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Introduction

The aim at understanding the Universe and what it is made of has always driven mankind
curiosity. The concept of fundamental constituents or particles has opened a new way to the
answer to this question. Today a theory called the Standard Model describes the particles
and their interactions. These interactions can be understood as the manifestations of four
fundamental forces: gravitation, electromagnetism, strong and weak interactions. Two of
them have been unified (electroweak interactions) and three are described in the Standard
Model (electromagnetism, weak and strong interactions). The aim of describing all four
fundamental forces in a single framework has led to new theoretical approaches called theories
beyond the Standard Model (BSM). Several of them predict new heavy bosons which can
decay into an electron-positron pair. The study in the present thesis focuses on Drell-Yan
production in the di-electron channel and the search for new physics.

Chapter 1 describes the fundamental principles of the Standard Model as well as the
spontaneous symmetry breaking mechanism supposed to be at the origin of particle masses.
There are strong indications, however, that the Standard Model is only a low energy scale
effective theory as it does not provide answers to several fundamental questions for which
new theoretical approaches have been proposed. The extra-dimension scenario introduces
additional spatial dimensions with finite size. Grand unification theories propose larger gauge
groups and introduce new multiplets. These two theoretical frameworks predict the existence
of new heavy bosons (at the TeV scale) which can decay into an electron pair.

The CMS experiment at the Large Hadron Collider (LHC) will provide a tool to probe
new physics at the TeV scale in the di-electron channel. The LHC, located near the French-
Swiss border, produces proton-proton collisions at a centre of mass energy of 7 TeV and
aims at covering a broad panel of studies. Due to the composite nature of protons, collisions
involve complex physics processes. A presentation of the LHC and a brief introduction to
proton-proton collisions with a focus on the parton density functions is provided in chap-
ter 2. The CMS experiment uses a generic detector for numerous physics studies, which is
described in chapter 3 with a focus on the two main components essential to this study. The
electromagnetic calorimeter measures the energy of photons and electrons. It is characterised
by an excellent energy resolution at high energy (σE ∼ 0.6% at E & 100 GeV). The tracker
reconstructs the trajectory followed by charged particles in the 3.8 T magnetic field, based
on a minimum of 9 measurement points.

The Drell-Yan process, characterised by the presence of an electron-positron pair in the
final state, qq̄ → γ/Z → e+e−, is a key process to the search for new physics as no such
new physics is expected in the low mass region. It is described in detail in chapter 4 with
a focus on the kinematics specific to this process. The Monte Carlo tools used to simulate
this process are also presented. Other processes, called background processes, can mimic the
signature, in the detector, of the Drell-Yan process. They are also described and their cross
sections are given.

In order to look for possible deviations from the Standard Model, a specific analysis
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strategy, described in chapter 5, has been developed by the HEEP (High Energy Electron
Pairs) group. It relies primarily on the electron/positron selection, to discriminate as much as
possible the Drell-Yan events from background contributions. Three regions in the invariant
mass spectrum are exploited. The Z peak region (60 < Mee < 120 GeV/c2), with low
expected background contributions, is used to measure the electron selection efficiency, from
data, using the tag and probe method. In this method, events are selected that contain
two objects, with some of the electron characteristics, the ’tag’ and the ’probe’, where the
’tag’ is required to pass stringent selection criteria while the ’probe’ is used to measure
the efficiency. To ensure a high purity di-electron sample, the invariant mass of the two
objects is required to be in the mass range 80 < Mee < 100 GeV/c2. The high mass region
(120 < Mee < 600 GeV/c2), where no new physics is expected in view of the recent results
from Tevatron, is used as a control region where the Drell-Yan cross section will be computed
and compared to previous measurements and to theoretical prediction. Finally the discovery
region, with Mee > 600 GeV/c2 is dedicated to the direct search for new heavy bosons
decaying into an electron pair. In addition, three methods have been designed to estimate
the background contributions from data. This analysis strategy was tested, based on pseudo-
experiments performed on Monte Carlo samples, considering a 10 TeV centre of mass energy
and an integrated luminosity of 100 pb−1. The three data-driven methods to estimate the
background are compared. The efficiencies are determined using the tag and probe method.
The discovery potential is derived in terms of 5 σ discovery reach and exclusion limits in case
no evidence of new physics is observed.

To discriminate as much as possible the Drell-Yan events from the background contribu-
tions, the HEEP selection, described in chapter 6, selects events with two high pt electrons
(HPTE). The first step of the selection is the reconstruction of an energy deposit in the
electromagnetic calorimeter. The second step of the selection is the electron reconstruction
which demands the presence of a track in the tracker with information compatible with the
energy deposit in the electromagnetic calorimeter. The third step relies on two sets of criteria:
identification criteria and isolation criteria. The former requires more stringent compatibility
between the track information and the information from the energy deposit in the ECAL,
compared to the electron reconstruction. The latter demands that limited activity, in terms
of tracks and calorimeter energy deposits, is present around the electron. The different steps
are presented in detail and the efficiencies are determined from Monte Carlo and discussed.

First collisions in the Large Hadron Collider happened on November 23rd, 2009, at 900
GeV centre of mass energy, closely followed by 2.36 TeV collisions on November 30th and
finally 7 TeV collisions since March 30th, 2010. A Data Quality Monitoring (DQM) tool,
specific to high pt electrons, was developed by the HEEP group to detect detector problems
(noisy channels, miscalibration issues, ...), to perform a fast comparison of data with Monte
Carlo predictions and to search for possible deviations from the Standard Model (chapter 7).
For each centre of mass energy, distributions of relevant variables from data and Monte Carlo
are compared and discussed.

Chapter 8 is dedicated to the analysis of the first LHC data from proton-proton collisions
at 7 TeV centre of mass energy. The data collected by the CMS detector from 30/03/2010 till
30/08/2010 (Runs 132440 → 144114) are used, corresponding to a total integrated luminosity
of 2.77 pb−1. The study of the Drell-Yan invariant mass spectrum in the di-electron channel
is performed. A first comparison between data and Monte Carlo simulations for the variables
of the HPTE selection is presented. The invariant mass spectrum is extracted and high mass
events are scrutinised using the CMS event display. The analysis focuses then on the Z peak.
The high pt electron selection efficiency is measured from data using the ’Tag and Probe’
method and the background contributions are determined from Monte Carlo simulations.
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The Drell-Yan cross section at the Z peak is computed and compared to the theoretical
predictions at leading and next-to-leading orders. In view of the limited statistics available,
no search for new physics was performed.





Chapter 1

The Standard Model and Beyond

Again, of some bodies, some are composite, others the elements
of which these composite bodies are made. These elements are
indivisible and unchangeable, and necessarily so, if things are
not all to be destroyed and pass into non-existence, but are to be
strong enough to endure when the composite bodies are broken
up, because they possess, a solid nature and are incapable or
being anywhere of anyhow dissolved. It follows that the first
beginnings must be indivisible, corporeal entities.

Epicurus, letter to Herodotus, approximately 300 B.C. [1]

The idea that matter is composed of a set of elementary constituents called elementary
particles has been proposed long ago (Epicurus letter to Herodotus). Only in the 20th century,
however was this idea finalized in a theory called the Standard Model [2] which describes the
fundamental constituents of matter and the interactions between them. Its consistency with
experiments has been tested extensively and has always shown success [3]. This chapter aims
to review the fundamental principles of the Standard Model (section 1.1). The justification
for introducing theories beyond the Standard Model as well as the description of some of
them constitute the core of section 1.2 and latest results on exclusion limits for new particles
predicted by these BSM theories are illustrated in section 1.3.

1.1 The Standard Model

Section 1.1.1 introduces the fundamental constituents of matter and the fundamental inter-
actions between them while section 1.1.2 explains how these fundamental interactions can be
interpreted as symmetries of nature. Origins for masses of elementary particles are explained
through a symmetry breaking mechanism described in section 1.1.3.

1.1.1 Fundamental constituents of matter and interactions

The fundamental constituents of matter, or elementary particles, are fermions and can be
classified into two categories: the quarks and the leptons. Such a classification is sketched in
figure 1.1.

Three families exist for the lepton category, the electron and electronic neutrino (e,νe),
the muon and muonic neutrino (µ,νµ), the tau and the tau neutrino (τ ,ντ ). The leptons are
characterized by a quantum number called the leptonic number. The electron, muon and tau
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Figure 1.1: The fundamental particles of matter

all have an electric charge equal to -1 but different masses. The neutrinos carry no electric
charge and have very small mass.

Similarly, three families are present for the quarks: the up and down quarks (u,d), the
charm and strange quarks (c,s) and the top and bottom quarks (t,b). They are characterized
by a quantum number called flavour. Each of the six quark species exists in three different
colors symbolically denoted blue, red and green. Opposite to the leptons, the quarks carry a
fractional electric charge; the up, charm and top quarks have an electric charge equal to 2/3
while the down, strange and bottom quarks have their electric charge equal to -1/3.

These particles of matter all have their corresponding anti-matter partners called anti-
particles with the same mass but opposite quantum numbers. As an example, the anti-particle
for the electron is the positron with mass 511 KeV/c2 and electric charge +1.

All the stable matter present in the universe is made of particles from the first families of
quarks and leptons: (e,νe) and (u,d). The up and down quarks are bound together to form
the protons (uud) and the neutrons (udd) present in the atomic nuclei while the electrons
around the atomic nuclei bind the atoms together to form the chemical molecules.

All physical processes in the universe can be viewed as the manifestation of a set of
fundamental interactions. Up to now, four fundamental interactions have been observed,
three of which are described in the Standard Model. They can be seen as the exchange
of particle mediators which are bosons. As an example, the electric interaction between
two electrons can be modeled as the exchange of a photon between these two electrons, the
photon being the particle mediator of electromagnetism. Each fundamental interaction is
characterized by an interaction range.

• the electromagnetic interaction acts on all charged particles and is mediated by the
photon. It has infinite range. It is described in the Standard Model by a quantum
gauge theory called quantum electrodynamics (QED) [4].

• the weak force is responsible for the β decay of radioactive nuclei. It also plays a role in
neutrino production in thermonuclear reactions inside the sun. It acts on all particles
(quarks and leptons).
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• the strong interaction ensures the nucleon cohesion by binding together the quarks
inside the nucleon. It acts on any colored objects (quarks and gluons); leptons are
not sensitive to the strong interaction. It is mediated by eight bosons called gluons
which, in contrast to the photons, carry the corresponding charge and are colored. It
is described by a quantum gauge theory called quantum chromodynamics (QCD) [5].

• in classical mechanics, gravitation acts on all massive objects. In general relativity [6],
gravitational effects are described by the geometry of local space-time curvature created
by the presence of massive objects. A major challenge in modern physics is the edifica-
tion of a quantum theory of gravitation. The only existing proposal is string theory [7]
and has never been tested experimentally. The hypothetic mediator for gravitation, the
so-called graviton, is a spin 2 particle, in contrast to the other mediators. Gravitation
is not described in the Standard Model.

1.1.2 Interactions as gauge symmetries

Gauge symmetries always played a significant role in physics. A simple example is the
freedom of choice for the electromagnetic potential Aµ = (φ, ~A). The electric and magnetic
fields, expressed in terms of φ and ~A

~B = ~∇∧ ~A (1.1)

~E = −~∇φ− ∂ ~A

∂t
, (1.2)

remain unchanged by the following replacements:

~A′ = ~A− ~∇χ (1.3)

φ′ = φ+
∂χ

∂t
(1.4)

which can be expressed in a single covariant way:

A′µ = Aµ + ∂µχ (1.5)

where χ is any arbitrary function.

The invariance of physics under such transformations is often called gauge symmetry and
has an associated gauge group. In the following, an overview on the theoretical basis for the
description of interactions as gauge symmetries is provided.

In the Standard Model, a free fermion with mass m is described as a spinor1 ψ by the
following Lagrangian:

L = iψ̄γµ∂µψ −mψ̄ψ. (1.6)

1The following representation for a spinor as a four component column vector is chosen:

ψ =

0

B

B

@

ψ1

ψ2

ψ3

ψ4

1

C

C

A
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The least action principle leads to the Euler-Lagrange equations which translate, for this
specific Lagrangian, to the Dirac equation derived by Dirac in 1928:

i(γµ∂µ −m)ψ = 0. (1.7)

Such a Lagrangian for free moving fermions describes, however, a static universe as no
dynamics is included. Let us suppose a modification of the wavefunction based on its local
phase transformation with rotation parameters ~ε(x) in an internal space with generators ~τ :

ψ′ = Uψ = ei~ε(x)
~τ
2ψ (1.8)

such that quantum mechanical observables, based on |ψ|2, remain constant. The Lagrangian 1.6
is generally not invariant and one needs to introduce a so-called covariant derivative Dµ in
place of ∂µ in the Lagrangian:

Dµ = ∂µ − ig
~τ

2
~Aµ (1.9)

where ~Aµ is a new vector field and g represents the strength of the interaction between the

fermion and the field ~Aµ. The Lagrangian is then rewritten as:

L = iψ̄γµDµψ −mψ̄ψ (1.10)

= iψ̄γµ∂µψ −mψ̄ψ + gψ̄γµ
~τ

2
~Aµψ (1.11)

where the last term expresses the interaction between the fermion and the new vector field
~Aµ. Demanding the invariance of the Lagrangian requires:

D′
µψ

′ = U(Dµψ) (1.12)

which translates into the following equation for ~Aµ:

~τ

2
~A′
µ = − i

g
(∂µU)U−1 + U(

~τ

2
~Aµ)U

−1. (1.13)

Let us now take a look at how these symmetries are related to the fundamental interactions
mentioned previously.

• The case where U = e−iχ(x) represents a U(1) phase transformation based on an abelian
group, as there is only one parameter2. Relation 1.13 translates into:

A′
µ = Aµ −

1

g
∂µχ (1.14)

similar to 1.5. This U(1) symmetry is directly linked to electromagnetism. There is
only one vector field Aµ related to the electromagnetic field.

• A second symmetry of nature is related to the symmetry of mirror nuclei. This symme-
try was first spotted by Heisenberg in 1932 who noticed that energy levels are identical
for atoms in which a proton is replaced by a neutron in the nucleus. In other words,
the weak interaction makes no difference between protons and neutrons. This lead to

2An abelian group is a commutative group, i.e. the product of any two elements of such a group, A, B
commutes: [A,B] = 0. Equivalently, the generators of such a group commute.
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consider the proton and the neutron as two states of a same object called the nucleon
and forming a doublet. This symmetry is thus associated to a SU(2) gauge group,
corresponding to a non-abelian theory and is called the isospin symmetry. The latter
holds also at the level of the u and d quarks as the valence quarks are uud and udd for
the proton and neutron respectively. Three new vector fields W i

µ are introduced and
the three corresponding matrices τ i are the Pauli matrices.

For a spinor ψ, a classification expressed in terms of chirality is defined as follows:

ψL =

(

1 − γ5

2

)

ψ (1.15)

ψR =

(

1 + γ5

2

)

ψ (1.16)

with:

γ5 = iγ0γ1γ2γ3 (1.17)

γ5† = γ5. (1.18)

The spinors ψL and ψR are called left-handed and right-handed, respectively. The

operators ( 1−γ5

2 ) and (1+γ5

2 ) are called the left and right projectors, respectively. The
specificity of the weak interaction is that it interacts only with left-handed particles.
The right-handed particles are sterile with respect to this force.

• A third symmetry of nature concerns the quark colors. Indeed, as mentioned in sec-
tion 1.1.1, each quark exists in three different colors. The associated group is SU(3) and
describes the strong interaction. Eight new field vectors are introduced, the gluons, and
the corresponding eight matrices τ i are called the Gell-Mann matrices, usually denoted
as λi.

Thus the Standard Model is based on the gauge group SU(3)C × SU(2)L × U(1)Y .

1.1.3 Introducing mass: the spontaneous symmetry breaking mechanism

The Standard Model as described in the previous section does not include mass terms for the
gauge bosons. Introducing mass terms mψ̄ψ in the Lagrangian breaks the chiral invariance:

ψ̄ψ = ψ̄LψR + ψ̄RψL (1.19)

To introduce mass terms and yet retain the symmetry of the Lagrangian, a mechanism
was proposed [8] and [9]. It introduces a new doublet of scalar fields φ:

φ =

(

φ+

φ0

)

(1.20)

for which the following Lagrangian is introduced:

Lφ = (Dµφ)†(Dµφ) − V (φ) (1.21)

= (Dµφ)†(Dµφ) − µ2 − λ(φ†φ) (1.22)
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The potential V (φ) has a minimum at 0 if we choose µ2 > 0. However, if we set µ2

to be negative, the potential V (φ) exhibits a shape sketched on figure 1.2. One sees that
the minimum of such a potential does not correspond to the vacuum state anymore. The
symmetry of the Lagrangian does not correspond to the symmetry of the vacuum state, it is
spontaneously broken. This minimum is located at v = µ2/λ.

Figure 1.2: The ”sombrero” shape of the Higgs potential V (φ) [10].

Expanding the field φ around its minimum in a specific direction and eliminating the
Goldstone modes, the field φ becomes:

φ =

(

0
v +H(x)

)

(1.23)

where H(x) is a new scalar field called the Higgs field. Inserting 1.23 into 1.22 and using the
following derivative, in the case of the SU(2)L × U(1)Y gauge group,

Dµ = ∂µ − ig1
Y

2
Bµ − ig2

~τ

2
~Aµ (1.24)

two mass terms appear (vg2/2)
2W µ+W−

µ = 80.4 GeV and (v
√

g2
1 + g2

2/2)
2ZµZµ/2 = 91.2

GeV corresponding, respectively, to the masses of the W +,W− and the Z while the photon
remains massless.

1.2 Beyond the Standard Model

Although the Standard Model has gone with success through a wide variety of experimental
tests, it is conceptually incomplete as it does not provide consistent answers to several ques-
tions. In the following, a non exhaustive list of the main open questions and shortcomings
of the Standard Model are presented and an overview of two theories beyond the Standard
Model, relevant for this thesis, is provided: the Grand Unification Theory (GUT) and the
Extra Dimension models (ED).

1.2.1 Arguments towards theories beyond the Standard Model

Shortcomings of the Standard Model
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• Why are there at least 19 free parameters in the Lagrangian of the Standard Model ?
Can a theory constrain these parameters ?

• Quarks and leptons families: Why are there three families of quarks and leptons ?

• Quarks fractional charge: Why do quarks carry fractional charge ? Why is the proton
charge exactly the opposite of the electron one ?

• Left-right asymmetry: In the Standard Model, only left-handed particles couple to the
weak bosons while right-handed particles are sterile. Such an asymmetry is described
in the Standard Model but no reason is provided as to the origin of this asymmetry.

Unification of fundamental interactions

• The present understanding of particles and their interactions includes a gauge group
SU(2)L × U(1)Y × SU(3)C . Can a simpler theory, i.e. a single group, describe all
particles and their interactions ?

