)

requires the knowledge of the couplings of the new spin-1 states to the light quarks

and to the electroweak vector boson pair, in addition to their masses and widths.

Assuming that the coupling of the Z′ to the gauge bosons have the same Lorentz

structure as those of the SM, but with rescaled strength, the coupling gZ′WW must

be bounded by

gZ′WW ≤ gZ′WW max = gZWW
MZ√
3MZ′

. (3.23)
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This bound restores the unitarity in W+W− → W+W− [27] by the exchange of a

Z′. The cross section for the process 3.22 can be written as

σ = σSM + G σint(MZ′ , ΓZ′) + G2σZ′(MZ′ , ΓZ′) (3.24)

with

G =

(gZ′qq̄

gZqq̄

)(
gZ′WW

gZ′WW max

)
(3.25)

where gZ′qq̄ is the Z′ coupling to light quarks, and gZqq̄ = g/ cos θW .

There are three free parameters in Eq. 3.24: the mass of the new spin-1 gauge

boson MZ′ , its width ΓZ′ , and the combination of couplings G. The parameter ΓZ′

is bounded by the inequality

ΓZ′ ≥ ∑
q=u,d

Γ(Z′ → qq̄) + Γ(Z′ → W+W−) . (3.26)

Rescaling the values of the partial widths (in GeV)

Γ(Z′ → uū) = 0.3
(

MZ′

MZ

)(gZ′qq̄

gZqq̄

)2

Γ(Z′ → dd̄) = 0.38
(

MZ′

MZ

)(gZ′qq̄

gZqq̄

)2

Γ(Z′ → W+W−) = 0.028
(

MZ′

MZ

)3( gZ′WW
gZ′WW max

)2

it is possible to show that the minimum Z′ decay width is

ΓZ′ ≥ 0.27|G|
(

MZ′

MZ

)2

GeV . (3.27)

According to Eq. 3.27, for given values of G and MZ′ there is a lower bound on

ΓZ′ . However, that condition can be translated into a constraint on the parameter

G for given values of MZ′ and ΓZ′ .
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The LHC and the CMS Experiment

Today, the state-of-the-art experiments in the field of high energy physics are

at the European Council for Nuclear Research (CERN), in Geneva, home of the

Large Hadron Collider (LHC) and its complex of accelerators (Fig. 4.1).

Figure 4.1: Overview of the CERN’s Accelerator Complex [31].

The LHC is a circular accelerator with 27 km of circumference, installed in a

tunnel 50 to 175 m underground. It was originally designed to collide protons at a

centre of mass energy of 14 TeV with a design luminosity of 1034 cm−2s−1. In a

circular accelerator, radio-frequency (RF) cavities provide the boost, while dipole

superconducting magnets (Fig. 4.2) interspaced between the RF cavities supply

the bending magnetic field that keeps protons in orbit.

The LHC circulates protons inside its beam-pipes not in a continuous stream

28
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but in several very closely packed bunches, with each bunch made out of approxi-

mately 1011 particles. To maximise the probability of the protons colliding with one

another, the LHC squeezes the beam within a transverse size of σx ≈ σy ≈ 15 μm.

Figure 4.2: Dipole superconducting magnet [32].

Every 50 ns these bunches cross one another, and several proton-proton col-

lisions take place. This is known as the pile-up; for the 2012 8 TeV operation

parameters, there are in average of 20 interactions per bunch crossing. The event

rate for a given process generated at the LHC collisions is given by L× σi, where

σi is the cross section for the process under study and L is the instantaneous

luminosity. The luminosity depends only on beam parameters such as the number

of particles per bunch (n1 , n2 for the two beams), the revolution frequency ( f )

and the Gaussian widths of the beam profile in the horizontal and vertical plane

(σx , σy)

L = f
n1n2

4πσxσy
. (4.1)

The total number of events Ni produced at the collider in a time T involves the

integrated luminosity Lint,

Ni = σi

∫ T

0
L dt = σi Lint . (4.2)
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Figure 4.3: Performance of LHC over the period 2010-2012 (up). Luminosity de-
livered and recorded by CMS (bottom) for pp collisions at 8 TeV centre-of-mass
energy in 2012 [33].
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The first collisions at the LHC took place in 2010 using proton beams with a

center of mass energy of 7 TeV. By the end of 2011, a data sample with integrated

luminosity of 6 fb−1 was collected by CMS. In 2012 the center of mass energy

was increased to 8 TeV and a further 23 fb−1 of data has been delivered, with a

instantaneous peak luminosity approaching 8× 1033 cm−2s−1.

The performance of LHC over the last three years of operation is summarized

in Fig. 4.3. Throughout this period, LHC operated with 50 ns bunch spacing. The

delivered luminosity is measured from the start of stable beams. The recorded

luminosity is slightly lower than the delivered luminosity because the detector

may fail and the recorded data are defective. The data taken when the detector is

fully operational are encoded in the golden JSON file. Only the luminosity sections

specified in the JSON file should be processed in physics analyses.

4.1 CMS Detector

The Compact Muon Solenoid (CMS) is one of the four main LHC experiments,

and integrates the state-of-the-art detector technology with respect to particle

identification. One special feature of CMS lies in the muon system. The muon

is a minimum ionizable particle (MIP) what makes it harder to stop. Then, it

is mandatory to build a large system to trace the muon’s trajectory. The return

magnetic field of the solenoid in the muon chambers gives the opportunity to

bend the trajectory and measure the momentum, complementing the measurement

made in the tracker. On the other hand, electrons lose energy by bremsstrahlung

and come to stop rather quickly, so the Electromagnetic Calorimeter (ECAL) can

be smaller. A smaller ECAL made of lead tungstate crystals is good to detect

electrons, but cannot be used to stop muons.

The general layout of CMS can be seen in Fig. 4.4; its overall dimensions are 21.6

m length, 15 m diameter and 12,500 ton weight. CMS has a very compact design,

high hermeticity and emphasizes good muon identification. It provides good

charge and momentum resolution including efficient b and τ tagging capability

as well as a good electromagnetic energy resolution and good missing transverse

energy resolution.

The subdetectors are situated in an shell arrangement, and all the barrel systems

have a forward equivalent to guarantee a 4π solid angle coverage. Studying the
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layout in Fig. 4.4 more closely, one can observe additional very forward structures

(muon detectors and a forward sampling calorimeter) to cover a high |η| range.