Theory of gravitational interactions — Hierarchy mass problem

• Gravitation: No description of gravitation is present in the Standard Model. The latter
needs to be extended to include a theory of gravitation. There is yet no quantum theory
of gravitation which has been tested experimentally.

• The hierarchy mass problem raises the question of the difference in orders of magnitude
between the electroweak scale and the Planck scale. While the former is found to be
around 102 GeV, the latter represents the scale at which quantum gravitational effects
become important and is expressed by:

MP l =

√

~c

G
= 1.12 × 1019 GeV, (1.25)

where G is the Newton constant. In the framework of the Standard Model, no new
physics is expected between these two scales, as the three other forces have been ac-
counted for.

• Naturalness problem: in the Standard Model, the Higgs mass is ’naturally’ very large,
unless there is a fine-tuning cancellation between the quadratic radiative corrections
and the bare mass.

Cosmological issues

• The asymmetry in the universe between matter and antimatter is puzzling. The mech-
anism at the origin of this asymmetry is intensively studied in cosmology.

• Another cosmological issue comes from the observational evidences for what is called
dark matter. Astrophysical best current measurements indicate that around 96% of
matter present in the universe is not known to us. No indication in the Standard
Model is provided as to the possible constituents of dark matter.
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Such questions are indications that the Standard Model is to be viewed only as an effective
low energy theory and this encouraged physicists to seek a more global theory that embeds
the results of the Standard Model. A cut-off scale, often called Λ, denotes the energy at which
the Standard Model is to be replaced by this more fundamental theory. Two extreme cases
exist as to the value of Λ. A first approach places it not much below the Planck scale, but
it suffers however from the hierarchy problem. A second approach places the scale Λ close
to the electroweak scale, and new physics is expected at the TeV scale. An example of the
latter case is the supersymmetry (SUSY) theory which introduces a new symmetry between
bosons and fermions. It proposes a solution to the naturalness problem, allows unification of
the three coupling constants and alleviates the hierarchy mass problem.

Theories at the TeV scale receive great interest as they are directly linked to energies
accessible at the LHC.

Many theories have thus been proposed, each focusing on specific points. They constitute
the core of what is called theories beyond the Standard Model (BSM theories). In the
following, the focus is on two specific kinds of BSM theories and their justifications: the
grand unification theory and the extra dimensions scenario, both predicting the existence of
new heavy neutral gauge bosons.

1.2.2 The Grand Unification Theories

Theories aiming to unify the electroweak and strong forces have received great interest. In-
deed, former examples of unification (e.g. the electroweak theory) have proven to work well.

Grand unification theory (GUT) models refer to models in which the three gauge interac-
tions (electromagnetic, strong and weak) are unified at high energy into a single interaction
characterised by a larger gauge symmetry group and one unified coupling constant (rather
than three independent ones). Such a unification is possible as the coupling constant is scale
dependent in quantum field theory (Renormalization group equations). Observations as the
proton decay, for example, could help to test such a theory.

A large panel of gauge groups has been studied. As an example, SU(5), the group defined
by 5 × 5 unitary matrices of determinant 1, is the simplest gauge group that contains the
Standard Model gauge groups:

SU(5) ⊃ SU(3) × SU(2) × U(1). (1.26)

The next simplest one SO(10), the group of 10 × 10 orthogonal matrices, contains SU(5)
and the Standard Model group:

SO(10) ⊃ SU(5) ⊃ SU(3) × SU(2) × U(1). (1.27)

Another widely used group is E(6).

A new gauge group involves new gauge bosons and a new organization of particles in
multiplets. At low energies, the description of the Standard Model should be recovered and
thus one needs to study the symmetry breaking of the GUT group.

GGUT → GSM = SU(3)C × SU(2)L × U(1)Y (1.28)

As an example, the E(6) symmetry breaking may proceed through the SO(10) group:

E(6) → SO(10) × U(1)ψ → SU(5) × U(1)χ × U(1)ψ → SU(3)C × SU(2)L × U(1)Y × U(1)′.
(1.29)
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In this particular case, a new heavy neutral boson called Z ′ is thus predicted, with charge
described by a linear combination:

U(1)′ = U(1)χ cos θ + U(1)ψ sin θ (1.30)

where θ is a free mixing parameter describing the couplings between the new Z ′ boson and
the different fermions. Different models exist, each with a specific value of θ:

• Z ′
χ model: θ = 0. This corresponds to the extra Z ′ introduced in the SO(10) group

framework.

• Z ′
ψ model: θ = π/2. This corresponds to the extra Z ′ introduced in the E(6) group

framework.

• Z ′
η model: θ = atan(−

√
5

3 ).

In general, GUT models predict the existence of at least one heavy neutral gauge boson,
called Z ′. There is however no reliable prediction of its mass scale.

In addition to Z ′
ψ, Z ′

η and Z ′
χ, arising from the E(6) and SO(10) groups, the use of the

SSM (Sequential Standard Model) Z ′ is extensively used in the literature as a benchmark
model. It supposes the existence of an extra neutral gauge boson Z ′ with couplings to the
other particles identical to the Z boson. The mass of the Z ′ is a parameter of the model.

Additional models called respectively ’left-right’ models and ’alternative left-right’ models
predict the existence of bosons Z ′

LRM and Z ′
ALRM . Their couplings are calculated according

to the formalism of [11, 12, 13] assuming couplings to left-handed and right-handed fermions
are equal (gR = gL).

1.2.3 Models with extra spatial dimensions

The extra dimension approach relies on the work originally initiated by Kaluza [14] (1921)
and Klein [15] (1926) which attempted at a unification of electromagnetism and gravitation
based on the introduction of an additional spatial dimension. They introduced many useful
concepts

• the presence of the gravitational field in the higher dimensional space called the bulk
reflects the existence of a unified theory in 4+1 dimensions.

• the bulk can be factorized as the product of the usual 4D space-time structure and a
compact variety of dimension 1.

• the compactification of the extra dimensions allows the reinterpretation of the five-
dimensional field in terms of so-called Kaluza-Klein massive states in four dimensions.
The compactification can be applied on any geometry but for simplicity, the torus
geometry is adopted with a compactification radius.

In 1998, Arkani-Hamed, Dvani and Dimopoulos proposed the idea of introducing large
extra dimensions to address the hierarchy mass problem. The geometry of the extra dimen-
sions is supposed to be responsible for the hierarchy. The gravitational field line is spread
throughout the full higher dimensional space, which modifies the behaviour of gravity. This
assumption relies on the fact that newtonian behaviour of gravitation has not been tested at
distances smaller than a fraction of a millimeter [16].
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In these models, the Planck mass appears as an effective scale. This can be expressed
using Gauss’ theorem:

M2
P l = M2+d

∗ Rd, (1.31)

where d stands for the number of additional spatial dimensions, M∗ is the true fundamental
gravitational scale and R is the compactification radius. If we choose M∗ to be of the order
of the electroweak scale (∼ 1 TeV), one can put a limit on the compactification radius R.
d = 1 is forbidden as it contradicts the newtonian behaviour of gravitation at large distances
(astrophysical scale).

These models predict the existence of massive excitations of the graviton, called Kaluza-
Klein excitations or Kaluza-Klein tower. In other models, particles other than the graviton
are also allowed to propagate to the bulk, predicting thus the existence of a KK tower for
these bosons (KK Z for example).

Another way to solve the hierarchy problem was proposed by Randall and Sundrum [17].
Instead of introducing n large extra dimensions, it supposes the existence of a ’small’ addi-
tional dimension in a warped geometry, compactified on a circle of radius Rc. The metric of
such a geometry is given by:

ds2 = e−2kRcφηµνdxµdxν +R2
cdφ

2, (1.32)

where k stands for the curvature scale of the order of TeV. This geometry is non factorisable3.
Two branes4 are present at the coordinates φ = 0 and φ = π (infrared brane). Energies of
the order of TeV will be localized on the infrared brane. This brane will contain the gauge
bosons of the three other interactions while the graviton will be able to propagate to the
bulk. The energy scales are thus reduced by a factor e−kRcφ. The gravity scale Λπ becomes:

Λπ = MP l e
−kRcφ (1.33)

and the masses of the massive Kaluza-Klein excitations are given by:

Mn = kxne
−kRcφ, (1.34)

where xn is the nth root of the Bessel function J1. The Randall-Sundrum model is charac-
terized by two parameters: the first mass M0 and the coupling parameter c = k/MP l.

1.3 Current exclusion limits

Searches for new physics beyond the Standard Model have been extensively performed during
the last 30 years, resulting in a strong set of exclusion limits. This section gives an overview
of the present exclusion limits on heavy neutral resonances predicted by BSM theories for
GUT Z ′ and Randall-Sundrum heavy gravitons. The most stringent limits have been set by
CDF [18] and D0 [19], two experiments operating at the Tevatron which performs pp̄ collisions
at

√
s = 1.96 TeV. The e+e− decay channel of the heavy resonance will, more specifically,

be considered.

3In a factorisable geometry, the metric can be expressed as the sum of the two independent terms, one
describing the geometry in the bulk and one describing the geometry in the extra dimensions.

4In the language of string theory, a p-brane is a dynamic extended object where p represents its number of
spatial dimensions.
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1.3.1 Z’ exclusion limits

The analysis to put exclusion limits on Z’ is performed by D0 [20], using 3.6 fb−1of data from
pp̄ collisions at

√
s = 1.96 TeV. For the D0 analysis, the e+e− invariant mass spectrum is ex-

tracted from data and compared to the expected total background taking into account the ac-
ceptance and selection efficiencies. The most important contribution to the total background,
called instrumental background, is coming from QCD multijet events in which both jets have
been misidentified as isolated electrons. Other sources of background (labeled ”Other SM”)
come from Z/γ∗ → τ+τ−, W + X → eν + X where X is a jet/photon misidentified as an
electron, W+W− → e+e−νeν̄e, W

±Z with Z → e+e−, tt̄ → W+b +W−b̄ → e+νeb + e−ν̄eb̄
events. Figure 1.3 shows the comparison between the e+e− invariant mass spectrum extracted
from data and the expected total background in the range 70 GeV/c2< Mee < 1000 GeV/c2.
Agreement is observed.
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Figure 1.3: Di-electron invariant mass spectrum for data (blue points), with expected total
background and the contributions from instrumental and other SM background superimposed
for the full range studied [20].

As no significant excess is observed, upper limits on Z’ production cross section times the
e+e− branching ratio, σ·BR(pp̄→ Z ′ → ee) are derived, based on a Bayesian tool, considering
a flat prior probability and accounting for the various uncertainties related to the different
parameters involved in the Bayesian tool. Figure 1.4 gives the upper limit at 95% C.L. for
the Z ′ production cross section times branching ratio, together with the theoretical signal
production cross section from different models. Lower limits on the Z ′ mass are summarized
in table 1.1. A Z ′

SSM is thus excluded at M < 950 GeV/c2.

A similar analysis is performed by CDF, using 2.5 fb−1 of data from pp̄ collisions at
√
s

= 1.96 TeV. The Z ′
SSM in the e+e− channel is excluded at 966 GeV. The analysis in the

dimuon channel excludes a Z ′
SSM at 1071 GeV using 4.6 fb−1 of data [21].
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Figure 1.4: The upper limit on the observed and expected cross section at 95% C.L. with
superimposed various Z’ models [20].

1.3.2 Randall-Sundrum heavy graviton exclusion limits

The Randall-Sundrum model for heavy gravitons is governed by two parameters: the first
KK excitation mass M and the coupling c = k/MP l. The most stringent exclusion limit
on the heavy graviton mass is put by D0 using 5.4 fb−1 of data from pp̄ collisions at

√
s =

1.96 TeV [22]. The analysis is based on the determination of the e+e− and γγ invariant
mass spectra, corresponding to the heavy graviton decay channels G → e+e− and G → γγ,
respectively. The acceptance and selection efficiencies are taken into account as well as the
different sources of background, of which the main source, called instrumental background,
comes from QCD jets that mimic the final state.

Figure 1.5 shows the e+e− (a) and γγ (b) invariant mass spectra from data superimposed
on the expected background. The data is in good agreement with the predicted background.

In the absence of a significant excess of data over background, upper limits on the KK
heavy graviton production cross section times the corresponding branching fraction (e+e−)
are set using a log-likelihood ratio (LLR). The LLR tool takes into account systematic un-
certainties on background predictions and signal efficiencies. The resulting exclusion limits
for the KK heavy graviton production cross section times the e+e− branching fraction are
given in table 1.3.2 and figure 1.6 (a). These limits can be translated into limits on the
coupling c = k/MP l as a function of mass M using the Randall-Sundrum model cross section
predictions, shown in figure 1.6 (b). The lower limit on the KK heavy graviton mass M with
coupling c = 0.1 is 1050 GeV/c2, at 95% C.L. [22].

The corresponding limits for CDF, for a heavy graviton with coupling c = 0.1 are of 850
and 976 GeV for the ee and γγ channels, respectively, using 2.5 and 5.4 fb−1, respectively.
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Figure 1.5: Invariant mass spectrum from (a) ee and (b) γγ data (points). Superimposed
are the fitted total background shape from SM processes including instrumental background
(open histogram) and the fitted contribution from events with misidentified clusters alone
(shaded histogram). The open histogram with dashed line shows the signal expected from KK
heavy gravitons withM1 = 300 GeV, 450 GeV, 600 GeV (from left to right) and k/M Pl = 0.02
on top of the total background. Invariant masses below 200 GeV are taken as the control
region [22].
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Figure 1.6: (a) 95% C.L. upper limit on σ(pp̄ → G + X) × B(G → ee) from 5.4 fb−1 of
integrated luminosity compared with the expected limit and the theoretical predictions for
different couplings k/MPl. (b) 95% C.L. upper limit on k/MPl versus the heavy graviton
mass M1 from 5.4 fb−1 of integrated luminosity compared with the expected limit and the
previously published exclusion contour [22].
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Model Nominal Conservative

Lower Mass Expected Observed Expected Observed
Limit GeV/c2

Z ′
SSM 949 950 942 944
Z ′
η 844 810 837 800

Z ′
χ 834 800 827 787

Z ′
ψ 817 763 809 751

RS G (c=0.1) 826 786 819 767
RS G (c=0.07) 767 708 758 700

Table 1.1: Expected and observed lower mass limits for SSM Z’, E6 Z’ models and RS heavy
gravitons [20], from the D0 experiment (3.6 fb−1).

Heavy Graviton Mass σ ×B(G→ ee) (fb) Coupling k/M Pl

GeV Expected Observed Expected Observed

220 10.62 6.71 0.0034 0.0027
250 7.18 5.23 0.0038 0.0033
270 5.91 5.69 0.0042 0.0041
300 4.00 5.37 0.0044 0.0050
350 2.67 3.30 0.0051 0.0056
400 2.12 1.52 0.0062 0.0053
450 1.40 3.03 0.0068 0.0099
500 1.15 1.31 0.0081 0.0087
550 0.89 0.90 0.0093 0.0094
600 0.75 0.84 0.0111 0.0117
650 0.65 0.68 0.0133 0.0136
700 0.56 0.48 0.0160 0.0147
750 0.53 0.52 0.0199 0.0197
800 0.48 0.48 0.0248 0.0247
850 0.46 0.44 0.0316 0.0312
900 0.44 0.43 0.0406 0.0403
950 0.44 0.43 0.0545 0.0539
1000 0.43 0.43 0.0713 0.0713
1050 0.43 0.43 0.0969 0.0964

Table 1.2: 95% C.L. upper limit on σ(pp̄→ G+X) ×B(G→ ee) and coupling k/M Pl from
5.4 fb−1 of integrated luminosity from D0 experiment [22].



Chapter 2

Physics at the Large Hadron
Collider

Colliding apparatus, to probe the fundamental structure of matter, have been exploited since
long ago. The need to probe smaller constituents has led to the design of always higher energy
colliding setups, over several decades, since the energy of the probe is inversely related to its
wavelength, following the de Broglie relation λ = h/|~p| where ~p, the three-momentum of the
probe, is related to its energy.

Three main types of colliding machines can be highlighted: the e+e− lepton colliders, the
hadron colliders which can be proton-proton or proton-antiproton colliders, and the lepton-
hadron colliders (electron-proton) which probe the structure of the proton through deep
inelastic scattering. While for e+e− colliders, the whole energy from the electrons is available
in the centre of mass frame, the same is not true for pp or pp̄ colliders since protons are
composite particles. The e+e− colliders are thus able to perform precision measurements, as
the centre of mass energy can be tuned to select very specific processes1.

The main drawback of e+e− colliders, however, is their considerable energy loss by syn-
chrotron radiation, which is inversely proportional to the fourth power of the mass m−4. A
way to overcome this problem is to accelerate protons instead of electrons, which is one of
the main motivations for hadron colliders.

The Large Hadron Collider (LHC) is designed to probe physics at the high energy frontier.
It is thus a discovery machine at a very high energy working regime.

The work presented in this thesis is performed in the experimental environment of the
(LHC). The LHC is a proton-proton accelerating and colliding system located on the French-
Swiss border near Geneva. It started collecting data in November 2009 at a centre of mass
energy of 900 GeV and became the highest energy collider a few weeks later with 2.36 TeV in
the centre of mass. Since March 2010, the running centre of mass energy has increased to 7
TeV.

This chapter is dedicated to the presentation of the LHC and is organised as follows: the
motivations for the LHC are summarized in section 2.1 and the LHC design performance in
section 2.2. Section 2.3 presents the LHC data delivery up to June 2010. Section 2.4 of the
chapter presents the characteristics of proton proton interactions and section 2.5 introduces
the cross sections at LHC.

1During the period from 1989 to 1995 the LEP at CERN, an accelerating electron-positron collider per-
formed precise measurements of the Z boson parameters by scanning the centre of mass energy around the Z
boson mass of 91 GeV/c2.
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2.1 Motivations for the LHC

The main motivations for the LHC are the search for the Brout-Englert-Higgs boson, assumed
to be responsible for the mass of particles (see section 1.1.3), and the search for new physics
beyond the Standard Model (see section 1.2). Other important aspects will also be studied,
like a deeper understanding of the Standard Model:

• the search for the Brout-Englert-Higgs boson: The origin of mass of particles is still an
open question for physicists. The most promising theory to address this question was
developed independently by Brout, Englert [8] and Higgs [9]. It invokes a spontaneous
symmetry breaking of the Standard Model lagrangian and predicts the existence of
a new scalar boson called the Higgs boson (see section 1.1.3). Its mass is however
unpredicted by the theory and the cross sections for the various processes involving a
Higgs boson depend on its mass. The Higgs boson was searched for at LEP, which put
a lower limit for its mass at 115 GeV/c2 [23]. It is also investigated at the Tevatron
which has excluded at 95% C.L. the SM Higgs in the mass range between 158 and 175
GeV/c2 [24]. Moreover, precision electroweak measurements constrain its mass to be
lower than 186 GeV/c2at 95% C.L. If the Higgs boson from the Standard Model does
exist, it will certainly be discovered at the LHC.

• the search for new physics as from Supersymmetry: Supersymmetry is proposed as a
symmetry between fermions and bosons. For each particle in the Standard Model, a
superpartner is predicted. This theory has the advantage of solving at once several
open issues such as the naturalness problem and the unification of gauge couplings, and
it provides a good dark matter candidate. Possible processes involving superpartners
will be investigated at the LHC.

• the search for new physics as from a Grand Unified Theory (GUT): different gauge
groups are possible candidates for Grand Unification, such as SO(10) or E(6) (see
section 1.2.2). The group GGUT is characterized by a single coupling constant. It
leads to a new organization of particles in new multiplets and to new gauge bosons.
The GGUT symmetry may be broken at the TeV scale, possibly leading to a new U(1)
group. GUT theories predict new massive Z bosons (called Z ′) which can decay into a
lepton or quark pair.

• the search for new physics as from extra dimensions: The Standard Model does not
include gravitation. The difficulty in the unification of the four forces is the large
scale difference between the Planck scale and the electroweak scale. To overcome this
problem, a possibility is the modification of the space-time structure, supposing the ex-
istence of a ’4+d’ space-time structure, the d additional dimensions being compactified
(see section 1.2.3). These models predict the existence of new massive particles as for
example massive excitations of the graviton or massive gauge bosons (M ∼ TeV).

• Deeper understanding of the Standard Model: Known Standard Model processes will
also be intensively studied, such as QCD, electroweak processes and top quark physics.

• Specific programmes have also been designed at the LHC to study heavy ion collisions
and investigate CP violation through B meson study.

A wide range of physics studies will thus be covered at the LHC. A set of four detectors
was designed to detect particles produced during proton-proton or ion-ion interactions. These
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are located at four points along the ring, called the interaction points where the collisions
between the two proton beams take place. A scheme of the LHC ring together with the
detector locations is given in figure 2.1(a).

• CMS (Compact Muon Solenoid) and ATLAS (A Toroidal LHC ApparatuS): These are
generic detectors aimed at covering a wide range of physics studies such as Higgs search,
investigation of Supersymmetry, theories beyond the Standard Model and standard
model physics (top quark physics, QCD and EWK). The CMS detector is described in
some detail in chapter 3.

• LHCb (Large Hadron Collider Beauty): This detector will specifically study CP viola-
tion through B meson decay. CP violation is a key issue to understand the asymmetry
between matter and antimatter in the early universe.

• ALICE (A Large Ion Collider Experiment): This will study processes involved in heavy
ion collisions. The aim is to study the quark gluon plasma present in the early universe
phase, in order to understand better this period of universe formation.

2.2 The LHC machine: design performance

The design performance of the LHC is governed by three main requirements:

• A high energy in the centre of mass, to explore the high energy range of physics covered
by BSM theories, SUSY, ...

• A large luminosity, to account for the small cross sections predicted for Higgs production
and BSM or SUSY processes.

• A high bunch crossing rate, to increase the interaction rate and thus the integrated
luminosity.

In the following, the LHC design performance expected for 2013 is presented. Proton
beams will be accelerated to an energy of 7 TeV, resulting in a centre of mass energy of 14
TeV. The luminosity is expected to be 2 · 1033 cm−2s−1 with bunch crossing every 25 ns. A
scheme of the accelerating setup is given in figure 2.1(b).

The main component of the LHC accelerating complex is the 27 km long tunnel, situated
underground between 80 and 100 m, where protons will be accelerated from their injection
energy of 450 GeV up to the design energy of 7 TeV. This acceleration process is provided
by 8 radio-frequency cavities (RF cavities) which boost the beams in total by 16 MeV per
turn, by use of a 5.5 MV/m electric field oscillating at 400 MHz. The stability of the beam
trajectory is ensured by magnets, of which 1232 superconducting dipole magnets keep the
beams on a circular trajectory all along the ring. These magnets have to sustain a strong
bending power related to the beam high energy, as expressed by the following relation:

Ebeam = Bdipole × 0.84 TeV/T (2.1)

which sets a magnetic field of 8.33 T for the magnets, for the nominal LHC beam energy.
Such strong magnets have been specially designed for the LHC. They are complemented by
7000 additional magnets to clean and focus the beams.

To reach the design luminosity of the LHC, protons are gathered in packets, called
bunches, of 1011 protons each, colliding every 25 ns. The beams are collimated to a transverse
size of around 16 µm to enhance the collision probability.
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Prior to their injection inside the LHC ring at an energy of 450 GeV, protons have already
passed through a chain of beam accelerations and operations. They are first accelerated by a
linear accelerator, then the ’Booster’, and the Proton Synchrotron (PS), reaching the energy
of 26 GeV. The PS ensures, in addition, the correct 25 ns spacing between bunches prior to
their delivery to the SPS. The latter accelerates protons to the energy of 450 GeV and injects
them to the main LHC ring.

2.3 LHC design parameters and plans

The first LHC collisions were performed on November 23rd, 2009 at 900 GeV centre of mass
energy, closely followed (December 8th, 2009) by collisions at 2.36 TeV centre of mass energy.
First collisions at 7 TeV were performed on March 30th, 2010. In each case, the first events
were visible in the detectors and recorded on tape a few minutes later. The data processing
chain from initial online triggering to recording on disk proceeded smoothly.

2.3.1 Luminosity measurement

Data taking is usually subdivided into stable periods of continuous data taking, called runs,
which can last for several hours, depending on the stability of the beams. A usual variable
to quantify the amount of data collected is the integrated luminosity:

Lint =

∫

Ldt (2.2)

where L is the instantaneous luminosity and dt is the duration of data taking. The instanta-
neous luminosity is defined precisely in [25] and depends on beam currents times the overlap
section of the two beams. It is expected to slowly decrease as collisions go on since protons
are lost from the beams. The measurement of the instantaneous luminosity is crucial as it
provides normalization for all physics cross section measurements. In order to provide a stable
measurement of luminosity over time, luminosity sections are defined. They correspond to
stable data taking periods of relatively small duration (93 s) during which stable luminosity
is expected and luminosity measurements can be averaged. Equation 2.2 becomes then:

Lint =
∑

i

LLS × 93s (2.3)

where the index i runs over all luminosity sections and LLS is the average instantaneous
luminosity per luminosity section. A distinction needs however to be made between the
luminosity delivered by the LHC and the luminosity recorded by CMS.

Many methods have been proposed and investigated [26] to provide a real-time luminosity
measurement for CMS. The most widely used up to now is the so-called ”zero counting”
method [25] which uses the fraction of towers with no signal above a given threshold in the
”Hadron Forward Calorimeters” (section 3.4). The mean number of interactions µ per bunch
crossing is linked to the luminosity via the following relation:

µ =
σL

fBX
(2.4)

where L is the luminosity, fBX is the bunch crossing rate and σ is the total inelastic and
diffractive cross section, estimated to be ∼ 80 mb. A second method exploits the linear
relationship between the total transverse energy in the ”Hadron Forward Calorimeters” and
the number of interactions and thus the luminosity.
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(a)

(b)

Figure 2.1: (a) Overall view of the LHC and the four detectors.(b) The LHC accelerating
setup.
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Figure 2.2 shows the evolution of the delivered and recorded integrated luminosities up
to August 30th 2010 together with the final total numbers. A total of 2.6 pb−1 has been
delivered of which 2.3 pb−1 have been recorded.

Figure 2.2: Time evolution of delivered and CMS recorded integrated luminosities up to July
19th 2010.

2.3.2 Plans for data taking up to 2020

A specific plan for data-taking has been discussed by the CERN Council up to 2020. This
plan assumes an operation mode of the accelerator based on blocks of 2 (3) years interleaved
by major shutdown periods. Three main periods are thus identified:

• A two-year data-taking period at 7 TeV in the centre of mass in 2010 and 2011. A total
integrated luminosity of 1 fb−1 and an instantaneous luminosity of 1032 cm−2s−1 are
expected for the end of this run period.

• A 16 months shutdown in the year 2012 to raise the energy to 13-14 TeV in the centre
of mass; the luminosity should be above 1033 cm−2s−1 during years 2013, 2014 and
possibly 2015.

• A second 16 months shutdown in 2015 (possibly 2016) to raise the luminosity with the
help of the new Linac4. The luminosity should be above 1034 cm−2s−1.

• A 19 months shutdown in the year 2020 to allow for the LHC high luminosity phase
(L ∼ 4 − 5 1034 cm−2s−1).

2.4 Proton-proton interactions

Due to the compositeness of protons, proton-proton interactions involve complex physics
processes. The description of such processes is performed using the parton model introduced
by Feynman in 1969 to analyze high energy hadron collisions. The very high energy involved
in proton interactions at LHC allows the modelling of protons as sets of partons (quarks and
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gluons) each carrying, at leading order, a fraction x of the proton momentum, as measured
in a fast moving frame (’Breit’ frame). These proton constituents are described by the so-
called parton density functions (PDF), f(x,Q2), which quantify the density of partons of
type i inside the proton, with momentum fraction x, at a scale Q2. The scattering of two
partons, with momentum fractions x1 and x2, forms when a large scale is present (large
transverse momentum) what is called a hard event or hard scattering. The cross section for
any process in pp collisions (σ(pp → c + d + X)) is then derived from the partonic cross
section (σ̂(a+ b→ c+ d)) with use of the parton density functions:

σ(pp→ c+ d+X) =
∑

partons i,j

∫

dxa f
a
i (xa)

∫

dxb f
b
j (xb) σ̂(a+ b→ c+ d) (2.5)

where i, j are the two partons participating in the hard event, f ai (xa), f
b
j (xb) the parton

density functions for a parton of type i in the first proton with momentum fraction xa and
a parton of type j in the second proton with momentum fraction xb, respectively. The total
partonic centre of mass energy is given by ŝ = x1x2s.

The evolution of the parton density functions with respect to the scale Q2 is provided by
the DGLAP equations. The parton density function at a scale Q2

1 can then be predicted from
the corresponding density measured experimentally at a scale Q2

2 provided that Q2
1 and Q2

2

are in the perturbative domain. It allows to perform a fit of the measurements at different
scales.

The universality of parton density functions is essential as it allows using deep inelastic
scattering measurements of the proton structure to different processes with different energies
and hard scales, as achievable at the LHC.

PDF measurements are the subject of intensive research activities as it is an essential tool
for the interpretation of hadron collisions. Two main research groups are deeply involved in
such activities: the CTEQ and MRST groups. They both use a large sample of measurements
from deep inelastic scattering at HERA, neutrino-nucleus target experiments and pp̄ collider
at Tevatron. They differ in several details in the parametrization of the fits.

At next to leading order (NLO), the accelerated partons (coloured/charged objects) can
undergo gluon (photon) radiation. The radiation of extra partons (photons) from initial and
final state partons, is called initial state radiation (ISR) and final state radiation (FSR),
respectively.

Besides the hard process between two partons, other partons, not involved in the hard
scattering, can also interact in the same proton-proton collision. This is called multiple parton
interactions (MPI). In addition, beam-beam remnants (BBR) resulting from the hadroniza-
tion of the partonic constituents that did not participate in other scatterings are also possible.
Products of MPI and BBR form what is called the underlying event. The description of such
phenomena makes use of phenomenological models. The underlying activity is extensively
studied at the Tevatron. The extrapolation from Tevatron energies to LHC energies is how-
ever not fully mastered [27].

2.5 LHC cross sections

At the LHC, the total cross section (for the initial two year data taking period) at 7 TeV centre
of mass energy is:

σtot ∼ 100 mb. (2.6)
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For comparison, at 7 TeV centre of mass energy, the cross section for the Drell-Yan events
(pp → γ/Z → e+e−X) with mass above 40 GeV/c2 is of the order of 10−7 mb, the cross
section for a 1 TeV/c2 Z ′

SSM production (pp→ Z ′ → e+e−X) is of the order of 10−11 mb and
the cross section for QCD dijet production with transverse momentum of the initial parton
(p̂t) higher than 15 GeV is of the order of 0.1 mb2.

2These cross-sections were estimated from Monte-Carlo simulation [28].



Chapter 3

The CMS experiment

This chapter describes the ’Compact Muon Solenoid’ (CMS) particle detector. After a short
presentation of the general detector layout in section 3.1, the four main subdetectors of CMS
are presented in sections 3.2 to 3.6 with an emphasis on the systems particularly relevant to
this analysis: the tracker system and the electromagnetic calorimeter (ECAL). Section 3.7
presents the trigger system. A detailed description of CMS is given in [29, 30].

3.1 Layout of the experiment

The CMS experiment is located at the activity point 5 on the LHC ring (cf. figure 2.1(a)).
The generic detector has a common detector structure where the different parts of the detector
(subdetectors) are inserted into each other, starting from the interaction point. It consists
of two main parts: a first cylindrical part called the barrel and two circular parts called the
endcaps which locate on both sides of the barrel along the beam axis to ensure a maximum
detection coverage. A layout of the CMS detector is presented in figure 3.1.

The different subdetectors are clearly visible (from the beam axis towards the outer of
the detector):

• The tracker allows to determine trajectories followed by charged particles in the detector
based on impact points left by the particle when crossing the layers of the tracker.
The curvature and angles of the reconstructed trajectory in the magnetic field allow a
measurement of the particle momentum and the sign of its charge.

• The electromagnetic calorimeter (ECAL) measures the position and energy of electrons
and photons.

• The hadronic calorimeter (HCAL) measures the position and energy of hadrons involved
inside jets of particles.

• The solenoid provides a uniform magnetic field of 3.8 T in the whole detector region
(tracker, ECAL and HCAL). The flux is returned through a 10000 ton yoke made of 5
wheels and 2 endcaps interleaved with the muon chambers.

• The muon chambers reconstruct muon trajectories based on their impact points in
the muon chambers. The curvature in the magnetic field allows the muon momentum
measurement. Together with trajectories reconstructed in the tracker, they can also
constrain the momentum measurement.

27
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Figure 3.1: (a) A layout of the CMS detector.

Coordinate conventions

Coordinate conventions are necessary to locate the energy deposits in the ECAL and HCAL
or the track parameters in the tracker and/or muon chambers. The cylindrical coordinate
system is naturally chosen. The z axis is set at the beam axis where beams circulate, the x
axis points towards the center of the ring and the y axis, perpendicular to the x and z axis,
points towards the surface. The x and y axis form the transverse plane.

The θ coordinate measures the angle with respect to the z axis. The φ coordinate measures
the angle, in the transverse plane, with respect to the x axis. A widely used coordinate
variable is the pseudorapidity η, which is correlated to the θ angle through the formula:

η = − ln(tan(
θ

2
)). (3.1)

As explained in section 2.2, the interactions at LHC constitute a very dense environment
in terms of collision rate. Such elements were taken into account in the design of the CMS
detector since the early research and development phase. Three main items were highlighted
dealing with the constraints imposed by the dense LHC environment on CMS design:

• Radiation hardness: The intense number of particles produced at the LHC during the
design luminosity phase is likely to produce serious radiation effects on the different
parts of the detector, especially the inner tracker part. A high radiation resistance
constraint was brought on the construction of the different detection elements of CMS.

• Fast readout electronics: The large amount of data produced at LHC is processed by
readout electronics before being transmitted for storage. Thus, fast readout electronics
is necessary in order to sustain the 25 ns bunch crossing rate.
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• High granularity: A high detector granularity is needed in order to reduce the occu-
pancy.

The following describes the different subdetectors of CMS.

3.2 The tracker

The tracker reconstructs trajectories of particles (tracks) from hits left by the particle on
its way and measures their momentum and charge in the magnetic field based on the track
curvature. The performance of the tracker is thus constrained by two main parameters: the
hit reconstruction efficiency and the track reconstruction efficiency and parameter estimation
from the hits. As the closest subdetector to the beam axis, it also has to sustain a hard
radiation environment.

The tracker divides into two main parts: the silicon pixel system and the silicon strip
system. The geometry of the silicon modules is different in these two subsystems. Each
subsystem can divide into the barrel part and the endcap part.

The most basic detection element in the tracker is called a module which principle is
mainly based on a semiconducting device. Semiconductors can be advantageous in the sense
that they classify between conductors and insulating in terms of conductivity. Particles
crossing the module surface thus ionise the semiconducting medium leading to the creation
of electrons caused by the electric field from the high voltage imposed on the semiconducting
device. These charges are then collected in an integrated circuit called the APV25 chip which
will sample the signal at the LHC frequency of 40 MHz and buffer the data for about 3.2 µs.
On receipt of a trigger signal, the signal data are then sent to readout electronics for further
processing.

3.2.1 The silicon pixel system

The silicon pixel system represents the inner core of the tracker. It will allow for track
segment reconstruction, providing three impact points. Its close proximity to the interaction
point makes it also ideal to reconstruct the position of the primary vertex from which the
particles originate from and the position of the particle decay secondary vertices.

The modules are made of 66 million 100×150 µm2 almost square pixels, totaling an active
area of around 1 m2, thus providing this subsystem a high granularity. A layout of the pixel
detector is provided in figure 3.2.

It consists of two parts. The barrel part is made of three 53 cm long cylindrical layers
placed at radii of 4.4, 7.3 and 10.2 cm respectively. They gather together 48 million pixel
modules and will allow coverage for central pseudorapidity tracks. The barrel is comple-
mented by the pixel disks, two on each side of the detector placed at |z| = 34.5 and 46.5
cm respectively with radii extending from approximately 6 cm to 15 cm, covering the for-
ward pseudorapidity region. The modules on the pixel disks are tilted by approximately 20◦,
resulting in a turbine-like geometry.

3.2.2 The silicon strip system

The silicon strip system is divided into four parts. The central region is covered by the
Tracker Inner Barrel (TIB) and the Tracker Outer Barrel (TOB). The TIB is composed
of four cylindrical layers of modules covering the region 25 cm < r < 50 cm. The TOB is
composed of six cylindrical regions covering the region 50 cm < r < 116 cm and |z| < 118 cm.
The forward region is covered by the Tracker Inner Disks (TID), three disks on each side of
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Figure 3.2: (a) A layout of the CMS pixel subsystem.

TIB with each disk made of three rings, and the Tracker Endcaps (TEC) composed of 9
circular so-called wheels covering the region 130 cm < |z| < 270 cm. The first three wheels
are composed of 7 rings, the wheels 4 to 6 are composed of 6 rings, the wheels 7-8 are
composed of 5 rings and the last wheel is made of 4 rings. Each of this wheel is also divided
in φ into 8 ”petal”-shaped structures also called petals.