CMS uses a right handed coordinate system in which the +x axis points

towards the center of the LHC ring, y points up, and +z points along the direction

of the beam. In a cylindrical system r is the radius from the nominal beam line

and φ is the azimuthal angle. The pseudorapidity is defined as η = − ln[tan(θ/2)],

where θ is the polar angle measured from the +z axis. The transverse momentum

is defined as pT = p · sin θ, with p being the momentum.

4.1.1 Central System

The pixel detector is the innermost subsystem and the closest to the beam pipe,

containing 66 million 100× 150 μm2 pixels responsible for track reconstruction

and primary vertex identification as well as b-tagging. It is arranged in three barrel

layers and two endcap disks at each end. The pixel detector is followed by a silicon

strip system, which determines the momentum of electrically charged particles

that traverse it. The system is structured in ten barrel layers and twelve endcap

disks, composed of 9.3 million strips with pitch between 80 and 180 μm, with a

total silicon surface area of 198 m2.

4.1.2 Electromagnetic Calorimeter

The tracker is followed by an Electromagnetic Calorimeter (ECAL), which

uses 75000 lead tungstate (PbWO4) crystals to determine the energy of electrons

and photons, producing light in proportion to the particle’s energy. The ECAL is

distributed in a barrel (|η| < 1.479) and two endcap (1.479 < |η| < 3.0) regions.

Photodetectors placed in the back of each crystal detect the scintillation light

and convert it to electrical signals. Electromagnetic showers are very narrow in

lead tungstate (Molière radius of 21 mm), helping particle identification and the

implementation of isolation criteria.

Preshower detectors consisting of two planes of lead followed by silicon sensors

are located in front of the endcaps. When a photon passes through the lead layer it

causes an electromagnetic shower containing electron-positron pairs, which are

detected by the silicon sensors. From this the photon’s energy is measured, whilst

having two detector layers gives the particle’s position. The preshower has a much
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Figure 4.4: The CMS detector and its components [34].
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finer granularity than the ECAL, with detector strips 2 mm wide compared to the

3 cm-wide ECAL crystals, what allows to distinguished closely-spaced photons.

4.1.3 Hadronic Calorimeter

The ECAL is surrounded by a brass/scintillator sampling Hadron Calorime-

ter (HCAL) to measure the energy of hadrons. Optical fibers collect up the light

produced by the plastic scintillators and feed it into readout boxes where photode-

tectors amplify the signal. The HCAL covers the region |η| < 3.0. Their thickness

varies from 7 to 10 interaction lengths depending on η; a scintillator placed out-

side of the coil at the innermost muon detector extends the instrument thickness

to more than 10 interaction lengths everywhere. Quartz fibre and iron forward

calorimeters, read out by photomultipliers, extend the calorimeter coverage in the

range 3.0 < |η| < 5.0.

4.1.4 Solenoid

The central feature of the CMS apparatus is a 13 m long and 6 m diameter

superconducting solenoid, providing a magnetic field of 3.8 T. Within the field

volume are the tracking devices and both calorimeters.

4.1.5 Muon System

Outside the solenoid is the muon system, the most visible part of CMS shown

in Fig. 4.5. The CMS design relies on the high bending and excellent muon mo-

mentum resolution, which uses an iron return yoke interleaved with the muon

chambers to increase the magnetic field. With the field parallel to the LHC beam

axis, the muon tracks are bent in the transverse plane.

The iron yoke is instrumented with aluminum Drift Tubes (DTs) in the barrel

(|η < 1.2|) and Cathode Strip Chambers (CSCs) in the end-cap region (0.9 <

|η| < 2.4). Due to the iron yoke, the momentum resolution of the CMS muon

system is dominated by the multiple scattering. The standalone muon momentum

resolution is σ(pT)/pT = 9% for pT ≤ 200 GeV/c and 15 to 40% at pT = 1 TeV/c,

depending on η. Including the tracking system improves the result by an order

of magnitude for low momenta. At 1 TeV the contribution of both measurements

lead to a momentum resolution of about 5%.
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The DT and CSC subsystems can each trigger on muons with large transverse

momentum in the range |η| < 2.4. However, for the full LHC luminosity, faster

trigger chambers are needed to associate the detected muons to the right crossing

of proton bunches. Resistive Plate Chambers (RPCs) covering the region |η| < 1.6

are used by the muon system for fast trigger.

4.2 Particle Identification

The identification of stable particles in CMS relies on the different interactions

of a particle with the subdetectors. While photons, electrons and hadrons lose most

of their energy and stop in the calorimeters, muons deposit only a small fraction of

their energy through ionization so they reach the outer part of the detector, where

the muon chambers are located. These characteristic signatures (Fig. 4.6) based on

tracking and calorimetry are crucial aspects for Particle Identification [38].

The subdetectors in CMS are stacked in radial layers and a particle passes

through these layers sequentially from the collision point outward: first the track-

ing system, then the electromagnetic and hadronic calorimeters, finally the muon

system. All layers are embedded in a magnetic field in order to bend the tracks of

charged particles for momentum and charge sign determination.

Figure 4.6: Characteristic signatures of different particles in CMS [34].
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4.2.1 Missing Energy

Neutrinos produced in the final state escape from the detector causing an

energy imbalance in the observed event. Momentum conservation is the available

way to reveal the presence of neutrinos. Since the z-component of the momentum

of the colliding partons is not known, one cannot determine the net missing energy

caused by neutrinos.

Figure 4.7: Missing transverse momentum and its magnitude.

However, the total momentum in the transverse plane is zero to a very good

approximation. One can define the missing transverse momentum as the negative

vector sum of the transverse energies of all final-state particles reconstructed in

the detector. The missing transverse energy ET/ corresponds to the magnitude of

the missing transverse momentum (Fig. 4.7).

�ET/ = −∑
i

�ET
i

(4.3)

CMS has implemented four major types of algorithms to reconstruct ET/ [36]: (i)

caloMET based on calorimeter energies using the tower geometry of the hadron

calorimeter, (ii) track-corrected MET calculated by replacing the calorimeter tower

energies matched to charged hadrons with their corresponding charged-track

momenta, (iii) pfMET calculated through a complete particle-flow technique, (iv)

/HT calculated through reconstructed jets.
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In our study we used the pfMET algorithm [37], which takes advantage of the

versatility of the CMS apparatus to identify and reconstruct individually each

particle combining the information from all sub-detectors.