The TIB/TID part delivers up to 4 r—φ measurements for trajectory reconstruction. The
TOB provides another set of 6 r—φ measurements for trajectory reconstruction. The TEC
provide up to 9 φ measurements for trajectory reconstruction.

In addition, the first two layers and rings, respectively, of TIB, TID and TOB as well
as the rings 1, 2 and 5 of TEC contain, for each module, a second module mounted back
to back to the first one, with an angle of 100 mrad, thus providing a measurement of the
second coordinate (z in the barrel and r on the disks). Such layers/rings are qualified as
double-sided.

A schematic r—z view of the whole CMS tracker (pixel + strip) is presented in figure 3.3.
The CMS strip tracker, totaling a 198 m2 silicon detection active area, with its 15148

modules and 9.3 million strips, ensures a minimum of 9 hits, in the full range of the acceptance
(η < 2.5), of which at least 4 are two-dimensional measurements.

3.2.3 Performance

The performance of the tracker relies essentially on the track reconstruction efficiency and
parameter estimation based on hits provided by the tracker. Such parameters are the pseudo-
rapidity η, the azimuthal angle, the three coordinates (x,y,z) of the point of closest approach
to the primary vertex (also called impact parameter) and finally the transverse momentum
(pt).

Track Reconstruction efficiency
The track reconstruction efficiency performance divides into two points:

• The hit reconstruction efficiency, namely the efficiency with which the tracker identifies
hits left by the charged particle on its passage. Figure 3.4 presents the number of
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Figure 3.3: (a) A schematic r—z view of the CMS tracker.

measurement points as a a function of the pseudorapidity. As one can see, the minimum
requirement of 9 measurements with at least 4 two-dimensional measurements is often
fulfilled.

• The efficiency for track reconstruction based on hits provided by the tracker was es-
timated using samples of muons and pions with transverse momenta of 1, 10 and 100
GeV/c. This efficiency is plotted as a function of |η| in figure 3.5 for muons (a) and
pions (b). As one can see, the track reconstruction is excellent for pseudorapidity values
up to 2.4 up to which the coverage reduces significantly. The performance is however
reduced in the case of pions which are much more affected by interactions in the tracker
material.

Track Parameter Estimation

The resolution of the transverse momentum, the pseudorapidity, the azimuthal angle and
the impact parameter coordinates is provided in figure 3.6 for muons with transverse momenta
of 1, 10 and 100 GeV/c.

For muons at high momentum (100 GeV/c), the transverse momentum resolution( 3.6(a))
is around 1-2% up to a pseudorapidity of 1.6 after which the lever arm starts to decrease. At
lower momentum, the resolution is dominated by multiple scattering effects and the distri-
bution reflects the amount of material in the tracker as a function of η. The resolution of the
longitudinal and transverse impact parameters( 3.6 (d) and (e)) are fairly constant at high
momentum since they are dominated by the resolution of the first hit in the pixel detector.
At lower momenta, the resolution is dominated by multiple scattering. One sees, however, an
improvement in the longitudinal impact parameter resolution up to pseudorapidites η ∼ 0.5.
The resolutions on θ and φ show fairly the same shape as the longitudinal and transverse
impact parameter resolutions respectively, as expected.

Tracker Material Budget
Particles crossing the tracker can interact with the material, especially electrons which

can radiate photons through Bremsstrahlung process and thus lose significant part of their
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Figure 3.4: (a) Number of measurements of the strip tracker as a function of the pseudora-
pidity η. Filled circles show the total number (stereo module hits count as one) while open
squares show the number of stereo hits [30].

(a) (b)

Figure 3.5: (a) Track reconstruction efficiency as a function of the pseudorapidity |η| for
muons (a) and pions (b) with transverse momenta of 1, 10 and 100 GeV/c [30].
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(e) (f)

(c) (d)

(a) (b)

Figure 3.6: Track parameters estimate resolution as a function of pseudorapidity for muons
with transverse momenta of 1, 10 and 100 GeV/c: transverse momentum (a), cot θ (b), φ
(c), longitudinal (d), transverse impact parameter (e) and reduced χ2(f) [30].
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energy before having it measured in the electromagnetic calorimeter. Strong pressure was
put to minimise the amount of tracker material budget but still, after final construction and
installation of the tracker, this amount was found to be a bit higher than expected. It is
therefore important to be able to estimate the latter. Figure 3.7 presents the amount of
tracker material budget expressed in units of radiation lengths, for the different subsystems,
as a function of pseudorapidity |η|. It increases from 0.4 X0 at |η| ∼ 0 to about 1.8 X0 at
|η| ∼ 1.4, beyond which it falls to about 1 X0 at |η| ∼ 2.5.

Figure 3.7: (a) Tracker material budget, in units of radiation lengths as a function of pseu-
dorapidity η, for the different subsystems (a) and for the functional contributions (b) [30].

3.3 The electromagnetic calorimeter

A strong pressure was put in CMS to place the calorimetry (ECAL+HCAL) inside the
solenoid to limit the energy loss interactions and thus improve the energy resolution. This of
course brought strong constraints on the size of the electromagnetic calorimeter. In addition,
a fast response calorimeter and radiation resistant electronics were needed in order to sustain
the dense environment of the LHC in terms of collision rate and radiation hardness.

The principle of the CMS ECAL relies on the development of a so called electromagnetic
shower initiated by an electron or a photon penetrating a scintillating crystal. Electrons
interact with scintillators to radiate photons through Bremsstrahlung processes. These pho-
tons also interact to give electron pairs through pair creation, the latter electrons interacting
again to give photons, and so on. This process goes on until whole or significant part of the
initial electron energy is converted into light. The same way photons penetrate the electro-
magnetic calorimeter and interact to give electron pairs through pair creation which can then
interact to give photons through Bremsstrahlung process. Scintilation light is then created as
a result of the interactions of the electrons with the medium. Two quantities are often used
to quantify the development of an electromagnetic shower: the radiation length X0, which
quantifies the longitudinal development, is, in average, the distance after which the electron
has lost a fraction of its energy equal to 1/e and the Moliere radius which quantifies the lat-
eral development. By definition, 95% of the shower energy is contained in a Moliere radius.
The length of the crystals is a key issue to achieve a total containment of the shower inside
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the scintilating medium and thus convert fully the initial electron energy into light in order
to measure it efficiently. A typical electromagnetic shower for a few GeV electron/photon
often extends laterally in several crystals. The energy is then measured from the individual
crystal energy fractions and the position is computed as the barycenter of the hit crystals
with weights correlated to the energy fractions.

The choice on the design of the electromagnetic calorimeter was put on a compact and
homogeneous lead tungstate scintillating crystal calorimeter. This material has high density
(8.3 g · cm−2), a small Moliere radius (21 mm) and radiation length (X0 = 0.89 cm) and is
reasonably resistant to high radiation. In addition, it has fast response (80% of the light is
emitted in 25 ns, i.e. one bunch-crossing) but its light yield is relatively limited; approximately
100 photons are emitted per MeV. Signal from the crystals needs therefore to be amplified.

The general layout of the ECAL divides into two parts: a cylindrical shaped structure
around the beam axis called the barrel and two circular shaped structures called the endcaps
located on each side of the barrel. The crystal geometry and arrangement is different in
these two substructures. Figure 3.8(a) gives a layout of the ECAL and figure 3.8(b) gives a
schematic r—z view.

(a)

(b)

Figure 3.8: (a) Layout of the ECAL (b) Schematic r—z view.
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3.3.1 The barrel

The barrel part has an inner radius of 129 cm and covers the central pseudorapidity region
|η| < 1.48. Crystals have trapezoidal shape with front and rear face dimensions of 22 × 22
mm2 and 26 × 26 mm2 respectively, equivalent to ∆η × ∆φ = 0.0175 × 0.0175 and corre-
sponding approximately to one Moliere radius. The crystals length is equal to 230 mm, or
25.8 radiation lengths. Crystals are arranged in submodules (2 rows of five modules) which
gather in φ to form modules. Modules are then gathered together in η to form supermodules
(20 crystals in φ × 85 crystals in η). A total of 36 supermodules (18 in each half barrel along
the beam axis) totaling 61200 crystals constitutes the barrel. Scintillation light provided by
the crystals is then directed to so called avalanche photodiodes (APD) which convert light
into analog signal, pre-amplify it and send it to outer electronics for further processing and
trigger decision.

3.3.2 The endcaps

The endcaps cover the forward region 1.56 < |η| < 3.0 and are placed at |z| = 314 cm.
Each circular shaped endcap is formed from two structures with a ”D” shape called Dees.
The crystal front and rear face dimensions are slightly different compared to the barrel part
(28.6×28.6 mm2 and 30×30 mm2 respectively) and their length is slightly reduced (220 mm)
corresponding to 24.7 X0. Crystals gather in 5 × 5 matrices called supercrystals. A total of
14648 crystals is present in both endcaps. Due to the higher expected hadron fluency in the
forward region, more radiation resistant devices, the vacuum phototriodes (VPT) have been
selected for light to analog signal conversion and preamplification.

3.3.3 The preshower

In addition, in both endcaps, a preshower calorimeter was specifically designed to identify neu-
tral pions which decay into two photons almost immediately due to their very short lifetime
(8.4× 10−7 s). It consists of a 3 X0 sampling calorimeter made of lead to initiate the shower
and silicon strips to measure the position of the first charged particle (electrons/positrons) of
the electromagnetic shower. This device allows to separate angularly the two photons from
the pion and thus distinguish it from a single photon energy deposit.

3.3.4 ECAL Performance

The performance of the electromagnetic calorimeter relies essentially on the energy measure-
ment resolution since the position estimate is very well determined due to its high granularity.
This resolution can be expressed using the following formula:

(
σ

E
)2 = (

a√
E

)2 + (
b

E
)2 + c2, (3.2)

where a stands for the stochastic term (0.05 GeV1/2), b describes the contribution from elec-
tronics noise (150-250 MeV depending on η) and c = 0.6% is the constant term; the energy is
expressed in GeV. For high energy (hundreds of GeV) electrons, the first two contributions
become clearly negligible and the resolution reduces to the constant term contribution of



3.4. THE HADRONIC CALORIMETER 37

0.6%, which is an excellent resolution for electromagnetic calorimeters.

The gap and cracks

The region between the barrel and the endcaps (1.48 < |η| < 1.56) holds the cabling
service that provides voltage to the electronics and constitutes a region where the energy
estimate resolution is significantly reduced. A lower energy resolution may happen when the
electrons cross the detector in spaces between crystals when gathered into submodules, be-
tween submodules when gathered into modules, between modules when gathered into super-
modules and finally between supermodules themselves. Such regions are called, in a generic
way, cracks. Note that the crystals in the barrel and the endcaps are tilted to avoid electrons
to be emitted in the cracks. A study on energy resolution as a function of the pseudorapidity
is documented here [31].

Energy Leakage

The electromagnetic calorimeter of CMS was mainly designed to measure the energy and
position of electrons and photons of energy typically of ∼ 50− 100 GeV (for example coming
from the decay of a 120 GeV Higgs decaying into two photons). The ability of the ECAL
to fully contain the shower, also called the containment, becomes limited when dealing with
very high energy (TeV) electrons or photons. In such cases, the showering process finishes
in the HCAL cells located directly behind the crystals hits by the electron/photon. Such
phenomenon is called energy leakage. A thesis work documented here [32] has been carried
out to recover the initial electron energy in such regions, based on the energy deposit in the
HCAL cell located directly behind the hit crystals.

Saturation effects

For very high energy (TeV) electrons, when the energy of the hottest crystal in the ECAL
energy deposit reaches 1.4 TeV in the barrel (3.0 TeV in the endcaps), the preamplification
process in the APD/VPT starts to saturate due to the very high intensity of the analog
signal, putting a threshold on the energy measurement. A thesis work described here [33]
has been performed to recover the energy of the hottest crystal in such cases, based on the
energy fractions deposited in the neighbouring crystals.

3.4 The hadronic calorimeter

The CMS HCAL is a sampling calorimeter formed of layers of plastic scintillating tiles with
embedded optical fibers interleaved with layers formed of brass. The latter was chosen for
its high density (8.96 g · dm−3). While the processes involved in the development of an elec-
tromagnetic shower are essentially due to electromagnetic interactions, the hadronic shower
is mainly caused by the strong interaction between incident hadrons and nuclei from the
medium. A significant fraction of the initial hadron energy is transfered to secondary hadrons
(essentially pions) produced with high relative transverse momentum, causing a large lateral
extent of the shower. Similarly, the cross section for secondary hadrons creation is much
reduced compared to electromagnetic processes such as Bremsstrahlung or pair creation.
Hadronic shower development thus takes, in average, longer and the longitudinal extension
is consequently increased. A radiation length equivalent definition quantity, called the inter-
action length, is defined for hadronic showers to quantify their longitudinal extension.
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Hadrons, involved in jets, penetrating the HCAL cause the scintillating tiles to emit light
with maximum emission wavelength between 410 nm and 425 nm. This light is then directed
to wavelength shifter optical fibers to shift this maximum to 490 nm corresponding to the
maximum absorption of the photomultipliers. This wavelength shifted light is then directed
to these photomultipliers through optical fiber waveguides for light/analog signal conversion
and transmission to readout electronics for further processing.

The HCAL layout is characterized by a cylindrical part called the barrel and two circular
structures, the endcaps, located on each side of the barrel and joined hermetically to it (no
gap exists between the HCAL barrel and endcaps as it is the case for the ECAL). In addi-
tion, the hadron outer (HO), placed after the solenoid, complements the barrel in the central
region and the hadron forward (HF) extends the acceptance coverage in the forward region
up to |η| = 5.19. Figure 3.9 gives a layout of the HCAL.

Figure 3.9: Layout of the HCAL.

The Barrel

The central region (|η| < 1.78) is covered by the barrel part with inner and outer radii
of 1777 mm and 2876 mm respectively. It is made of two halves on the positive and nega-
tive side of the z axis, each half dividing into 18 identical wedges covering a φ region of 20
degrees. A total of 17 active scintillator tile layers interleaved with stainless steel and brass
plates, representing 70000 tiles constitutes the HCAL barrel. Individual scintillator tiles have
dimensions of ∆η × ∆φ = 0.087 × 0.087, which approximately correspond to a 5 × 5 crystal
matrix in the ECAL. The total depth of the HCAL barrel depends on η and is roughly 5.82
interaction lengths for a central pseudorapidity (η = 0). As a comparison, the ECAL depth
is equivalent to 1.1 interaction length.

The endcaps

Two circular structures (Endcaps) complement the barrel in the forward pseudorapidity
region (1.3 < |η| < 3.0). They also divide in 18 wedges covering a 20 degree φ region
but contain however 19 scintillator tile layers, slightly more compared to the barrel. The tile
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dimensions are similar to the barrel up to pseudorapidities of 1.74, after which the dimensions
increse to values of ∆η × ∆φ = 0.17 × 0.17.

A crucial specificity of the endcaps relies on the longitudinal segmentation of the scintil-
lator layers which makes it possible to have two energy estimates of the longitudinal profile
of the hadronic shower in the endcaps.

3.5 The solenoid

The CMS solenoid is a supraconducting magnet which provides a 3.8 T magnetic field directed
along the beam line (z axis). Charged particle trajectories are thus deviated in the transverse
plane.

3.6 The muon system

The muon system, designed to identify muons, relies on three independent systems, referred
to as muon chambers which will provide hits for the muon track reconstruction and the mea-
surement of its momentum in the magnetic field.

The drift tube chambers (DT)

The barrel part of the muon system (|η| < 1.2), where a low neutron-induced background
rate and a quite uniform magnetic field are expected, is made of drift tube chambers. They
divide in four stations of 250 chambers each and also in five wheels of 12 sectors each, each
sector covering a 30 φ region. Chambers gather in sets of four chambers called superlayers.
The first three stations contain 2 superlayers which provide r—φ measurements of the muon
coordinate and 1 superlayer in between that provides, in addition, a z measurement along
the beam line. The last station provides only r—φ measurements.

The cathod strip chambers (CSC)

The forward region (0.9 < |η| < 2.4) is occupied by cathod strip chambers due to the
high expected background rate. There are four cathod strip stations in each endcap made
of chambers perpendicular to the beam axis, thus providing r—φ measurements of the muon
coordinate. Chambers have trapezoidal shape and are made of 7 cathod strip planes leav-
ing 6 gas gaps, the whole being enveloped in the anode wire plane; the wires are roughly
perpendicular to the cathode strips. A muon traversing a plane causes gas ionisation and
subsequent electron avalanche that creates a charge on the anode wire and an image charge
on the strips.

The resistive plate chambers (RPC)

The resistive plate chambers are double gap chambers operating in avalanche mode and
are used in muon signal triggering. They have fast response but coarser time resolution
compared to DT and CSC chambers. The resistive plate chambers are present in the barrel
and in the endcap regions, interleaved between the layers.
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3.7 The trigger

The design performance of the LHC is to perform proton-proton collisions with a production
rate of 40 MHz (a bunch crossing is expected every 25 ns). In addition, at the design
instantaneous luminosity of 1034 cm−2s−1, approximately 20 proton-proton collisions are
expected per bunch crossing. The amount of data produced every second is extremely high
and needs drastic reduction. This reduction will be performed through selection criteria
based on main kinematic variables such as transverse energy or transverse momentum. Other
requirements such as the presence of a track segment in the pixel detector or in the muon
chambers can also be present. Such a set of criteria, called a trigger, was designed to reduce
the 40 MHz rate to the more affordable value of 100 Hz, selecting the most interesting events.

Moreover, the trigger system can also be used to separate between the different physics
data streams, each stream being associated to one or more so-called trigger paths. As an
example, the jet trigger requiring the presence of a jet with minimum transverse energy, will
be used to preselect with high efficiency events possibly involving jets. Many trigger paths
have thus been designed (jet trigger, muon trigger, electron trigger ...) for each type of object
or type of event.

The trigger can be divided into two main categories: the level 1 trigger (L1) and the high
level trigger (HLT).

3.7.1 The L1 level

The L1 trigger reduces the amount of data to an output rate of 100 KHz and mainly consists
in programmable hardware electronics. It uses coarsely segmented data from the calorimeters
and the muon system (the expected high track multiplicity represents too big information to
be processed rapidly), while holding the data in pipelined memories in front-end electronics.
The latency affected to the level 1 trigger decision is 3.2 µs during which a trigger decision
has to be taken. Three kind of components can be identified for the level 1 trigger:

• the local trigger, uses information from energy deposits in the calorimeters (ECAL/HCAL)
and track segments in the muon chambers. This information is transfered to the regional
trigger.

• the regional trigger combines the information from each subdetector local trigger, ap-
plies a rank, based on the object parameter estimates (jet/electron energy, track qual-
ity), which reflects the level of confidence of these estimates and sorts the objects
(electron, muon, track) accordingly. This information is transfered to the global trigger
for decision.