4.2.2 Track Reconstruction

The track reconstruction uses an iterative procedure [39] consisting of a number

of steps to select better tracks first and removing their hits, before other tracks

are reconstructed from the remaining hits. Each of the tracking steps starts with

a collection of seeds formed from 2 (a pair seed) or 3 (a triplet seed) pixel hits

consistent with some minimum track pT, and coming from some region of the

beam spot. The first steps use triplet seeds and higher minimum track pT, these

are followed by steps using pair seeds and lower pT. The later steps use seeds that

contain hits from the silicon strip detector to find detached tracks, e.g. from decay

products of K0
s mesons or Λ0 baryons.

4.2.3 Primary Vertex Reconstruction

CMS has to observe the decay products of various particles produced and work

backwards to determine which collision interactions produced which particles. In

the CMS tracker (made up of silicon pixels and strips), the number of hits grows

linearly with pile-up. As these hits need to be combined into tracks, the number of

possible combinations that make a track grows fast with pile-up. Fortunately, the

high granularity and efficiency of the tracker provides the means to distinguish

the many tracks in an event (Fig. 4.8).

The vertex reconstruction can be seen as a clustering procedure in which each

vertex is a cluster of tracks selected by a fitting algorithm. Reconstructed primary

vertices are required to have a z position within 24 cm of the nominal detector

center and a radial position within 2 cm of the beamspot. There must also be more

than four degrees of freedom in the fitted vertex.

4.2.4 Jets Reconstruction

Jets are the experimental signatures of quarks and gluons produced in high-

energy processes such as head-on proton-proton collisions. As quarks and gluons

have a net color charge and cannot exist freely due to color-confinement, they are
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Figure 4.8: Tracks and pileup in a typical collision. [34]

not directly observed in Nature. Instead, they come together to form colorless

hadrons, a process called hadronization that leads to a collimated spray of hadrons

called a jet (Fig.4.9).

As these jets of particles propagate through the CMS detector, they leave sig-

nals in components such as the tracker and the electromagnetic and hadronic

calorimeters. These signals are combined using jet algorithms to form a recon-

structed jet. However, the energy of the reconstructed jets does not correspond

to the true particle-level energy, which is independent of detector response; jet

energy corrections relate these two values. The detailed understanding of the jet

energy scale is of crucial importance for many physics analyses, and it is often an

important component of their systematic uncertainty.

Within CMS, three different methods to reconstruct jets are supported with

jet energy corrections: i) a calorimeter-based approach; ii) the Jet-Plus-Track ap-

proach, which improves the measurement of calorimeter jets by exploiting the

associated tracks; iii) the Particle Flow approach, which attempts to reconstruct

individually each particle in the event, prior to the jet clustering, based on in-

formation from all relevant sub-detectors. The significantly improved resulting

jet energy resolutions, especially at low transverse momentum, indicate that the
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Figure 4.9: pp collision and the resulting collimated spray of particles, a jet.

Particle Flow approach offers advantages with respect to the other types. Indeed,

it is used by most physics analyses within CMS.

Matching by ΔR

Matching means the association of objects from different collections based on

their similarity in spatial coordinates and/or kinematics. It is useful to validate

the proper reconstruction of physical objects such as muons, electrons or jets. For

example, given a reconstructed jet (recJet) we associate a generated jet (genJet)

based on the ΔR distance defined as

ΔR =
√
(Δφ)2 + (Δη)2 (4.4)

where Δφ is the azimuthal separation between the objects and Δη measures their

polar separation. Around each reconstructed jet we search for generated jets within

a cone of aperture ΔR, as shown in figure 4.10.

Those jets that do not match any generated jet might be either mis-reconstructed

or due to pile-up, so it has to be rejected from the collection of physical objects.

Recall that matching is useful for any physical object, but it is viable only in Monte

Carlo studies when the list of generated objects is known beforehand.

4.3 Software and Computing

The Monte Carlo (MC) method is a numerical technique for calculating prob-

abilities and related quantities by using sequences of random numbers [40]. Of

great interest in physics are the MC event generators, they include matrix element

calculators like Alpgen [42] and MadGraph [43], and multi-purpose MC generator
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Figure 4.10: ΔR separation between generated and reconstructed jets.

like PYTHIA [41]. Matrix element calculators deliver an event at the parton level,

then MC generators can further be used to develop a fully hadronized event.

PYTHIA provides the generator level of what happens in a particle collision:

implements models for a number of physics aspects, such as hard and soft interac-

tions, parton distributions, initial and final state radiation, multiple interactions,

fragmentation and decay, and hadronization of the parton-level events. However,

the generation of events is only the first step in the complete analysis chain.

4.3.1 Simulation and Recontruction

The detailed simulation and reconstruction of physics events is extremely time

consuming. The analysis chain is decomposed into four major steps as follows:

1. Generation of Monte Carlo events. The Monte Carlo events are created using

generators like PYTHIA. These generators produce a list of particles and

their four-vectors.

2. Simulation of material effects. This is the most time consuming step. The

output of this step is called SimHits. They contain the information about the

energy stored in different detector elements at different times.

3. Simulation of readout electronics (digitalization). The detector converts the
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energy deposited by the particles into electronic signals that are converted

to digital information. Since the simulation of material effects requires large

amount of CPU time, the minimum bias events are randomly selected from

a large pool of simulated events and combined with the simulated signal

events. The combination of minimum bias events with a signal event and the

simulation of the detector response to the energy deposition are performed

by the reconstruction software. The output created in this step is called DIGIs.

4. Reconstruction of physics/analysis objects. The reconstruction is performed

in several sub-steps. First the DIGIs are combined to reconstructed hits

RecHits, which for example combine several strips of the silicon tracking

detectors. Then RecHits are used to find tracks in the inner tracker and the

muon chambers and clusters in the calorimeters. The reconstruction can

produce more complicated objects like jets or information about the missing

energy and finally physical objects like electrons, photons, muons etc.

4.3.2 Data Analysis with CMSSW

The results presented in this dissertation are based on Monte Carlo samples

generated and analyzed with the CMSSW framework [56], the CMS Software

tool for data processing. The huge amount of data collected by CMS requires

large resources for storage and containers to organize them in different events. The

concept event is related to a computational class within the CMSSW.

The CMS software (CMSSW) consists of over a thousand subpackages pro-

viding an extensive toolkit for users to carry out analysis of data. It also gathers

services needed by the reconstruction modules that process the data. The CMSSW

executable, called cmsRun, is configured at run time by the user’s configuration

file. This file tells cmsRun which data to use, which modules to execute, which

parameter settings to use for each module, and how the events are filtered.