• the global calorimeter and muon triggers determine the highest rank object in the whole
detector and transfer it to the global trigger which takes the decision to accept or reject
the event based on predefined selection requirements. Upon acceptation, the L1 decision
is communicated to each subdetector and the data is transfered to the HLT level.

3.7.2 The HLT level

The goal of the high level trigger is to reduce the amount of data to a rate of 100 Hz and
consists in a computer farm of roughly one thousand commercial processors. It has access
to the complete read-out data and can perform more complex calculations compared to level
1 processing and similar to the ones made offline. Upon positive decision of the level 1
trigger, the data is transfered to the high level trigger which applies the predefined set of
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HLT requirements (minimum transverse energy/transverse momentum, presence of a track
segment in the pixel detector) to accept or reject the event. Upon acceptation, the data from
the event is transfered for definitive storage and further processing/analysis by the physicists.
The HLT algorithms depend strongly on the expected instantaneous luminosity.

3.7.3 The electron trigger

A dedicated trigger to select events with at least one or two electrons has been designed for
analyses related to electrons. Such a trigger is naturally chosen for this study. Originally, it
was tuned for low pt electrons (pt < 40 GeV/c), namely for the Higgs boson search in the
channel H → ZZ∗ → 4e, for a centre of mass energy of 14 TeV. Due to the lowering of the
latter to the value of 7 TeV, new trigger tables have been defined for the electron which take
into account the lower expected rate at 7 TeV.

The level 1 electron trigger

The present definition of the level 1 electron trigger contains essentially two trigger paths. The
first one, ”L1 SingleEG5” L1 trigger requires the presence of an energy deposit (cluster) in
the ECAL with a minimum transverse energy of 5 GeV. This minimal value will be extended
to 8 GeV (”L1 SingleEG8” L1 trigger) if the trigger rate is found to be too high during
data-taking. Both of these L1 triggers will be used in the case of an instantaneous luminosity
of 8 × 1029 cm−2s−1. For an instantaneous luminosity of 1031 cm−2s−1, the ”L1 SingleEG8”
L1 trigger will also be used.

The high level electron trigger

For the high level electron trigger, two trigger paths will be used for the present study,
corresponding respectively to 8×1029 cm−2s−1 and 1031 cm−2s−1 instantaneous luminosities.
The first one, the ”HLT Ele10 LW LIR” trigger, requires in the ECAL an energy deposit with
transverse energy higher than 10 GeV, linked to a pair of pixel hits which is compatible with
the cluster transverse energy. In case the trigger rate is too high, the ”HLT Photon15 LIR”
photon trigger will be used which requires the presence of a single cluster in the ECAL with
transverse energy higher than 15 GeV and no other requirements.

For an instantaneous luminosity of 1031 cm−2s−1, the ”HLT Ele20 SW LIR” electron
trigger will be used similar to the ”HLT Ele10 LW LIR” trigger mentioned above but with
a minimum transverse energy of 20 GeV instead of 15 GeV. Several other triggers (electron
and photon triggers) can be used for physics analyses or backup. Table 3.1 summarizes the
triggers relevant for this study and gives their expected rate for a centre of mass energy of 7
TeV.
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Trigger HLT path Et expected trigger
object threshold rate (Hz) type

Luminosity = 8 ×1029 cm−2 s−1

Electron HLT Ele10 LW L1R 10 GeV 17.30 ± 0.32 physics
Electron HLT Ele15 LW L1R 15 GeV 5.09 ± 0.18 backup
Photon HLT Photon15 L1R 15 GeV 10.60 ± 0.25 physics
Photon HLT Photon20 L1R 20 GeV 3.65 ± 0.15 backup

Luminosity = 1031 cm−2 s−1

Electron HLT Ele15 SW LooseTrackIso L1R 15 GeV 14.56 ± 1.10 physics
Electron HLT Ele20 SW L1R 20 GeV 14.98 ± 1.12 physics
Photon HLT Photon25 L1R 25 GeV 20.50 ± 1.31 physics
Photon HLT Photon25 LooseEcalIso TrackIso L1R 25 GeV 4.27 ± 0.60 backup
Photon HLT DoublePhoton15 L1R 15 GeV 4.69 ± 0.63 physics

Table 3.1: Electron and photon HLT triggers designed for luminosities of 8 ×1029 cm−2 s−1

and 1031 cm−2 s−1, respectively. The indication ”physics” means that the trigger is intended
to be used as a main physics trigger, whereas ”backup” means that the trigger could be used
in case of excessive rates.



Chapter 4

Drell-Yan production and
backgrounds

The subject of this thesis is devoted to the study of the di-electron channel at the LHC
with CMS data, with the focus on high e+e− invariant masses in order to search for possible
deviations from the Standard Model, which could provide hints for new physics. It is thus
essential to control well the Drell-Yan spectrum also at lower mass, where no new physics is
expected.

This chapter presents the Drell-Yan production and simulation at the LHC (sections 4.1
and 4.2) and the kinematics related to Drell-Yan events (section 4.3). Finally section 4.4
gives an overview of the processes, called generically backgrounds, that can mimic Drell-Yan
production, thus contributing to the final di-electron sample.

4.1 Drell-Yan production

At the LHC, Drell-Yan production proceeds through the annihilation of a quark coming from
a proton from one beam and an antiquark coming from a proton from the other beam, that
create a virtual photon or Z boson which can then decay into a lepton pair (qq̄ → γ/Z →
l+l−). Figure 4.1 shows the two Feynman graphs that contribute, at leading order, to this
process. The matrix elements for the partonic process are calculable in the Standard Model,
applying Feynman rules to the previous graphs. In this chapter, the high virtuality region
only will be considered (M(γ∗/Z) > 40 GeV/c2).

As collisions at the LHC involve protons, the Drell-Yan cross section needs to be com-
puted. In the reference frame where protons are moving fast (’Breit frame’), the quark and
antiquark involved in the hard process carry fractions x1 and x2 of the proton momenta,
respectively. The parton density functions (PDF) quantify the density of partons of type i
in the proton, carrying a fraction x of the proton momentum, at a scale Q2: fi(x,Q

2) (see
section 2.4). The total cross section can be written as the convolution of the partonic cross
section σ(qq̄ → γ/Z → e+e−) and the corresponding parton density functions.

d2σ

dx1dx2
=

1

3
σ(qq̄ → γ/Z → e+e−)

Nf
∑

i=1

q2i (fi(x1)f̄i(x2) + fi(x2)f̄i(x1)), (4.1)

where Nf is the number of flavours and is here equal to 5, qi is the charge for the quark
of type i and f̄i(x) represents the parton density function for the antiquark of type i.

In addition, next to leading order (NLO) diagrams need to be taken into account. In par-
ticular initial and final state radiation are possible. The initial state radiation is characterized

43
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Figure 4.1: The Feynman graphs which contribute, at leading order, to the Drell-Yan process.

by the emission of gluons or quarks (QCD Bremsstrahlung). The emission of a hard (high
transverse momentum) gluon or quark gives transverse momentum to the quark which partic-
ipates in the hard interaction and which transfers it to the final state electrons. The final state
radiation for final state electrons is due to the emission of photons (QED Bremsstrahlung)
and is inversely proportional to the square of the photon transverse momentum relative to
the electron.

4.2 Drell-Yan simulation

Monte Carlo simulations of physics processes have been extensively used during the detector
construction and commissioning phase when no data is present, and also during data taking
as a basis for the understanding of detector effects and the comparison of theory with data.
The simulation tools rely on the statistical nature of physical processes, taking advantage
of the computer random number generators. The simulation of Drell-Yan events in CMS
is performed in the CMSSW (CMS SoftWare) software framework and can be divided into
three main steps:

• the generation: This step simulates the fundamental physical processes as they are
produced by Nature and is thus independent of any detector. On basis of the incom-
ing particles four-momentum vectors, the cross section is computed based on matrix
elements, and four momentum vectors of all particles produced during the collision are
simulated as well as their production vertices.

The fraction momenta x1 and x2 of the two partons participating in the hard event are
chosen on the basis of parton density functions provided by the CTEQ or the MRST
groups1. Initial and final state radiations are also simulated. The generated informa-
tion is recorded, which is essential to give access to the momentum, pseudorapidity
and azimuthal angle of the outgoing electrons before and after FSR. The radiation
of extra gluons or quarks from partons is described in the parton showering frame-
work. The showering process stops when the virtuality of the partons gets down to
the QCD scale where perturbative QCD loses its predictive power and is followed by
a non-perturbative fragmentation of partons, leading to colour-singlet clusters, which
are eventually decayed, to form the final state hadrons. Different generators exist and

1In many simulation programs, the choice is left to the user as to the parametrization used. The default
one used throughout this thesis for Drell-Yan production, unless otherwise stated, is CTEQ6L1
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in all this chapter, the Pythia simulation program [34] will be used unless otherwise
stated.

• the simulation: The outgoing particles are propagated in all layers of the CMS detec-
tor and their interaction with material is simulated using GEANT programme [35]. A
very precise simulation of the detector geometry (subdetector position and composi-
tion, mechanical support, cables, cooling structures, etc...) is essential. For electrons
from Drell-Yan events, hits in the tracker (pixel+strip) and energy deposits in the
calorimeters are simulated.

• the reconstruction: Based on the simulation of the particle-matter interaction performed
in the last step, the signals in front-end electronics are simulated. Tracks are built from
tracker hits and superclusters are reconstructed from energy deposits in the ECAL (cf.
section 6.1). The same reconstruction software as for simulation is used for data.

The analysis in this chapter is performed using a sample of 97000 Drell-Yan events with
mass above 40 GeV/c2, simulated with the Pythia simulation programme (version 6), using
the CTEQ6L1 parametrization for the PDFs. Two additional samples at masses above 120
and 200 GeV/c2, of 94000 and 99000 events, respectively, are used to study the high mass
part of the spectrum. The total cross sections computed by Pythia at leading order are σ
= 803 pb (M > 40 GeV/c2), σ = 7.80 pb (M > 120 GeV/c2) and σ = 0.96 pb (M > 200
GeV/c2). A K factor of 1.28 is applied to account for QCD next-to-leading order effects.
Only the generated information is used in this chapter unless otherwise stated.

Figure 4.2 shows the Drell-Yan invariant mass spectrum for mass above 40 GeV/c2, at
generator level and using the three Drell-Yan samples described above. The number of events
is normalized to an integrated luminosity of 1 pb−1 and the K factos is applied. As one can
see the cross section decreases steeply with the high invariant mass. The Z pole region is
clearly visible.

4.3 Drell-Yan kinematics

The kinematics of the Drell-Yan process is important for this thesis. It is constrained by
many parameters, such as the γ/Z invariant mass and the parton density functions. This
section aims at reviewing some aspects of the Drell-Yan event kinematics. Section 4.3.1
reviews the parton density function contribution to the Drell-Yan process while section 4.3.2
describes some features of the Z boson momentum. The momenta of the electrons from Z
decay are discussed in section 4.3.3 and the concept of acceptance is introduced and discussed
in section 4.3.4.

4.3.1 Parton density functions

Drell-Yan production is due to the annihilation of a quark from a proton by an antiquark
(necessarily from the sea) from the other proton. Through the relation:

M =
√
x1x2s, (4.2)

where M is the mass of the produced resonance,
√
s = 7 TeV the centre of mass energy

and x1,2 the momentum fractions of the two partons, one sees that for Drell-Yan production
around the Z peak (M ∼ 91 GeV), in the case where x1 ∼ x2, the typical values for x1,2 are
of the order of 10−2.
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Figure 4.2: Drell-Yan invariant mass spectrum for M > 40 GeV/c2 (generator level), nor-
malised to an integrated luminosity of 1 pb−1, simulated with Pythia, using parametrization
CTEQ6L1 for the PDF.

Figure 4.3 presents the distribution of xf(x) for different partons in the proton, at a scale
Q2 = (91 GeV)2, using the CTEQ6L1 parametrization. The gluon density dominates at low
values of x (x . 10−1). For values of x1,2 around 10−2, the second biggest contributions to
parton density come from u and d quarks. A non negligible difference is to be noticed between
quarks and antiquarks, the latter being necessarily sea quarks. This difference affects the
kinematics of the resonance as it translates into a difference between the proton momentum
fractions x1 and x2 of the two partons participating to the hard event. The quarks will
have, in general, a larger momentum fraction than the antiquark, in particular in the region
x ∼ 10−1 (high x region).

Figure 4.4 shows the particle identifiers of the two partons participating in the hard event
for the quarks (black) and the antiquarks (red). The nomenclature of the particle identifiers
can be found in [34] and is given in table 4.1 for the five quark types, together with their
individual relative contribution. One sees that u and d quarks constitute the core of the
partons in Drell-Yan events from pp collisions at 7 TeV at the LHC. The particle identifier
for antiquarks is just the opposite of the one for quarks and their relative contribution is just
the same, as expected.

4.3.2 Z boson momentum

The Z boson momentum2 is the sum of the four-momenta of the quark and the antiquark
participating in the hard interaction, and depends on the parton density functions.

The fraction momenta for both partons, x1 and x2 are often expressed in terms of the Z
mass M and its rapidity:

2In the following, the γ∗/Z bosons will simply be called Z.
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Figure 4.3: Parton density functions for partons in the proton, at a scale Q2 = (91 GeV)2

(CTEQ6L1 parametrization [36]).
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Quark Particle identifier Relative contribution

d 1 35.42 %
u 2 46.98 %
s 3 9.98 %
c 4 5.26 %
b 5 2.36 %

Table 4.1: Quark particle identifiers and their relative contributions in Drell-Yan events with
masses above 40 GeV/c2.

x1,2 =
M√
s
e±y, (4.3)

where the rapidity y is defined according to the Z energy and longitudinal momentum as

y =
1

2
ln(

E + pz
E − pz

). (4.4)

One sees that M 2 = x1x2s as expected. Using the previous formulae, one can derive:

p2
t +M2

p2
z

=
4M2

s(x1 − x2)2
. (4.5)

One sees that in case of no ISR, where no transverse momentum is expected, we get that

pz = (x1 − x2)
√
s/2. (4.6)

The momentum of the Z boson has thus two origins: the parton distributions x1 and x2

influence mainly the longitudinal momentum, and the ISR effects are at the origin of the
transverse momentum. Both effects depend on the scale Q2 = M2. Figure 4.5(a) shows the
distribution of x1 and x2, as defined in 4.3, for Drell-Yan samples generated at masses above
40 GeV/c2. The two distributions are identical as expected. Figure 4.5(b) shows the rapidity
y of the Z bosons as a function of the longitudinal momentum pz. For pz = 0, the rapidity
is equal to 0 while for high longitudinal momenta, the rapidity increases.

Figure 4.6(a) presents the distribution of the absolute value of the longitudinal momentum
of the Z for the three Drell-Yan samples (M > 40, 120 and 200 GeV/c2). The distributions
peak at 0 and the mean value of the absolute longitudinal momentum increases with the
Z mass. Indeed, if we consider x1 = x2, to produce a 50 GeV/c2 invariant mass Z in a
proton-proton collision at 7 TeV centre of mass energy, one needs x1,2 around 7× 10−3 while
for a 200 GeV/c2 invariant mass Z produced in the same conditions, these values are around
2 × 10−2. The difference x1 − x2, proportional to the longitudinal momentum of the Z, is
expected to be larger in the case of a 200 GeV/c2 Z than for a 50 GeV/c2 Z. Figure 4.6(b)
presents the absolute value of the Z longitudinal momentum, pz, as a function of its mass
MZ . The longitudinal momentum increases with mass.

Figure 4.7(a) presents the transverse momentum distribution of the Z for the three Drell-
Yan samples generated at masses above 40, 120 and 200 GeV/c2. The transverse momentum
of the Z is expected to come only from initial state radiation effects and thus, in this case
also, an increase as a function of the mass is expected as the ISR effects are more important
at higher Q2 values. The evolution of the transverse momentum of the Z as a function of its
mass is presented in figure 4.7(b) for a combination of Drell-Yan samples generated at masses
above 40, 120 and 200 GeV/c2.
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Figure 4.5: (a) Distribution of the x1 and x2 variables (see text for definition) for Drell-Yan
samples with masses above 40 GeV/c2. (b) Rapidity y (see text for definition) as a function
of the Z longitudinal momentum, pz.
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Figure 4.6: (a) Distribution of the absolute value of the longitudinal momentum of the Z
for three Drell-Yan samples generated at masses above 40 (black), 120 (red) and 200 (blue)
GeV/c2 and (b) average absolute value of the longitudinal momentum of the Z as a function
of its mass MZ .
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Figure 4.7: (a) Distribution of the transverse momentum of the Z for the three Drell-Yan
samples generated at masses above 40 (black), 120 (red) and 200 (blue) GeV/c2 and (b)
transverse momentum of the Z as a function of its mass MZ .

4.3.3 Momenta of electrons from Z decay

The results derived in section 4.3.2 are helpful to understand the distributions of the elec-
tron transverse and longitudinal momenta. Figures 4.8(a), (c) and (e) present the transverse
momentum for electrons (black) and positrons (red) from the Z decay in Drell-Yan samples
generated at masses above 40 GeV/c2, 120 GeV/c2 and 200 GeV/c2, respectively. No sig-
nificant difference is observed between electrons and positrons. The transverse momentum
distribution for electrons and positrons in Drell-Yan events shows a typical shape. A peak at
45 GeV/c (60 GeV/c, 100 GeV/c), a long tail at low transverse momentum and a short tail
at high transverse momentum are visible. These effects will be described in the following.

When the Z is produced at rest (pt,Z = pz,Z = 0), the centre of mass frame coincides
with the laboratory frame. When the electron pair direction is in the transverse plane of the
laboratory frame, the transverse momentum of the electrons is maximal and equal to half the
Z mass. Such electrons populate the peaks at 45 GeV/c, 60 GeV/c and 100 GeV/c and also
the tail at high transverse momenta.

If the electron pair direction has a component along the z axis, the transverse momentum
of the electrons is smaller than half the mass. Such electrons populate the low pt tail.

The case where the Z is boosted along the z axis (pz 6= 0 and pt = 0) does not change
the previous conclusions as the boost along the z axis will conserve the transverse momenta
of the two electrons from the decay.

The case where the transverse momentum from the Z is not equal to 0 modifies the
transverse momentum of the electrons. If the electron (resp. positron) is emitted in the
direction of the Z transverse momentum, its transverse momentum will be higher than half
the Z mass. These electrons populate the high transverse momentum tail of the distribution.