More important than the software itself is the data which contains the informa-

tion we finally want to extract. The data is organized in events, and according to the

event data model (EDM) each event is a C++ object container for the reconstructed

data related to a particular collision (Fig. 4.11): physical particles are accessed

through C++ objects.

An event starts as a collection of the RAW data from the detector or Monte Carlo.

As the event data is processed, products are stored in the event as reconstructed
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Figure 4.11: The Event Data Model

(RECO) data objects. The event also contains metadata describing the configuration

of the software used for the reconstruction of each contained data object and the

conditions and calibration data used for such reconstruction. The event data is

output to files browsable by ROOT [44].

The full event data (FEVT) in an event is the RAW plus the RECO data. Analysis

Object Data (AOD) is a subset of the RECO data in an event; AOD alone is sufficient

for most kinds of physics analysis. Figure 4.11 illustrates how an event changes as

data processing occurs.

4.3.3 Computing Infrastructure

CMS makes use of a grid of computers connected together in an hierarchical

organization so that users around the world can share data and computational

power. The structure called Worldwide LHC Computing Grid (WLCG) is divided

in clusters of computers called Tiers which are classified depending on their
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computational power and storage capacity.

• Tier 0: The Tier T0 is located at CERN, where all raw information coming

from the detector is saved, reconstructed, and later on transmitted to the rest

of the chain.

• Tier 1: There are several national T1 sites around the world, providing storage

and redistribution for MC events generated by the T2’s.

• Tier 2: There T2 centers provides capacity for user analysis, calibration

studies, and Monte Carlo production for the whole experiment.

• Tier 3: Any small cluster of computers installed at an institute providing

local access to the Grid.

The São Paulo Research and Analysis Center (SPRACE) was implemented

in 2003 to collaborate with the DØ and CMS experiments. SPRACE hosts a T2

in the CMS computing structure providing around 10 Teraflops of computing

power and 800 TB of storage space. During the development of this work we

have extensively used the resources of the T2-BR-SPRACE center to analyze data,

bring/send datasets from/to other tiers, and run Monte Carlo simulations.
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Diboson Leptonic Channel

5.1 Electroweak Measurements

The study of electroweak processes in pp collisions provides an important test

on the SM. Any deviation of the measured cross sections from SM predictions,

after being thoroughly verified for factors like theoretical mismodelings, detector

effects and statistical fluctuations, would indicate the presence of new physics.

The agreement between SM predictions and measured cross sections (see Fig. 5.1)

gives confidence in the reliability of the theoretical calculations and in the detector

performance.
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Figure 5.1: Vector boson production cross-sections measured by CMS [45].
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The diboson WW production is one of the SM precision measurements per-

formed at CMS [46]. A resonances in the WW transverse mass spectrum can be

the signature of new phenomena and can be interpreted accordingly to many BSM

models involving neutral heavy spin-1 resonances or massive spin-2 gravitons [47].

It is worth to remind the decay modes of a W+ boson which are presented

in Table 5.1. The decay mode into hadrons has a larger fraction than the mode

into leptons, but the high detection efficiency and low reconstruction fake rate of

muons and electrons may turn leptonic channels more attractive than the hadronic

one. Moreover, due to the presence of leptons in the final state, the magnitude

of the QCD background is diminished; this is due to the fact that leptons are not

subject to the strong interaction.

Mode Fraction

e+ν 10.75 %
μ+ν 10.57 %
τ+ν 11.25 %
�+ν 10.80 %

hadrons 67.60 %

Table 5.1: Decay modes of a boson W+. � is the average of the leptonic modes [48].

A diboson WW can decay into a fully leptonic, semileptonic, or fully hadronic

channel, as indicated in Table 5.2.

Mode Fraction

�+ν� �
′−ν�′ 1.2 %

�+ν� qq̄ 7.3 %
qq̄ qq̄ 46 %

Table 5.2: Decay modes of a diboson W+W−.

In this work we have chosen to study only the fully leptonic channel, in order to

both avoid the more complicated techniques needed to work with jets and to take

advantage of the great performance of CMS at muon and electron reconstruction.
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Figure 5.2: Searches for WW resonances in hadron colliders.
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Searches for WW Resonances

Searches for WW resonances in the fully leptonic and semileptonic channels

were reported by Tevatron experiments. Direct searches for heavy WW resonances

were performed by the CDF collaboration [49], setting limits on the cross section

σ(pp̄ → WW) in proton-antiproton collisions at
√

s = 1.96 TeV. The Z′ mass

exclusion region obtained from Fig. 5.2(a) corresponds to 257–630 GeV. Studying

the same WW channel, the DØ collaboration reported limits on a spin-2 Randall-

Sundrum (RS) [13] graviton in the range 300–754GeV at 95% CL [50].

Recently, LHC experiments also performed searches for exotic resonances. The

CMS collaboration set 95% CL upper limits on the cross section for resonances

decaying to qW, qZ, WW, WZ, or ZZ final states [51]. The ATLAS collaboration set

limits using a RS graviton model and its extension, the bulk RS graviton model [47],

as benchmarks. The lower limit on the RS gravitons was set to 1.23 TeV according

to Fig. 5.2(b).

5.2 pp → Z′ → W+W−: Signal Simulation

We explored the feasibility of observing exotic Z′ resonances decaying into WW

pairs according to the reaction depicted in Fig. 5.3. It represents a proton-proton

collision producing a Z′ that couples to light quarks. The exotic resonance then

decays into a pair of W bosons, that consequently decay into leptons of opposite

electric charge. A pair of neutrinos emerge from the W decay so we expect missing

transverse energy present in the event.

We used CMS Fast Simulation (FastSim) [53], a CMSSW-integrated tool [56] to

simulate and reconstruct events with the CMS detector. FastSim gives an accurate

simulation of the detector effects without the CPU time consuming of the full

simulation based on GEANT [54]. GEANT simulates particle transport in matter

considering processes like bremsstrahlung, pair production, Compton scattering,

and nuclear interactions. Those interactions generate cascades of new particles,

originating particle showers. Then GEANT also simulates the interaction with the

sensitive elements of the detector, and gives as final answer the charge deposited

or the light yield in each element. It’s a time-consuming process. FastSim, on the

other hand, uses parametrized showers and responses for the sensors, saving

between one and two orders of magnitude in time.
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Figure 5.3: pp → Z′ → W+W− leptonic channel.

The Physics Analysis Tool (PAT) [55] is a high–level analysis layer which

provides access to the algorithms in the framework of the CMSSW offline software.