Figures 4.8(a), (c) and (e) present the longitudinal momentum for electrons (black) and
positrons (red) from the Z decay in Drell-Yan samples generated at masses above 40 GeV/c2,
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120 GeV/c2 and 200 GeV/c2, respectively. While no significant difference is observed between
electrons and positrons for masses above 40 GeV/c2, a difference is present for masses above
120 GeV/c2 and increases for masses above 200 GeV/c2. This difference between electrons
and positrons comes from the (V-A) nature of the coupling of the Z to the fermions. At
leading order and at high mass (M & 100 GeV/c2), in the qq̄ centre of mass, the e+e−

pairs are produced back to back, with the electron emitted preferentially in the forward
direction (defined as the one from the quark). To go in the laboratory frame, the electron
and positron are boosted along the z axis, the z direction of the boost is given by the
longitudinal momentum of the Z boson, which is usually the direction of the quark at high
mass (M & 100 GeV/c2), and the difference between electrons and positrons is enhanced
after the boost. The mean value of the absolute longitudinal momentum at high mass (M &

100 GeV/c2) is thus larger for electrons than for positrons.

As the pseudorapidity of the electrons is related to their transverse and longitudinal
momenta ( η = − ln(tan(θ/2)) ∼ ln(pz/pt)), a difference in pseudorapidity distributions is
also expected between electrons and positrons at high mass. The pseudorapidity distribution
for electrons and positrons in Drell-Yan events at masses above 40, 120 and 200 GeV/c2 is
presented in figures 4.9(a), (b) and (c), respectively. No significant difference is observed at
masses above 40 GeV/c2 while a difference is present at masses above 120 GeV/c2 which
increases at masses above 200 GeV/c2.

At leading order, no transverse momentum is expected for the Z and the two electrons
from the Z decay are back to back in the transverse plane, i.e. the difference between their
azimuthal angles, ∆φ = φe+ − φe− , expressed in radians, is expected to be around π. This is
checked in figures 4.10(a)-(c) which show the quantity |∆φ| for the three Drell-Yan samples
with masses above 40, 120 and 200 GeV/c2. The distributions clearly peak at π. In case of
initial state radiation, the two electrons are not expected to be back to back in the transverse
plane anymore as the initial state radiation gives transverse momentum to the Z boson which
transmits it, when decaying, to the two electrons. Figure 4.10(d) presents the quantity |∆φ|
as a function of the transverse momentum of the Z boson. The quantity |∆φ| decreases as
the transverse momentum of the Z increases. A further illustration is provided in figure 4.11
which presents an event display for a simulated Drell-Yan event (M = 200.85 GeV/c2) with
initial state radiation. The central window gives a transverse view of the detector where one
can see, highlighted in red, the two generated electrons. The two electrons are not back to
back and two additional objects displayed as yellow triangles on the upper part of the central
view are visible. They correspond to jets initiated from ISR radiation.

4.3.4 Acceptance

The two main subsystems for electron detection, the electromagnetic calorimeter and the
tracker, have coverage up to pseudorapidities of 3.0 and 2.5, respectively. The proportion
of events where both electrons lie inside the tracker detection coverage region (|η| < 2.5), is
called the acceptance. It is an important correction factor for the estimation of the Drell-Yan
cross section, and this factor is computed using simulation.

The acceptance factor is observed to increase with the Z boson mass. The ratio of the
mean transverse momentum over the mean absolute longitudinal momentum is presented
as a function of the Z mass in figure 4.12(a) for electrons (black) and positrons (red). As
η = − ln(tan(θ/2)) ∼ ln(pz/pt), the fraction of Drell-Yan events with both electrons in the
acceptance (|η| < 2.5) increases when the mass of the Z boson increases. This effect has
already been shown in figures 4.9.

Note that the results of section 4.3.2 show that the Z boson longitudinal and transverse
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Figure 4.8: Electrons transverse momentum distribution (left) and longitudinal momentum
distribution (right) for electrons (black) and positrons (red) from the Z decay in a Drell-Yan
sample generated at masses above 40 GeV/c2(a-b), 120 GeV/c2 (c-d) and 200 GeV/c2(e-f).
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Figure 4.9: Pseudorapidity η of electrons (black) and positrons (red) for Drell-Yan samples
generated at masses above 40 GeV/c2(a), 120 GeV/c2(b) and 200 GeV/c2(c).

momenta, both increase with respect to the mass of the Z. Figure 4.12(b) presents, for each
bin in invariant mass, the ratio of the mean transverse momentum over the mean absolute
longitudinal momentum for the Z boson. It is observed that, on average, the Z boson
transverse momentum increases more rapidly with mass than its longitudinal momentum.

In this section, the acceptance is defined as the number of events where both the electron
and the positron have transverse energy higher than 25 GeV(Et > 25 GeV), are emitted
outside the ECAL barrel and endcap gap region (|η| /∈ [1.442,1.560]) and in the tracker
detection region (|η| < 2.5), over the total number of events. Figure 4.13 presents the
acceptance as a function ofs mass for events where both electrons are emitted in the barrel
(blue open circles), in the endcaps (pink downward triangles), one in the endcap and the other
in the barrel (red upward triangles) and finally for all events (black full circles). One sees
that the total acceptance increases as a function of mass. Table 4.2 gives the total acceptance
for Drell-Yan samples generated at masses above 40, 120 and 200 GeV/c2; the errors, from
the Monte Carlo statistics, are of the order of 10−3.

Drell-Yan sample M > 40 GeV/c2 M > 120 GeV/c2 M > 200 GeV/c2

34.8% 51.9% 63.7%

Table 4.2: Total acceptance for Drell-Yan events with masses above 40, 120 and 200 GeV/c2,
with both electrons with transverse energy above 25 GeV, emitted outside the ECAL barrel-
endcap gap region and in the tracker detection region. Errors from Monte Carlo statistics
are of the order of 10−3.

4.4 Background processes

Several Standard Model processes can mimic the final state signal and are then selected in
the final di-electron mass spectrum. Their contribution can be minimised by requiring some
appropriate conditions (reducible backgrounds). These reducible background processes can
be classified into two main categories:



54 CHAPTER 4. DRELL-YAN PRODUCTION AND BACKGROUNDS

Entries  97000

Mean    2.766

RMS    0.5126

Underflow       0

Overflow        0
Integral  9.7e+04

|φ∆|
0 0.5 1 1.5 2 2.5 3

0

2000

4000

6000

8000

10000

12000

Entries  97000

Mean    2.766

RMS    0.5126

Underflow       0

Overflow        0
Integral  9.7e+04

Entries  97000

Mean    2.766

RMS    0.5126

Underflow       0

Overflow        0
Integral  9.7e+04

Entries  94000

Mean    2.847

RMS    0.4482

Underflow       0

Overflow        0
Integral  9.4e+04

|φ∆|
0 0.5 1 1.5 2 2.5 3

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

Entries  94000

Mean    2.847

RMS    0.4482

Underflow       0

Overflow        0
Integral  9.4e+04

Entries  94000

Mean    2.847

RMS    0.4482

Underflow       0

Overflow        0
Integral  9.4e+04

Entries  99000

Mean    2.912

RMS    0.3845

Underflow       0

Overflow        0
Integral  9.9e+04

|φ∆|
0 0.5 1 1.5 2 2.5 3

0

5000

10000

15000

20000

25000

Entries  99000

Mean    2.912

RMS    0.3845

Underflow       0

Overflow        0
Integral  9.9e+04

Entries  99000

Mean    2.912

RMS    0.3845

Underflow       0

Overflow        0
Integral  9.9e+04

Entries  96958
Mean    15.97
Mean y   2.767
RMS     18.27
RMS y   0.511
Underflow       0
Overflow        0
Integral     151

 (Z) (GeV/c)
t

p
0 20 40 60 80 100 120 140 160 180 200

|φ
∆|

0

0.5

1

1.5

2

2.5

3

3.5

Entries  96958
Mean    15.97
Mean y   2.767
RMS     18.27
RMS y   0.511
Underflow       0
Overflow        0
Integral     151

Entries  96958
Mean    15.97
Mean y   2.767
RMS     18.27
RMS y   0.511
Underflow       0
Overflow        0
Integral     151

(a) (b)

(c) (d)

Figure 4.10: Absolute azimuthal angle difference |∆φ| (see text for definition) of the two
electrons from the Z decay for Drell-Yan samples generated at masses above 40 GeV/c2(a),
120 GeV/c2(b) and 200 GeV/c2(c). (d) Same difference |∆φ| as a function of the transverse
momentum of the Z boson for M > 40 GeV/c2.
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Figure 4.11: Event display of a simulated Drell-Yan event with strong initial state radiation
from a Drell-Yan simulation sample with mass above 200 GeV/c2.
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Figure 4.12: (a) Ratio of mean transverse momentum of the electrons (black) and positrons
(red) over their mean absolute longitudinal momentum as a function of the Z mass for Drell-
Yan samples generated at masses above 40, 120 and 200 GeV/c2. (b) Mean value of the ratio
of the transverse momentum of the Z over its absolute longitudinal momentum as a function
of the Z mass for Drell-Yan samples generated at masses above 40, 120 and 200 GeV/c2..
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Figure 4.13: Acceptance as a function of the Z mass for Drell-Yan events with M > 40
GeV/c2, with both electrons with transverse energy above 25 GeV, emitted outside the
ECAL barrel-endcap gap region and in the tracker detection region.

• the ’jet background’ where at least one jet fake an electron. This background category
contains the QCD multijet, W+jet and γ+jet background processes.

• the ’di-electron background’ where two electrons are found in the final state. This
category contains the tt̄, tW , WW , Z → ττ and Z → µµ background processes.

In addition, the γγ background arises when the two photons fake electrons.

In the following, these processes are introduced and their cross sections are provided at
leading order (LO) or next to leading order (NLO), considering a 7 TeV centre of mass energy.
The ratio between the cross section at next to leading order and the cross section at leading
order is called the K factor:

K =
σNLO
σLO

(4.7)

4.4.1 Jet background processes

The QCD multijet background

The main background comes from QCD multijet production where two jets each fake an
electron. This process was simulated by Pythia in several p̂t bins where p̂t is the transverse
momentum of the outgoing partons in the centre of mass frame. The cross sections for the
various p̂t bins generated by Pythia are summarized in table 4.3 where no K factor is applied.

The W+jet background process

The W+jet process is another source of background where the W decays into a eνe pair
and the jet fakes an electron. It proceeds through quark-gluon fusion or quark-quark fusion.
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QCD p̂t bin Cross section (pb)

p̂t > 15 GeV/c 8.762 × 108

p̂t > 30 GeV/c 6.041 × 107

p̂t > 80 GeV/c 9.238 × 105

p̂t > 170 GeV/c 2.547 × 104

Table 4.3: Cross sections for the various QCD multijet p̂t bins as simulated by Pythia6.
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Figure 4.14: The Feynman graphs which contribute, at leading order, to the W+jet process.

Figure 4.14 shows the graphs which contribute, at tree level, to this process. The W+jet
process was generated with MadGraph, with a K factor of 1.30, giving a cross section of
3.13 × 104 pb.

The γ+jet background process

The γ+jet process where the photon is misreconstructed as an electron and the jet fakes an
electron constitutes another source of background. It proceeds through similar diagrams as
for the W+jet process. The γ+jet process was generated with MadGraph.

4.4.2 The di-electron background processes

The tt̄ background process

The tt̄ pair production process is an important background for the channel under study.
Figure 4.15 shows the Feynman graphs which contribute, at leading order, to the tt̄ pair
production. The process has been generated at leading order with the MadGraph simulation
program [37]. The cross section has been computed at next-to-leading order (NNL0) in [38]
and the found value is 157.5 pb. A K factor of 1.66 has been applied to the MadGraph cross
section in order to account for higher order contributions.

The single top tW background process

Single top in association with W boson, tW is produced at the LHC through gluon-b quark
fusion where the b quark originates from the proton sea, as shown in figure 4.16. The W
can decay into a eνe pair giving one real electron in the final state. The top quark decays
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Figure 4.15: The Feynman graphs which contribute, at leading order, to the tt̄ process.
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Figure 4.16: The Feynman graphs which contribute, at leading order, to the single top tW
process.

into a bW system (BR(t → bW ) ∼ 100%) where the W can also decay into a eνe pair. This
background process is thus characterised by the presence of two real electrons in the final
state. The tW process was generated with MC@NLO [39]; where no K factor is applied, the
cross section being 0.1853 pb.

The WW background process

The WW process with the two W decaying into a eνe pair is a possible background. The W
pair system can be produced from quarks or gluons in the initial state through qq̄ annihilation
or gluon fusion, as shown in figure 4.17. This process gives a contribution to the total
background since it gives two real electrons in the final state.

The WW process was generated with Pythia. The NLO cross section is 2.93 pb, where
no K factor was applied.

4.4.3 The γγ background process

The γγ process, where the two photons are misreconstructed as electrons, is another possible
background source. The corresponding diagrams are similar to those for WW production.
The γγ process was generated with Pythia and no K factor was applied.
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Figure 4.17: The Feynman graph which contributes, at leading order, to the WW pair
production process.

The list of Monte Carlo background samples is summarised in table 4.4 together with the
corresponding cross sections and the K factors, considering a 7 TeV centre of mass energy.

Sample Generator Kinematic cuts σ (pb) K factor
(in GeV, c=1)

QCD Pythia6 p̂t > 15 8.762 × 108 /
QCD Pythia6 p̂t > 30 6.041 × 107 /
QCD Pythia6 p̂t > 80 9.238 × 105 /
QCD Pythia6 p̂t > 170 2.547 × 104 /

W+Jets MadGraph inclusive 24170 1.30

tt̄ MadGraph inclusive 95 1.66

tW MC@NLO 0.1853 /
WW Pythia6 2.93 /

Table 4.4: List of Monte Carlo samples for the background processes. The cross sections and
the applied K factors are provided, considering a 7 TeV centre of mass energy.





Chapter 5

Analysis strategy for new physics
searches

The Standard Model processes contributing to the di-electron samples, mainly the Drell-Yan
process and several backgrounds, have been presented in chapter 4. In this chapter, the
strategy for the search for new physics on top of the Standard Model processes is presented.

This strategy has been developed by the HEEP (High Energy Electron Pair) group at
CERN. During the first years of data taking, characterized by a limited luminosity and a
detector not perfectly understood, the focus will be brought on a clean signal,s as for example
heavy resonances clearly identified as a peak in the e+e− invariant mass spectrum.

The main information and results presented in this chapter are derived from a study
performed using Monte Carlo simulation samples and assuming a centre of mass energy of
10 TeV.

First full study by the HEEP group has led to a CMS publication [40] using simulation
samples assuming

√
s = 14 TeV and an integrated luminosity of 100 pb−1.

The analysis has been updated for the 10 TeV case with an improved statistical analysis of
the signal significance and exclusion limits and a better understanding of the background con-
tributions. This work led to a CMS publication [41] and its corresponding internal note [42].

This chapter presents the HEEP analysis strategy and the first results that came out of the
study at 10 TeV and is organised as follows. The event selection is described in section 5.1,
the discovery and control regions are explained in section 5.2. Data driven methods are
introduced, to estimate selection efficiencies (section 5.3) and background contributions to
the e+e− invariant mass spectrum (section 5.4). The final e+e− invariant mass spectrum is
derived in section 5.5 together with a measurement of the Drell-Yan cross section, and the
discovery potential is given in section 5.6. Finally, a scaling of these results to a centre of
mass energy of 7 TeV is introduced in section 5.7.

It is stressed again that all results presented in this chapter are derived from Monte-Carlo
simulation (for data analysis, see chapters starting from chapter 7).

5.1 Strategy: event selection

5.1.1 The baseline event selection

The main interest is to test the Standard Model Drell-Yan process at high mass and search
for possible new resonant structures, in the di-electron channel, through the following process
pp→ (γ/Z/Z ′)XY → e+e−XY where XY are particles involved in the underlying event (see
section 2.4 for a definition of the underlying event).
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These processes are therefore characterized by the presence of two high energy electrons
and of the particles involved in the underlying event. In the CMS detector, the two electrons
will leave significant energy deposits in the ECAL. Thus, the final topology we are interested
in requires the presence of two high energy deposits in the ECAL.

In addition, background processes can contribute and alter the final di-electron mass
spectrum as detailed in section 4.4.

The consideration of all those arguments has lead to the design of a specific set of criteria
(high pt electron selection) which aims at separating as much as possible the process involving
two high energy, isolated electrons in the final state from the reducible background processes.
The detail of the high pt electron selection is given in chapter 6. The criteria can be divided
into three main categories.

• the track criteria: to distinguish between electron energy deposits and photon energy
deposits in the ECAL, the presence of a track in the tracker, associated in η and φ to
the energy deposit, is required; the photon being a neutral particle leaves no signal in
the tracker.

• the shower shape criteria: showers initiated in the ECAL by jets involved in the different
background processes are different from showers initiated by electromagnetic objects
(electrons or photons). These criteria mainly ensure that the showers in the ECAL
behave as expected for electrons.

• the isolation criteria: jets are objects that contain an important number of particles,
thus giving much activity in the tracker and/or in the ECAL/HCAL. These criteria
require that no activity in terms of tracks or energy deposits in the ECAL/HCAL
should be found around the electron.

The selection performance for events with a high energy electron pair is described by the
efficiency. Quantitatively, it is defined as the ratio of the number of selected signal events over
the number of produced signal events. Similarly, the rejection power is defined as the ratio
of the number of rejected background events over the total number of produced background
events. Another important figure is the purity, defined as the ratio of the number of signal
events over the total number of events in the final selected sample. The goal of the HEEP
criteria is thus to ensure a very high efficiency while minimising the background contribution
as much as possible.

5.2 Discovery and control regions

The HEEP strategy consists in exploiting the different regions of the di-electron mass spec-
trum to: search for a new heavy resonance, extract essential information such as selection
efficiency and background rates, and finally check the detector response and the reconstruc-
tion procedures. Consequently, three regions are defined in the di-electron invariant mass
spectrum:

• The Z peak region: this region provides a large amount of data with very little back-
ground. It will be used to extract efficiency information from data using the ”tag-and-
probe” method described in section 5.3 and in [43]. This region will also be used for
normalization, the computed differential cross sections will be normalized to the cross
section at the Z peak. This region contains however essentially low Et electrons.



5.3. EFFICIENCY EXTRACTION FROM DATA 63

• The high mass region (120 GeV/c2< M < 600 GeV/c2): this region will be used as a
control region. The Drell-Yan differential cross section will be computed and compared
to the Standard Model theoretical expectation, the recent results from the Tevatron
having shown no sign of new physics in this region. The consistency will prove that the
detector response and the reconstruction procedures are under control.

• The discovery region (M > 600 GeV/c2): this region will be devoted to the direct
search for new heavy resonances decaying into an electron pair.

To summarize, the key aspects of the proposed strategy are the search for new heavy
resonant structures in the di-electron channel and the determination of the Drell-Yan differ-
ential cross section in the mass region 120 GeV/c2< M < 600 GeV/c2, normalized to the Z
peak cross section.

It is worth noting, however, that the background contributions are expected to be dif-
ferent, depending on the considered invariant mass region. Indeed, in the discovery region,
the main expected background is the Drell-Yan irreducible background. In the high mass
region, however, where the Drell-Yan differential cross section will be computed, the latter
is not considered anymore as a background process but as a ”signal” process. The differ-
ent background contributions to this ”signal” in the high mass region are all the reducible
backgrounds mentioned in chapter 4.

In a first part, the methods to extract, directly from data, the selection efficiency of di-
electron events, will be presented. In a second part, the methods to estimate from data the
different backgrounds will be described. The third part will present the final di-electron mass
spectrum and the procedure to compute the Drell-Yan cross section. Eventually, the fourth
part introduces the procedure devoted to the search of resonant structures in the di-electron
channel. The significance estimation will be presented as well as the procedure to put upper
limits in case no signal is observed.

5.3 Efficiency extraction from data

The efficiencies are measured directly from data using the ”tag-and-probe” method described
in [43]. This procedure selects events with a pair of electron candidates. Electron candidates
are objects which, in addition to satisfying the electron trigger (section 3.7.3), have fulfilled
a preliminary set of additional loose criteria (section 6.2). Stringent selection criteria are
applied on one of the electron candidates, the ”tag”; the other candidate, the ”probe”, has
to pass looser selection criteria. Since electrons are produced in pairs in the samples relevant
for this study, this procedure ensures a high purity electron sample. The efficiency ε for an
electron to pass a given set of cuts is then computed as the fraction of probes which satisfy
this set of cuts. In this analysis, the ”tag” is required to pass the full selection criteria while
the ”probe” is required to be an electron candidate.

The electron reconstruction and identification efficiencies are factorized as the product of
two contributions, corresponding to the main steps of the selection: ε = εcand × εsel, where
εcand is the efficiency for an ECAL cluster to become an electron candidate while εsel is the
efficiency for an electron candidate to pass the full selection criteria.

Two regions in the electron pair mass spectrum have been defined in order to extract the
efficiencies: the Z peak and the high mass region (200 GeV/c2< M < 600 GeV/c2).
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5.3.1 Efficiency measurement at the Z peak

The Z peak provides a region with abundant data and very little background. The tag-and-
probe pair invariant mass is required to be in the range 81 GeV/c2< Mee < 101 GeV/c2.
This ensures a high purity electron sample. Note that if both electron candidates pass the
”tag” cuts, the pair is considered twice.

Table 5.1 gives the efficiencies of the HEEP selection criteria applied on electron candi-
dates from Drell-Yan events and the corresponding rejection powers for jet background events
containing an electron candidate, separately in the barrel and in the endcaps.

Barrel Endcaps
Z → e+e− jet bg Z → e+e− jet bg

efficiencies 93.89 ± 0.13% – 94.29 ± 0.23% –
rejection powers – 99.82 ± 0.13% – 98.38 ± 0.44%

Table 5.1: Efficiencies of the high pt electron selection (εsel) criteria, applied to electron can-
didates, for Drell-Yan events, and corresponding rejection powers for jet background events
containing an electron candidate, from simulated samples at

√
s = 10 TeV, supposing an

integrated luminosity of 100 pb−1 [42].

The statistical error comes from the efficiency measurement using data for 100 pb−1, as
given in table 5.1, it is small compared to the systematic error. For the systematic error,
a conservative 50% uncertainty is applied to the estimated number of background events.
The uncertainties on the scale factor are ±0.1% (stat.) ±1.7% (syst.) for the barrel and
±0.2% (stat.) ±3.8% (syst.) for the endcap regions. The reliability of the Monte Carlo
simulation is estimated quantitatively by comparing the efficiencies obtained by the ”tag-
and-probe” method, when applied both to data and to Monte Carlo samples. The ratio of
these efficiencies is defined as the ”scaling factor”.

5.3.2 Efficiency measurement in the high mass region

The efficiency will also be extracted using the ”tag-and-probe” method in the high mass region
(120 GeV/c2< M < 600 GeV/c2). In this region, however, the background is expected to
be more important than in the Z peak region. More stringent conditions have therefore been
imposed on the events in order to reduce the background contaminations. Both electrons are
asked to have a transverse energy higher than 50 GeV/c (Et > 50 GeV/c) and be produced
back to back (|∆φ| > 2.6) and the ratio of their transverse momenta be comprised between
0.75 and 1.33. In addition, the tag electron is required to have an HCAL energy deposit
smaller than 2 GeV.

It was checked [40] that the efficiency εcand can be measured from the data with a system-
atic uncertainty of about 5%, by varying by a factor 2 the contribution of the background,
consisting mainly in W+jet events. The results, taken from Monte Carlo simulation, are of
96 ± 1% in the barrel and 94 ± 1% in the endcaps.

The efficiency εsel for the HEEP selection criteria is measured to be 0.95 ± 0.01 (stat.)
±0.05 (syst.). The background, dominated by the W+jet channel, is measured from the
events where the two electron candidates have the same charge; the small charge mis-
measurement in the Drell-Yan signal (∼5%) and the charge correlation between the quark
and the lepton in the W+jet events are taken into account. The systematic error is obtained
by varying by factors 2 and 0.5 the background contribution from the W+jet process (charge
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correlation of 1.4) and the QCD contribution (charge correlation of 1.0).

However, during the first phase of data taking, the amount of data available might not
be sufficient to provide an efficiency measurement using the ”tag-and-probe” method with
reasonable uncertainties. In this case, the idea would be to use the efficiency measurement
extracted at the Z peak — where high statistics are available — using the ”tag-and-probe”
method and to extrapolate this measurement to the high mass region using the efficiency
dependency in Et determined from Monte Carlo simulation studies. The Z peak and high
mass regions offer the possibility to test this extrapolation method. Indeed, the efficiency
estimation from the tag-and-probe method in the high mass region can be cross-checked with
the estimation provided by the extrapolation from the Z peak to higher masses.

5.4 Background estimates using data

The HEEP selection aims at rejecting as much background as possible while keeping as much
signal as possible. Some sources of background may remain after this selection. They mainly
come from the ”jet background” where one jet (W+jet) or two jets (QCD jets) fake electrons
and also from the tt̄ processes giving two real isolated electrons in the final state. It is
important to estimate these backgrounds directly from data in startup conditions. Several
methods have been developed to estimate these remaining sources of background.

5.4.1 Measurement of the di-electron background with the eµ method

The eµ method [44] has been designed to estimate the di-electron background coming from
the tt̄, Z → ττ , WW → ll and tW → ll processes. In all these background processes,
two particles decay independently into a final state lepton, which leads to a pair of leptons
with either the same flavour or with different flavours. The contribution of the di-electron
backgrounds to the e+e− spectrum is thus obtained in the data by counting the number of
events where the two decays lead to different lepton flavours, e and µ. The number of selected
eµ events Neµ should be twice that of the ee background.

An estimation of the di-electron background is thus possible through a measurement of
Neµ. The muon selection is performed using the standard muon selection criteria with an
additional requirement on the tracker isolation.

One has however to take into account the acceptances which are different for electrons
and muons as well as the selection efficiencies. In addition, there is a possible contamination
coming from the W+jets events. Eventually, the following formula, summarising all these
corrections, is used:

N est
ee =

Ntt̄→ee

Ntt̄→eµ
· ( 1

1 +
NWj→eµ

Ntt̄→eµ

) ·N obs
eµ (5.1)

N est
ee =

1

2
Nobs
eµ · A

1 +R′ (5.2)

where A denotes the ratio of the acceptances times selection efficiencies for the ee and eµ
channels, and R denotes the fractional contamination of the eµ sample from W+jets events.

Table 5.2 gives the number of selected genuine eµ events from the tt̄, Z → ττ , WW → ll
and tW → ll processes. In addition a possible contamination comes from the W+jets process
where the muon comes from the W decay and the jet fakes an electron or vice-versa. Also
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Process number of eµ events

tt̄ 486.6
Z → ττ 113.1
WW 60.3
tW 36.0

total di-electron background 696.0 ± 26.4

W+jets 237.1
Z → µµ 30.6

total contamination 267.7 ± 16.3

Table 5.2: Numbers of events with one electron passing the HEEP criteria and one muon
passing the muon selection and isolation criteria, with Meµ > 40 GeV/c2, both leptons having
Et > 25 GeV and the electron being outside a cone of radius ∆R = 0.1 around the muon
direction, for an integrated luminosity of 100 pb−1, at

√
s = 10 TeV [42].

another possible contamination comes from the Z → µµ where one of the muons emits
a Bremsstrahlung photon in the ECAL which is reconstructed as an electron. The total
contamination, which is of the order of 30%, is corrected using Monte Carlo simulations.

Figure 5.1 presents an estimation of the sum of the di-electron backgrounds to the Drell-
Yan spectrum computed with the eµ method, for events selected using the HEEP selection
with 40 < M < 800 GeV/c2. Each electron is required to have a transverse energy higher
than 25 GeV. The statistics are scaled to an integrated luminosity of 100 pb−1. The different
di-electron backgrounds determined from Monte Carlo simulations are also shown for com-
parison. The agreement is good. The main uncertainty in the background extraction from
the eµ method is in the correction for the contamination of dilepton events due to the W+jet
and Z → µµ processes. A systematic error corresponding to ± 100% of this correction is
applied to the eµ method, to account for the imperfect knowledge of the contamination.

A method, the ”b-tag” method, has also been designed specifically to measure the tt̄
background as explained in ref. [44], thus allowing for cross-check.

5.4.2 Measurement of the jet background with the ”fake rate” method

The ”fake rate” method allows to estimate the number of jet background events in which at
least one jet fakes an electron. This background contains the QCD multijet process where
two jets pass the HEEP selection criteria (events with two fake electrons), the W+jet process
(events with a real electron from the W decay and a fake electron) and the γ+jet process
(events with a photon reconstructed as an electron and a fake electron). The principle of
the method is to determine the probability for a jet to fake an electron. This probability is
determined in several bins in Et, given the Et dependency, and separately in the barrel and
in the endcaps. However, the energy of a jet reconstructed as an electron is different than the
energy of this jet reconstructed as a jet. Energy correction factors have thus to be applied in
order to account for these differences.

First, a sample is constructed which contains, for each event, an object passing the full
HEEP selection. In addition, it is required that no other object in the event fulfills the
electron candidate requirements. This criterion gets rid of the contamination coming from
the process Z → e+e−. Similarly, the contamination coming from the process W → eν
is suppressed asking the object that passes the HEEP selection to be back to back in the
transverse plane with another jet in the event (|∆φ − π| ≤ 30̊). The probability is then
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Figure 5.1: (a) Estimation of the sum of the di-electron backgrounds to the e+e− Drell-Yan
spectrum, computed from the eµ method, for events selected using the HEEP criteria, with
40 < M < 800 GeV/c2and each electron with Et > 25 GeV [42].

obtained dividing the Et spectrum of jets faking electrons by the Et spectrum of all jets.
Once this probability is determined, a second jet sample is constructed asking, for each

event, an object that satisfies the HEEP selection criteria, an additional jet and no other
object passing the loose electron criteria. The electron-jet invariant mass spectrum of such
events is then weighted by the ”fake rate” for the second jet and energy correction factors
are applied. This finally provides an estimate of the jet background spectrum.

Figures 5.2 (a) and (b) present the number of di-jet events estimated by the fake-rate
method, in the barrel (a) and in the endcaps (b), as a function of the mass. Comparisons with
the expectation extracted directly from the Monte Carlo simulation show good agreement.
For this comparison, only the H/E, |∆ηin| and |∆φin| criteria were used to select the fake
electrons in order to have enough events for the comparison. The statistics are scaled to 100
pb−1.

5.5 Final di-electron mass spectrum

In order to show that the detector performance and particle reconstruction are understood,
the di-electron mass spectrum is studied, from the Z boson peak up to high masses.

Figure 5.3 presents an example of the mass distribution of di-electron events passing
the HEEP selection cuts, with electron Et > 25 GeV, to be expected in the data for an
integrated luminosity of 100 pb−1. The spectrum is obtained from a randomly chosen pseudo-
experiment which includes the contributions of the Drell-Yan process and of a Z ′ boson of
mass 1 TeV/c2 and with a natural width of 30 GeV. It also includes contributions from the
various backgrounds discussed in the introduction: the γγ background, the jet backgrounds
(QCD multi-jet, W+jet and photon+jets), and the di-electron backgrounds (tt̄, tW , WW
and Z → ττ). The expected spectrum of these backgrounds, corresponding to large statistics
samples scaled to 100 pb−1, are shown on the plots.



68 CHAPTER 5. ANALYSIS STRATEGY FOR NEW PHYSICS SEARCHES

)2 (GeV/ceeM
0 500 1000 1500 2000

2
N

b
 e

ve
n

ts
 / 

80
 G

eV
/c

-210

-110

1

10

210

310

410

MC truth

estimate from fake rate

-1 L dt = 100 pb∫10 TeV, MC scaled to 

Barrel-Barrel

)2 (GeV/ceeM
0 500 1000 1500 2000

2
N

b
 e

ve
n

ts
 / 

80
 G

eV
/c

-310

-210

-110

1

10

210

310

410
MC truth

estimate from fake rate

-1 L dt = 100 pb∫10 TeV, MC scaled to 

Barrel-Endcap

(a) (b)

Figure 5.2: Number of di-jet background events estimated by the fake rate method in the
barrel (a) and the endcaps (b), compared to the expectation extracted directly from the
Monte Carlo simulation, for a loose electron selection (see text), for an integrated luminosity
of 100 pb−1 [42].

The “data” of the pseudo-experiment and the sum of the Monte Carlo simulations are
normalised using the number of events in the Z peak region (60 ≤ Mee ≤ 120 GeV/c2). As
expected, the data in the pseudo-experiment follow well the “true” total spectrum. In the
high mass range, 160 ≤ Mee ≤ 560 GeV/c2, the agreement in shape between measurement
and expectation is quantified by a χ2 fit in 5 bins in mass, giving a probability of 63.3%.
The few events in excess at 1 TeV/c2 over negligible background indicate the presence of the
Z ′ boson. As said in section 3.3.4, the ECAL energy resolution for high energy electrons is
excellent. Alignment and calibration issues can however alter this resolution. In the scenario
of perfect alignment and calibration, the invariant mass resolution is dominated by the energy
resolution on the electron pair and is thus excellent: 0.6%.

5.5.1 Drell-Yan cross section measurement

As mentioned in section 5.2, the measurement of the Drell-Yan cross section is a key aspect
of the HEEP strategy. In the high mass tail (120 < M < 600 GeV/c2 ), it will allow to prove
that the detector and reconstruction procedures are well under control, comparing the results
from the cross section measurement with the expectations from the Standard Model.

In a practical manner, the cross section is extracted from the final selected sample, using
the following formula:

σ(DY ) =
N −Nbg

A · ε · L (5.3)

where N is the number of selected events, Nbg the number of background events in the
final sample, A the acceptance, ε the high pt electron selection efficiency and L the integrated
luminosity.

As presented in sections 5.3 and 5.4 respectively, methods to estimate the high pt electron
selection efficiency ε and the number of background events Nbg are well defined and have
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Figure 5.3: Di-Electron invariant mass spectrum for a 100 pb−1 pseudo-experiment including
a 1 TeV/c2 Z ′ signal, compared to the expected signal and SM spectrum for the Drell-Yan
process and the jet, di-electron and γγ backgrounds, for which the samples are scaled to
correspond to an integrated luminosity of 100 pb−1 [42].

proven to work well. Based on these methods, it is possible to establish the Drell-Yan
invariant mass spectrum together with the contributions from the different backgrounds.
Figure 5.4(a) shows the di-electron mass spectrum, in the high mass region (120 < M < 600
GeV/c2), containing the contributions from the Drell-Yan process and the di-electron, jet and
γγ background processes. The electrons are required to pass the full set of high pt electron
criteria and have a transverse energy above 50 GeV. The samples are scaled to correspond
to an integrated luminosity of 100 pb−1.

A pseudo experiment is performed in this mass region, containing the Drell-Yan process
and the various backgrounds already mentioned. The total number of events in this pseudo
experiment is 501. The contribution from the di-electron background is estimated to be
54.1±4.3(stat)±8.5(syst), using the eµ method. The systematic error comes from the sub-
traction of the non-genuine dilepton contamination in the eµ sample (section 5.4.1) which
is estimated to be 16%. The contribution from the jet background, using the ”fake-rate”
method (section 5.4.2), is estimated to be 4.5 events with a systematic error of 50%.

Figure 5.4(b) shows the background subtracted di-electron mass spectrum obtained from
a pseudo-experiment containing the Drell-Yan process together with the various background
contributions mentioned in the previous section. The Monte Carlo prediction for the Drell-
Yan process, for a pseudo-experiment corresponding to an integrated luminosity of 100 pb−1,
is shown for comparison. The agreement in shape and normalisation is good. The probability
of a χ2 test between measurement and Monte Carlo prediction, when the pseudo-data are
distributed in 7 bins in invariant mass, is 67%.

The measured cross section is 15.92±0.89(stat)+1.21
−0.90 × 103 fb, using the high pt electron

selection efficiency determined in section 5.3 and the estimated number of background events
determined above. This measurement is in agreement with the Standard Model NLO cross
section which is 12.20 ×103 × 1.35 (K factor) = 16.47 ×103 fb at 10 TeV.



70 CHAPTER 5. ANALYSIS STRATEGY FOR NEW PHYSICS SEARCHES

)2 (GeV/ceeM
150 200 250 300 350 400 450 500 550 600

2
N

b
 e

ve
n

ts
 / 

40
 G

eV
/c

1

10

210

)2 (GeV/ceeM
150 200 250 300 350 400 450 500 550 600

2
N

b
 e

ve
n

ts
 / 

40
 G

eV
/c

1

10

210

Drell-Yan
tt

µµZ
ττZ

tW
WW
jet background

γγ

-1 L dt = 100 pb∫10 TeV, MC scaled to 

CMS preliminary

)2 (GeV/ceeM
150 200 250 300 350 400 450 500 550 600

2
N

b
 e

ve
n

ts
 / 

40
 G

eV
/c

1

10

210

)2 (GeV/ceeM
150 200 250 300 350 400 450 500 550 600

2
N

b
 e

ve
n

ts
 / 

40
 G

eV
/c

1

10

210

Drell-Yan, data 

Drell-Yan, MC

-1 L dt = 100 pb∫10 TeV, pseudo-experiment 

CMS preliminary

(a) (b)

Figure 5.4: (a) Expected di-electron mass spectrum for events passing the high pt electron se-
lection cuts with electron Et > 50 GeV, containing the contributions of the Drell Yan process
and the various di-electron, jet and γγ backgrounds. The samples are scaled to correspond
to an integrated luminosity of 100 pb−1; (b) measured Drell-Yan spectrum obtained from a
pseudo-experiment (for a luminosity of 100 pb−1) containing the Drell-Yan signal and the
di-electron and jet backgrounds, after background subtraction; the superimposed histogram
is the prediction for a pure SM pseudo-experiment [42].