Although this work only analyses Monte Carlo events, the PAT has the capabilities

to access and treat events from collision data, which may be useful in a forthcoming

step of this work.

The Z′ events were generated with PYTHIA 8.153∗ which provides values for

the cross section,

σ(pp → Z′ → W+W−)

at the center-of-mass energy
√

s = 8 TeV, multiplied by the branching ratio for

leptons,

BR(W+W− → �+ν� �
′−ν�′)

where � indicates a muon or electron, and ν� the respective neutrino. The result

is presented in the Fig. 5.4. We have taken four different values for the mass

MZ′ = 0.5, 1, 1.5, and 2 TeV.

5.2.1 Z′ Couplings to Quarks and Vector Bosons

We assumed that the couplings between the Z′ and light quarks are the same

as the ones of the standard Z boson. Furthermore, they were assumed generation–

independent, requiring only eight numbers to parameterize the vector and axial

∗There are specialized generators [JHU Generator, http://www.pha.jhu.edu/spin/] that include
full spin and polarization correlations. PYTHIA does not take into account these correlations.
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Figure 5.4: pp → Z′ → W+W cross section in the leptonic channel.

couplings. The parameters available in PYTHIA to implement these couplings are

listed in Table 5.3.

Vector coupling Axial coupling

d quarks Zprime:vd (−0.693) Zprime:ad (−1)

u quarks Zprime:vu (0.387) Zprime:au (1)

e leptons Zprime:ve (−0.08) Zprime:ae (−1)

νe neutrinos Zprime:vnue (1) Zprime:anue (1)

Table 5.3: PYTHIA parameters for the Z′ couplings to quarks and leptons and their
default values.

The coupling of Z′ with the vector boson pair W+W− was assumed to be,

gZ′WW = gZWW

(
MW

M′
Z

)2

(5.1)
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as in the extended gauge model of reference [59]. By default this coupling is off,

but can be switched on through the PYTHIA parameter Zprime : coup2WW. With

this parameter, PYTHIA calculates the coupling gZ′WW according to the expression

gZ′WW = (Zprime : coup2WW)×
(

MW

MZ′

)2

× gZWW . (5.2)

Two different cases, corresponding to the reference model and the extended

gauge model, are shown in Fig. 5.5.†

 [GeV]Z'M
500 1000 1500 2000

 [G
eV

]
Γ

1

10

210

310

410

510

610

Width of the Z'

Reference model

Extended gauge model

Width of the Z'

Figure 5.5: Width of the Z′ into the channel WW for two models assuming different
gZ′WW coupling.

In the reference model, by letting,

(Zprime : coup2WW) ∼
(

MZ′

MW

)2

(5.3)

†In PYTHIA, the width of the Breit-Wigner that describes a resonance is stored in the parameter
id:width.
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we obtain gZ′WW ∼ gZWW leading to a width Γ(Z′ → WW) that goes like the fifth

power of the Z′ mass. For Z′ masses of the order of 1 TeV, a process description in

terms of a resonance gets compromised due to the rapid grow of the width.

On the other hand, in the extended gauge model we let (Zprime : coup2WW) ∼ 1,

which corresponds to,
gZ′WW
gZWW

∼
(

MW

MZ′

)2

(5.4)

giving rise to a width Γ(Z′ → WW) that increases linearly with the Z′ mass. This

was our choice for benchmark model because it allows to study masses at the TeV

scale, superseding the reference model prescription.

5.2.2 Kinematic Distributions

The distributions of the Z′ resonance peak and its transverse momentum are

shown in Fig. 5.6. In the distribution of the Z′ mass we observe the width of the

peak increasing with MZ′ . That behavior is expected since the extended gauge

model adopted in the simulation imposes a linear increase of Γ(Z′ → WW) with

the Z′ mass.
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Figure 5.6: Invariant mass distributions of the Z′
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Figure 5.7 presents the distributions of the transverse momentum for the W

bosons and the Z′. Each W coming from the resonance carries a high pT component

while the resonance itself does not, so the Z′ is expected to be produced at rest in

the laboratory frame. Meanwhile, the pT of each W achieves a maximum near the

value MZ′/2.

Some kinematic distributions of the final leptons are shown in Fig. 5.8 for

electrons and in Fig. 5.9 for muons. Both muons and electrons keep a high pT

component from the parent W, with a pseudorapidity distributed around η = 0.

Given the geometry of the muon system of CMS (Fig. 4.5), it is highly possible that

the final leptons are within the acceptance region |η| < 2.4 of the detector.
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Figure 5.7: Transverse momentum distributions of the Z′ and of the W bosons.
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Figure 5.8: Pseudorapidity and transverse momentum distribution of the electrons
coming from the W bosons.
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Figure 5.9: Pseudorapidity and transverse momentum distribution of the muons
coming from the W bosons.
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5.3 Background Estimation

In order to estimate the background for the process pp → Z′ → W+W− we

have used Monte Carlo datasets from the Summer 2012 season of CMS central

production. Initially, some datasets were available in remote locations of the CMS

grid, so they were all brought to SPRACE for local analysis.

The processes, generators and cross sections, are given in Table 5.4 together

with the Z′ samples generated by us with the CMS Fast Simulation tool. The

notation indicates the mass of the Z′ in TeV, for instance, Z′0.5 corresponds to a

Z′ with mass 0.5 TeV. It can be noticed that the heavier the Z′ the smaller the

cross section, which in turn is several order of magnitude lower than the major

background process involving the top quark (“top”).

Process Dataset name and Generator Cross section [fb]

/TTTo2L2Nu2B 8TeV-powheg-pythia6 2.21×104

top /T tW-channel-DR TuneZ2star 8TeV-powheg-tauola 1.07×104

/Tbar tW-channel-DR TuneZ2star 8TeV-powheg-tauola 1.07×104

WW /WWJetsTo2L2Nu TuneZ2star 8TeV-madgraph-tauola 4.7×103

/GluGluToWWTo4L TuneZ2star 8TeV-gg2ww-pythia6 2.3×101

WZ /WZJetsTo2L2Q TuneZ2star 8TeV-madgraph-tauola 1.7×103

/WZJetsTo3LNu TuneZ2star 8TeV-madgraph-tauola 8.7×102

/ZZJetsTo2L2Nu TuneZ2star 8TeV-madgraph-tauola 2.8×102

ZZ /ZZJetsTo2L2Q TuneZ2star 8TeV-madgraph-tauola 9.1×102

/ZZJetsTo4L TuneZ2star 8TeV-madgraph-tauola 1.3×102

Z′0.5 /Zprime05ToWW 8TeV pythia8 86.9

Z′1.0 /Zprime10ToWW 8TeV pythia8 3.84

Z′1.5 /Zprime15ToWW 8TeV pythia8 4.58×10−1

Z′2.0 /Zprime20ToWW 8TeV pythia8 7.81×10−2

Table 5.4: Monte Carlo datasets used. The LO cross sections come from the genera-
tor itself and no uncertainty is provided.
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The process “top” includes tt̄ production and associate tW, t̄W production.

These processes involving a quark t can lead to fully leptonic final states through

an intermediate decay t → Wb, which occurs with a fraction [57]

Γ(t → Wb)
Γ(t → Wb) + Γ(t → Ws) + Γ(t → Wd)

= 0.91± 0.04 . (5.5)

A reaction involving a pair of quark tt̄ leading to 1e+, 1μ− and two neutrinos,

is depicted in Fig. 5.10. The remaining b quarks may become jets, a signature that

could be used to veto this background. The veto on jets has not been implemented

during this analysis, but will be added soon.

Figure 5.10: Top pair production followed by a W leptonic decay.

Diboson processes WW‡, WZ and ZZ were also considered as reducible back-

grounds. The WW decays were summarized in Table 5.2. The dibosons WZ and

ZZ, through the decay mode Z → �+�− occurring with a fraction ∼ 3% , can lead

to fully leptonic final states too. As seen in Table 5.4, the diboson processes have

cross section lower than the “top” but still higher than any Z′ signal.

Single-boson processes, in spite of their large cross section in pp collisions (see

Fig. 5.1), are not relevant to our channel since they do not give rise to different

flavour leptons plus ET/ in a natural way. We neglected QCD contributions in our

background estimation, since the chances of getting high energy leptons coming

from this source are very low indeed.

‡The notation WW ≡ W+W− refers to different-sign pairs, not same-sign pairs.
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5.4 Event Selection

We searched for events with a fully leptonic final state consisting of one electron

(e), one muon (μ) plus missing transverse energy from undetectable neutrinos,

according to the reaction

pp → X → eμET/ . (5.6)

Final states with same flavour leptons are rejected, which immediately gets rid

of 50% of our signal since both W bosons can decay to same flavour leptons at the

generator level. In order to enhance the signal to background ratio, we defined a

basic selection proceedure described below:

• At least one primary vertex

• 1μ and 1e of opposite charge

• PAT muon, with:

pT > 20 GeV and |η| < 2.4

Identified as PF muon. Global or Tracker muon

Impact parameter in the transverse plane d0 < 0.02 cm

Isolation (calo + track)/pT < 0.15

• PAT electron with:

pT > 20 GeV and |η| < 2.5

Ratio of hadronic energy to EM energy: H/E < 0.05

Isolation (calo + track)/pT < 0.15

The selection was made separately for each background sample and then

combined. Table 5.5 contains the size of the samples before and after applying

the selection requirements, and the number of events normalized to a luminosity

L = 20 fb−1.

Taking the sample Z′0.5 as an example, the selection efficiency is ε = 17727/50000 =

0.3545 which leads to a number of events of

nZ′ = σ · L · ε = (86.9 fb)(20 fb−1)(0.3545) = 616± 13 . (5.7)
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Sample Generated Selected σ · L · ε
top 14.5 M 1.1 M 40,133

WW 2 M 169,000 7,809

WZ 5 M 91,000 819

ZZ 6.6 M 216,000 166

Z′0.5 50,000 17,727 616

Z′1.0 50,000 21,437 33

Z′1.5 50,000 22,175 4.1

Z′2.0 50,000 21,647 0.68

Table 5.5: Generated and selected events.

The variance,

V(nZ′) = (σ · ε)2 ·V(L) + (σ · L)2 ·V(ε) = 163 (5.8)

was calculated with 2% of relative error on the luminosity,

V(L) ∼ (0.02L)2 = 0.16 fb−2 (5.9)

with V(ε) ∼ (0.002)2, and neglected error on the cross section.

It is expected that higher Z′ masses lead to lower number of events because

the cross section decreases with the mass (see Fig. 5.4). Besides that, the selection

efficiency estimated as the ratio Selected/Generated, does not decrease with the

mass and reaches a maximum at the sample Z′1.5

ε = 22175/50000 = 0.4435 . (5.10)

5.4.1 Selection Efficiency

To estimate the selection efficiency one takes into account the number of events

selected m divided by the number generated events, N

ε =
m
N

. (5.11)

Since the background contains processes with different cross sections σi and
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different sizes Ni, one needs to define weights to normalize to a certain integrated

luminosity L
wi =

σiL
Ni

. (5.12)

Before the selection, the effective sample size is given by,

N = ∑
i

wiNi . (5.13)

The sample size after the selection is,

K = ∑
i

wiKi = ∑
i

wiNiεi (5.14)

where Ki = Niεi is the i-th sample size after the selection and εi is the selection

efficiency of the i-th sample. Because all samples are independent, one can estimate

the efficiency εi for each sample separately. Then, the efficiency for the combined

sample corresponds to

E =
K
N

=
∑i wiNiεi

∑i wiNi
. (5.15)

The asymmetric uncertainty band around E corresponds to the boundaries of

a 68.3 % credible region computed in Appendix A. The variance of K can be

computed with the usual propagation formula

V(K) = ∑
i

w2
i V(Ki) + V(wi)K2

i . (5.16)

5.4.2 Transverse Invariant Mass

Those events satisfying the basic selection were used to construct a transverse

invariant mass MT given by [28],

MT =

[(√(
p�+�′−T

)2
+ m2

�+�′− +
√

ET/ 2 + m2
�+�′−

)2 −
(−→pT

�+�′− +
−→
ET/
)2
]1/2

(5.17)

where
−→
ET/ is the missing transverse momentum vector, −→pT

�+�′− is the transverse

momentum of the pair �+�′− and m�+�′− is the �+�′− invariant mass.

The resulting MT distribution is shown in Fig. 5.11, with a legend that sum-

marises the signal and background yields normalised to an integrated luminosity

of L = 20 fb−1.
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Figure 5.11: Transverse mass distribution normalized to an integrated luminosity
L = 20 fb−1. The values in the legend correspond to the ones reported in Table 5.5.

The SM background is represented by the stacked histogram whose area corre-

sponds to 48,927 events made up with 4 contributions

SM background = top + WW + WZ + ZZ

= 40133 + 7809 + 819 + 166 .

Among the considered Z′ signals, Z′0.5 is the most significant with 616 events

Sign. Z′0.5 =
s√

s + b
=

616√
616 + 48927

= 2.77

where s and b stand for signal and background, respectively.
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The significance gets worse for the higher masses, since

Sign. Z′1.0 =
s√

s + b
=

33√
33 + 48927

= 0.15

Sign. Z′1.5 =
s√

s + b
=

4.1√
4.1 + 48927

= 0.018

Sign. Z′2.0 =
s√

s + b
=

0.7√
0.7 + 48927

= 0.003

5.5 Cut–based Analysis

After the basic selection, a large background still remains, so we must apply

further selections. We chose to perform a cut-based analysis in order to improve

the significance of the signal. It consists on integrating the MT distribution above

a certain threshold chosen to maximise the ratio s/
√

s + b. Let us exemplify the

procedure for the Z′0.5 case illustrated in Fig. 5.12, where the MT distributions for

the signal (Z′0.5) and for the background (bkg) are presented.

By adding all the bins above MT ≥ 300

b = ∑
MT≥300

bkg = 9202 , s = ∑
MT≥300

Z′0.5 = 437 .

we obtain

Sign. Z′0.5 (MT ≥ 300) =
s√

s + b
=

437√
437 + 9202

= 4.45

We found that the “best cut” corresponds to MT ≥ 300 since no other threshold is

able to further improve the significance.

The results in Figs. 5.13, 5.14 and 5.15, correspond to the cut-based analysis for

the higher masses: Z′1.0, Z′1.5 and Z′2.0, respectively.
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Figure 5.12: Event yield for MT > 0 and MT > 300 (top left and top right), and
maximization of the significance for the Z′0.5 signal (bottom).
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Figure 5.13: Event yield for MT > 0 and MT > 700 (top left and top right), and
maximization of the significance for the Z′1.0 signal (bottom).
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Figure 5.14: Event yield for MT > 0 and MT > 1000 (top left and top right), and
maximization of the significance for the Z′1.5 signal (bottom).
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Figure 5.15: Event yield for MT > 0 and MT > 1400 (top left and top right), and
maximization of the significance for the Z′2.0 signal (bottom).
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For each Z′ mass, different thresholds were found and they are presented in

Table 5.6. It can be noticed that the threshold is always in the region MT > MZ′/2.

MZ′ [GeV] MT [GeV] Significance

500 300 4.45

1000 700 1.15

1500 1000 0.44

2000 1400 0.18

Table 5.6: Thresholds that maximize the significance.

Adding the cut-based analysis to the basic selection, we increased the signifi-

cances of the signal and obtained good background rejection, giving an efficiency

for the signal that is several orders of magnitude higher than the efficiency for the

background, as can be seen in Fig. 5.16.
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Figure 5.16: Signal (left) and background (right) efficiencies after the full selection.

While in the basic selection the maximum efficiency was obtained for the

sample with MZ′ = 1500 GeV (see Eq. 5.10), after the full selection, the maximum

efficiency ε = 0.2515± 0.001 corresponds to the mass MZ′ = 500 GeV.

For a given Z′ mass, the search sensitivity depends on the Z′ production cross

section times the decay branching ratio into the chosen final state, the signal

efficiency, and the level of SM background with the same final state. We can

evaluate the sensitivity of our search by calculating the expected limits.
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Table 5.7 summarizes the efficiency for the signal and the level of SM back-

ground after the full selection.

MZ′ [GeV] εZ′ SM background Z′ signal

500 0.25 9202 ± 140 437 ± 9

1000 0.17 119 ± 3 13.3 ± 0.3

1500 0.17 11.7 ± 1.2 1.61 ± 0.03

2000 0.12 0.8 ± 0.5 0.181 ± 0.004

Table 5.7: Efficiency of the signal, level of SM background and Z′ signal after the
full selection. Systematic errors are computed as in Eq. 5.8. Statistical errors are
not included.

5.6 Expected Limits

The Confidence Level (CL) quantifies the fraction of times a confidence inter-

val would contain the true value of a parameter in a large number of repeated

experiments [60]. The existence or non-existence of an exotic Z′ with mass MZ′ in

a given region is set by the upper limit of a 95% CL interval: if the Z′ were actually

to exist and have a particular mass, there would be less than 5% probability that

statistical fluctuations in the experimental data would have led to that mass.

To focus on a specific case, let us consider the mass MZ′ = 500 GeV and the

respective efficiency of Table 5.7. Assuming the background follows a gaussian

(Fig. 5.17) density p(x) with mean x0 = 9202 and standard deviation σ0 = 140, the

95% CL expected limit x95 is obtained through the integral

∫ ∞

x95

p(x) dx = 0.05 . (5.18)

The expected limit can be separated in two contributions

x95 = σ · L · ε · BR︸ ︷︷ ︸
signal

+ x0︸︷︷︸
background

(5.19)
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Figure 5.17: Gaussian density. There is less than 5% probability that statistical
fluctuations lead a x > x95 = 9432.

hence, the cross section times branching ration for signal corresponds to

σ · BR =
x95 − x0

L · ε =
9432− 9202

(20 fb−1)(0.2515)
= 45.7 fb . (5.20)

The above procedure is very naı̈ve since it does not include the uncertainties.

Only the standard deviation of the background was considered to widen the gaus-

sian. To calculate the expected upper limit on the cross section including sistematic

uncertainties, a Bayesian method [61] implemented in the macro RooStatsCl95 [62]

is recommended by the CMS statistical committee [63].

Inputs to this calculation are:

• Integrated luminosity with its absolute error (L = 20± 0.4 fb−1)

• Signal efficiency with its absolute error (column 2 of Table 5.7)

• Level of background with its absolute error (column 3 of Table 5.7).

• Number of pseudo-experiments

• Method: Bayesian with numeric integration
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First, the signal efficiency and level of background are assigned priors and

modeled via a Monte Carlo method that allows correlation of uncertainties. Then,

the expected limit is calculated by simulating pseudo-experiments based on the

expected background with Poisson fluctuations.

Figure 5.18 shows the obtained 95% CL upper limit on the signal cross section

times branching ratio as a function of the Z′ mass. For mass values where the

expected limit is above the red line (theoretical) one would not be able to set the

existence or non-existence of a Z′ for that mass at 95% CL, consequently the search

would not be sensitive for that mass.

 [GeV]Z'M
500 1000 1500 2000

 x
 B

R
 [f

b]
σ

-110

1

10

210

)μ WW (e→ Z' →pp

expected 95% CL upper limit

σ 1±expected

σ 2±expected

-1 L dt = 20 fb∫ = 8 TeV s

Figure 5.18: Expected upper limit on σ(pp → Z′)× BR(Z′ → WW → eμET/ ), with
the theoretical prediction at LO (red line). The inner and outer bands represent
respectively the 1σ and 2σ uncertainty on the expected limit.
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It was not possible to set a 95% CL upper limit on the production of a Z′. The

search strategy must be improved to cope with the challenge of searching a Z′

coupling to W pairs with a luminosity of justL = 20 fb−1. With higher luminosities

and the same selection efficiency, our search would be more sensitive. As Fig. 5.19

shows, increasing the luminosity to L = 200 fb−1 we could be able to set an upper

limit around 1500 GeV.
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Figure 5.19: Expected upper limit on the cross section with L = 200 fb−1.

To establish the existence or non-existence of a Z′, we must compare the

expected limit, with the observed limit obtained by doing the same analysis upon

collision data. As outlook, we intend in the future to compare our simulation with

collision data, to optimise the background reconstruction through data-driven

methods and to perform a multivariate analysis (MVA) to improve the selection

efficiency.

Our expected limit is based upon the study of the transverse mass (Eq. 5.17)
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although several quantities like the transverse momentum and pseudorapidity of

muons/electrons, the invariant mass of leptons pair, and the missing transverse

energy, were looked at separately. Those distributions did not provide better

significances than the significance obtained with the variable MT. Nonetheless,

the list of variables that can be constructed using MVA methods is endless, and

these possibilities must be study to improve the sensibility of the analysis.
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Conclusions

Particle physics is the field that studies the elementary particles and their

interactions. The accepted theory to describe the electroweak and strong forces is

the standard model (SM). Experiments performed at hadron colliders support the

SM, although a plethora of theories have been trying to supersede.

The study of the electroweak symmetry breaking sector is one of the main goal

of the LHC experiments. Unitarity arguments based on vector boson scattering

suggests the existence of a light Higgs responsible for avoiding the unphysical

growth of the scattering amplitude. This scenario seems to be true after the dis-

covery of the 125 GeV boson that resembles in many ways the scalar Higgs boson

from the minimal Standard Model.

However, it has been proposed in the last decades several alternative ap-

proaches to this minimal implementation of the symmetry breaking. Some of

these scenarios beyond the standard model motivate the existence of new heavy

neutral resonances that can be detected by their decay into a pair of W bosons.

Consequently, the diboson W+W− fully leptonic channel was chosen because this

mode yields cleaner spectra, in comparison with hadronic channels involving jets.

The outstanding performance of the Large Hadron Collider (LHC) over the

first three years of operation has allowed to collect more data than any previous

hadronic experiment. The observation of a candidate to Higgs boson both by CMS

and Atlas, the realisation of precision measurements, and the improvement of

limits for a variety of models beyond SM, are some of the CERN achievements in

the LHC era.

This study presented here is based on a simulation of the CMS detector consid-

ering the operation parameters of the LHC during the 2012 proton-proton run, i.e.,

center-of-mass energy of 8 TeV and integrated luminosity of 20 fb −1. The diboson

fully leptonic channel allows the reconstruction of the W+W− transverse mass

through the detection of leptons and missing transverse energy.
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We use PYTHIA together with the CMS FastSim to produce samples of a

hypothetical Z′ heavier than the standard Z boson. We evaluate the sensitivity to

observe the signal of the Z′ over the SM background, considering four different

benchmark values of the mass: MZ′ = 0.5, 1, 1.5, and 2 TeV. In order to improve the

significance of the signal, a cut and count analysis was performed by optimising

the ratio s/
√

s + b.

The resulting signal efficiency and level of SM background allowed us to

calculate the 95% expected limits on the cross section times branching ratio

σ(pp → Z′)× BR(Z′ → WW → eμET/ ) .

By comparing the expected limit with the theoretical value, we find the former

greater. This means that the cross section of the signal is very low and our selection

procedure is not enough to observe a significant excess upon the number of events

dominated by the SM background. We conclude that our adopted channel lacks

sensitive to search Z′ resonances in the mass range [500, 2000] GeV. Increasing the

luminosities to L = 200 fb−1 and keeping the same selection criteria, the channel

becomes more sensitive being able to exclude masses below ∼1500 GeV.

The main purpose of a search for physics beyond the SM is to reduce the

parameter space left by the model under study. To accomplished this task one

must compare expected with observed limits, and this requires the analysis of

both Monte Carlo and collision data. As outlook, the comparison between our

simulation and data recorded by CMS during 2012 has to be done. The analysis

can be optimised using data-driven methods for background reconstruction, and

the sensitivity can be improved by introducing multivariate analysis techniques

which allow a more efficient selection.

Finally, the channels WW → eμET/ , WW → eeET/ , and WW → μμET/ , can be

added to get more stringent limits. Such combination would increase the sensitivity

to rule out signals with low cross section like the Z′ hypotheses simulated in this

work.



Appendix A

Statistical Uncertainty for Efficiency

The usual approach when estimating a selection efficiency is to treat the num-

ber of selected events m as a binomially distributed variable, i.e., one finds m

“successes” out of N independent trials, where the probability of success on each

trial is the efficiency ε. That is, the probability to select m events is

P(m; N, ε) =
N!

m!(N −m)!
εm(1− ε)N−m . (A.1)

The log-likelihood function for the unknown parameter ε is

lnL(ε) = m ln ε + (N −m) ln(1− ε) + C (A.2)

where C represents terms that do not depend on ε and can therefore be dropped.

Setting the derivative of lnL(ε) equal to zero gives

ε̂ =
m
N

(A.3)

where the hat is used to denote the estimator of the true parameter ε.

It has been recommended [64] the class TEfficiency available in ROOT [44] to

get the variance of the estimator ε̂. We employed the method TEfficiency::Bayesian

to get 68% CL credible intervals [εlo, εup], where

εup/lo = TEfficiency::Bayesian (N, m, 0.683, α, β, true/false)

are the upper and lower limits of the interval, respectively. ROOT supports beta

distributions with two free parameters (α, β) as prior probabilities. In bayesian

statistics [61] a likehood-function (how probable is it to get the observed data

assuming a true efficiency) and a prior probability (what is the probability that

a certain true efficiency is actually realized) are used to determine the posterior

probability by using Bayes theorem.
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