5.6 The search for resonant structures in the di-electron chan-

nel

As explained in section 5.2, the search for resonant structures [42] in the di-electron channel
will be carried out in the region with invariant mass above 600 GeV/c2. The same selection
(high pt electron selection) will be applied in the Z peak, high mass and discovery regions.
The selection efficiency for the discovery region will be determined from a Monte Carlo
value scaled and extrapolated as explained in section 5.3.2. The reducible backgrounds are
neglected in this region, the only background considered comes from the Drell-Yan process.
Thus, the final di-electron sample is assumed to contain the contribution from the Drell-Yan
process together with a possible signal. In all this section, the background refers to the Drell-
Yan background process whereas the signal refers to any possible heavy resonant structure
in the di-electron channel (Z ′ or graviton).

5.6.1 The 5σ discovery reach

The identification of new resonant structures goes through an unbinned likelihood fit to the
e+e− invariant mass spectrum over a range which includes the Drell-Yan spectrum as well as a
possible signal. To show that this excess of events is not due to a fluctuation of the Drell-Yan
background, a significance estimator is used which is defined as the likelihood ratio:

S =
√

2 ln(LS+B/LB), (5.4)

where LS+B is the likelihood obtained from the fit to the background and signal and LB the
likelihood obtained from the fit to the background only. To claim a discovery, the S > 5
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condition is required, corresponding to a 5 σ probability with a gaussian distribution.

The functions used to describe the shape of the signal and the background are the follow-
ing. The signal is modeled as a ”Breit-Wigner” function with mass and width fixed to the
model parameters convoluted with a gaussian of width corresponding to the mass resolution.
The background (Drell-Yan process) is described by an exponential function multiplied by a
power law, as obtained from a simulation of large Drell-Yan event samples.

Fig. 5.5 shows the integrated luminosity needed to reach the necessary significance as a
function of the invariant mass. One sees that, at 10 TeV and with an integrated luminosity
of 100 pb−1, CMS has a 5σ discovery potential for Z ′

SSM bosons with mass up to 1370
GeV/c2 and for Randall-Sundrum gravitons with mass up to 1310 GeV/c2 for a coupling
parameter c =0.1. These numbers supersede the recent Tevatron results. .
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Figure 5.5: Integrated luminosity needed to reach 5σ significance, as a function of mass, for
SSM Z ′ bosons and for RS gravitons with coupling c = 0.1 and c = 0.01. The three nearly
indistinguishable lines for the RS gravitons with c = 0.1 and c = 0.01 are for an additional
variation by ±35% of the prediction of the Drell-Yan background [42].

5.6.2 The exclusion limits in the absence of signal

In case no signal is observed, exclusion limits have to be put. The method consists in
determining, given the presence of a known background, how many events have to be added
to reach a certain confidence level. A given number of pseudo-experiments is generated
containing a mixture of the Drell-Yan background expected at 100 pb−1 and a number of λS
signal events where λS follows a Poisson distribution. For each value of λS , the significance
is computed as well as the significance for the background-only pseudo-experiments. A given
number of λS signal events is excluded at 95 % if less than 5 % of the pseudo-experiments
containing these λS signal events give a significance larger than the significance extracted
from the background-only hypothesis. Pseudo-experiments are repeated with various values
of λS , giving a set of points which is then fitted with an exponential. From the fit, one can
determine the value of λS which corresponds to 5 % of the pseudo-experiments having a larger
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significance when fitted with signal than when fitted with background only. For an integrated
luminosity of 100 pb−1 and a centre-of-mass energy of 10 TeV the expected exclusion limit
is found to be 2.4 for a Z ′

SSM of mass 1 TeV/c2. This procedure is repeated for different
assumptions on the resonance mass, to extract the 95 % exclusion limit as a function of the
mass.

The limit on the number of observed events can be turned into a limit on a production
cross section using the following equation:

N limit
Z′ = σlimitZ′ · εtotZ′ · L, (5.5)

where N limit
Z′ is the limit on the observed decays as described above, σ limitZ′ is the correspond-

ing resonance production cross section, including the branching fraction to electrons, εtotZ′ is
the total selection efficiency, including acceptance effects, and L is the integrated luminosity.

This limit on the production cross section can also be normalized to the cross section of
Z bosons production defined in the mass window 60 ≤Mee ≤ 120 GeV/c2, which eliminates
the uncertainty on the luminosity measurement, using the following formula:

σlimitZ′

σZ
=

N limit
Z′

Nobserved
Z

· ε
tot
Z

εtotZ′

. (5.6)

The normalized limit on the production cross section as a function of mass is shown in
figure 5.6 for a Z ′

SSM boson and for Randall-Sundrum gravitons with coupling parameters
c =0.1 and 0.05. A model can be excluded in the mass range where the limit line lies below
the cross section.

In the absence of signal, with an integrated luminosity of 100 pb−1 and with a centre-
of-mass energy of 10 TeV, CMS can put lower limits at 1.7 TeV/c2 for a Z ′

SSM boson, 1.25
TeV/c2 and 1.55 TeV/c2 for Randall-Sundrum gravitons with a coupling parameter c =0.05
and c =0.1 respectively. Once again, these results are well above the results reached at the
Tevatron.

5.7 Scaling to
√

s = 7 TeV

The eventually chosen operating centre of mass energy for proton-proton interactions at the
LHC is 7 TeV, for at least a two year data-taking period. Since the cross section decreases with
the centre of mass energy, the discovery potential needed to be re-evaluated. The procedure
was based on the evaluation of the cross section ratios at 10 TeV and 7 TeV [45]. The cross
sections times the e+e− branching ratio were computed, from Monte-Carlo simulation, for
the Drell-Yan process with several mass thresholds, for Z ′

SSM and Z ′
ψ at several masses and

finally for Randall-Sundrum gravitons at several masses with coupling c = k/MP l = 0.1.
The results are listed in table 5.3 which shows the cross section times the e+e− branching
ratio in mb for all processes mentioned above, at 14 TeV, 10 TeV and 7 TeV. The Drell-Yan
cross sections are computed at leading order. No interference (γ/Z/Z ′) is included in the
simulation for the Z ′

SSM and Z ′
ψ processes.

The discovery potential, i.e. the 5σ discovery reach and the exclusion limits in case
no signal is observed, are then re-evaluated based on the scaling of the discovery potential
presented previously at 10 TeV, taking into account the cross section ratios presented in
table 5.3.

The 5σ discovery reach is presented in figure 5.7(a) which shows the integrated luminosity
needed to reach a 5σ discovery as a function of the mass. At 7 TeV and with an integrated
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Figure 5.6: Expected 95% CL exclusion limits on the cross section of resonance production,
normalised to the Z cross section, as a function of the resonance mass for the same three
models; the grey band shows the effect of the variation by ±10% of the high mass selection
efficiency [42].

luminosity of 500 pb−1, CMS has a 5σ discovery potential for Z ′
SSM bosons with mass up to

1.5 TeV/c2 and for Randall-Sundrum gravitons with mass up to 1.3 TeV/c2 for a coupling
parameter c = 0.1.

The exclusion limits are summarized in figure 5.7(b) which presents the normalized limit
on the production cross section as a function of mass. In this case an integrated luminosity of
500 pb−1 is considered. One sees that with 500 pb−1, at 7 TeV centre of mass energy, CMS
can put a lower mass limit at 1.7 TeV/c2 for a Z ′

SSM , 1.2 and 1.5 TeV/c2 for Randall-Sundrum
gravitons with a coupling parameter c = 0.05 and c = 0.1 respectively.
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Figure 5.7: (a) Integrated luminosity needed to reach a 5σ significance, as a function of the
mass for SSM Z ′ bosons and for RS gravitons with coupling c = 0.1 and c = 0.01. The
three nearly indistinguishable lines for the RS gravitons with c = 0.1 and c = 0.01 are for an
additional variation by ±35% of the prediction of the Drell-Yan background. (b) Expected
95% CL exclusion limits on the cross section of resonance production, normalised to the Z
cross section, as a function of the resonance mass for the same three models; the grey band
shows the effect of the variation by ±10% of the high mass selection efficiency.
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Model and resonance mass (GeV) σ · BR (in mb)√
s = 14 TeV

√
s = 10 TeV

√
s = 7 TeV

SSM Z ′ M=750 1.397·10−9 7.609·10−10 3.587·10−10

SSM Z ′ M=1000 4.513·10−10 2.200·10−10 8.823·10−11

SSM Z ′ M=1500 8.028·10−11 3.244·10−11 9.593·10−12

SSM Z ′ M=2000 2.169·10−11 7.326·10−12 1.627·10−12

Psi Z ′ M=750 4.172·10−10 2.245·10−10 1.078·10−10

Psi Z ′ M=1000 1.349·10−10 6.526·10−11 2.591·10−11

Psi Z ′ M=1500 2.378·10−11 9.464·10−12 2.623·10−12

Psi Z ′ M=2000 6.253·10−12 2.024·10−12 3.889·10−13

RS Grav. M=750 c=0.1 2.752·10−9 1.060·10−9 3.384·10−10

RS Grav. M=1000 c=0.1 6.422·10−10 2.139·10−10 5.787·10−11

RS Grav. M=1500 c=0.1 7.038·10−11 2.011·10−11 4.018·10−12

RS Grav. M=2000 c=0.1 1.285·10−11 2.982·10−12 4.221·10−13

DY M>40 1.826·10−6 1.231·10−6 8.043·10−7

DY M>120 1.917·10−8 1.256·10−8 7.872·10−9

DY M>200 2.590·10−9 1.613·10−9 9.581·10−10

DY M>500 1.002·10−10 5.511·10−11 2.660·10−11

DY M>1000 6.434·10−12 2.839·10−12 9.617·10−13

Table 5.3: Cross sections (at LO) times e+e− decay branching ratio for several SSM Z ′ bosons
and RS extra-dimension gravitons G with coupling c = 0.1, and for Drell-Yan production with
M > 40, 120, 200, 500 and 1000 GeV/c2, at the LHC centre of mass energy of 14, 10 and 7
TeV.





Chapter 6

The electron reconstruction and
identification

In the study of the di-electron invariant mass spectrum at high energy, the HPTE (high pt
electron) selection is a key aspect of the analysis.

As a short reminder, the signal process is the following qq̄ → (γ/Z/Z ′) → e+e−. It is
thus characterised by the presence of two high energy electrons in the final state, leaving
therefore a clear signature in the detector (electromagnetic calorimeter + tracking detector).
The background processes can alter the final di-electron invariant mass spectrum. Their
contribution can be minimised by requiring specific criteria.

This chapter describes the HPTE selection and is organised as follows: the reconstruction
of the electron energy deposit in the ECAL, through the clustering algorithm, is described
in section 6.1. The electron reconstruction, through the GSF algorithm, is then described
in section 6.2 and the efficiencies are given. The electron identification and isolation are
discussed in section 6.3.

Throughout this chapter, the Monte Carlo samples used for the analysis correspond to a
set of three Drell-Yan samples with masses generated above 40 GeV/c2, 120 GeV/c2 and 200
GeV/c2 (as used in chapter 4, see section 4.2), assuming a centre of mass energy of 7 TeV,
with a total statistics of 290 000 events. The simulation was performed with misalignment
and miscalibration conditions similar to those expected during the first phase of data-taking.

6.1 Electron energy and position estimates from the ECAL:
the supercluster

The subdetector designed to measure the energy and position of high energy electrons is the
electromagnetic calorimeter, with excellent resolution at high energy (σE/E ∼ 0.6%). The
principle of electron and photon detection in the ECAL has been described in section 3.3.
Electron/photon showers deposit their energy in several crystals. A dedicated algorithm [46]
has been implemented to measure the direction and the energy of electrons, based on the
collected energies and positions of the individual crystals. This algorithm is different in the
barrel and the endcaps due to the difference in geometric arrangement of the crystals.

77
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6.1.1 The superclustering algorithm: description

The ”hybrid” algorithm in the barrel

In the barrel part with an η—φ geometry, the hybrid algorithm is used. It starts looking for
”seed” crystals which are local energy maxima with transverse energy above a given threshold
Et,hybseed. Crystal dominoes aligned in η with the seed crystal are then formed, containing 3
or 5 crystals depending on the seed crystal energy (Ewing is the threshold for 5 crystals). This
domino-making procedure is repeated, in each direction, along the φ direction, for all crystals
aligned in η with the original seed crystal, with a maximum of Ncrys crystals. Only dominoes
with energy above a given threshold Ethresh are kept. The dominoes are then clustered in φ
and each distinct cluster of dominoes is required to have a seed domino with energy above a
given threshold Eseed.

The clusters of dominoes, also called clusters, are gathered together to form what is called
a supercluster. The total energy of the supercluster is computed from the sum of the energies
of the individual crystals accounted in the supercluster and the position is computed as the
barycenter of the individual crystals where the weights are the relative energy contributions
of each crystal to the total energy.

The domino construction step is illustrated in figure 6.1 and the parameters introduced
for the hybrid algorithm are listed in table 6.1.

Figure 6.1: Domino construction step of ”hybrid” algorithm.

Parameter Value

Et,hybseed 1 GeV
Ewing 0 GeV
Ncrys 17 crystals
Ethresh 0.1 GeV
Eseed 0.35 GeV

Table 6.1: Parameter values used in the clustering steps of the ”hybrid” algorithm.
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The ”Multi5x5” algorithm in the endcaps

The endcap part makes use of the ”Multi5x5” algorithm. Based on the individual crystal
energies, the algorithm aims to build fixed size clusters of 5x5 crystal arrays. Note that the
crystals in the endcaps have a larger size compared to the barrel ones. The basic clusters are
then clustered into higher level objects: the superclusters.

The algorithm starts with local energy maxima crystals with transverse energy above a
given threshold Et,seed called seeds. Starting with the highest energy crystal seed, a 5x5
crystal cluster is made around the seed.

The algorithm then combines those basic clusters into superclusters. Energy deposits from
Bremsstrahlung photons are most likely to be spread in φ direction. The procedure starts
with a list of basic cluster seeds, i.e. clusters with transverse energy above a given threshold
Et,seed,BC . These basic clusters are then added to the supercluster if they are aligned in η
and φ with the seed cluster within a ∆η—∆φ window.

The parameters for the ”Multi5x5” algorithm are listed in table 6.2.

Parameter Value

Et,seed 0.18 GeV
Et,seed,BC 1 GeV

∆η 0.14 rad
∆φ 0.6

Table 6.2: Parameter values used in the clustering steps of the ”Multi5x5” algorithm.

The final object built by the clustering algorithm, in the barrel or in the endcaps, a su-
percluster, provides energy and position estimates of the electron. Note, however, that the
supercluster position is computed with respect to the nominal point with coordinates (0,0,0),
assuming that the electrons were emitted from this nominal point. The primary vertex is
however not always located at the nominal point and its position can thus bias the pseudo-
rapidity estimate of the supercluster1.

To study the superclustering algorithm performance (resolution and efficiency), Drell-Yan
simulation samples are used and a matching in ∆R is made between the generated electron
direction (ηele,φele) and the supercluster position (ηSC ,φSC) as determined by the barycenter
(a cut of ∆R < 0.2 is used):

(∆R)2 = (∆η)2 + (∆φ)2 = (ηele − ηSC)2 + (φele − φSC)2 (6.1)

6.1.2 Superclustering algorithm in pseudorapidity, azimuthal angle and
energy

Figures 6.2 present the difference between the generated pseudorapidity and the pseudora-
pidity estimate from the supercluster (a) and the difference between the generated azimuthal
angle and the azimuthal angle estimate from the supercluster (b), separately for superclusters
associated to electrons and positrons. The RMS values of these different distributions are of
the order of 0.019 and 0.02 rad respectively, both for superclusters associated to electrons and
positrons. The distributions of the azimuthal angle difference φgen − φSC for superclusters

1The supercluster pseudorapidity can be corrected with respect to the primary vertex position if the latter
is known. This new estimate, when used, will be referred as the corrected supercluster pseudorapidity.
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associated to electrons and positrons peak at opposite values. This is due to the bending of
the electron trajectory in the magnetic field.

Figures 6.2 present the generated pseudorapidity as a function of the supercluster pseu-
dorapidity (c) and the generated azimuthal angle as a function of the supercluster azimuthal
angle (d) for superclusters associated to electrons and positrons. The difference between
the supercluster azimuthal angle and the generated azimuthal angle does not depend on the
generated azimuthal angle. The difference between the supercluster pseudorapidity and the
generated pseudorapidity is a bit larger for central pseudorapidities.

The resolution is better in pseudorapidity compared to azimuthal angle. This is due
to photons created by Bremsstrahlung processes initiated by electrons propagating through
the tracker. The energy deposits from these photons in the ECAL can sometimes not be
gathered in the main supercluster from the electron but form their own single supercluster.
Such effects have an impact on the energy resolution since energy of such Bremsstrahlung
photon superclusters is not considered in the electron energy estimate. This is visible in
Figure 6.2(e) which presents the ratio of the supercluster energy estimate over the generated
corresponding electron energy for electrons (black) and positrons (red). A clear tail at low
ratios is visible, corresponding to Bremsstrahlung photon energies being uncollected during
the clustering process. Both distributions peak closely around 1 and in average, 94% of the
initial electron energy is comprised in the supercluster energy. No significant difference is
observed between electrons and positrons.

The electrons are, however, not always reconstructed as superclusters in the electro-
magnetic calorimeter, as the latter acceptance is limited to pseudorapidities smaller than 3.
Another effect is present at pseudorapidities around ±1.5 corresponding to the ECAL gap
regions between the barrel and the endcaps. These regions are specific as the clustering algo-
rithm is problematic here. Electrons emitted in these regions are excluded from the analysis.
The gap region is defined in a conservative way as the pseudorapidity interval (1.442 < |η| <
1.56).

As the HEEP group is mainly interested in high energy electrons, a preselection cut is
imposed on the transverse energy at 25 GeV in addition to the cuts on acceptance and gaps.
This transverse energy cut can be lowered in the first low luminosity phase of data-taking
where limited statistics are available.

6.1.3 Superclustering algorithm efficiency

The superclustering efficiency is defined as Nrec/Ngen where Ngen is the number of generated
electrons with transverse energy higher than 25 GeV, emitted in the tracker acceptance (|η| <
2.5) and out of the gap and Nrec is the number of such generated electrons which pass the
reconstruction step of the superclustering algorithm. This efficiency is plotted in figure 6.3
as a function of the electron transverse energy (a), pseudorapidity (b) and azimuthal angle
(c). The efficiency behaviour is very uniform with respect to the three kinematic variables
and the overall efficiency number is very high, around 99.8 %.

For information, the ratio N ′
rec/Ngen is introduced, where N ′

rec is the number of generated
electrons with transverse energy higher than 25 GeV, emitted in the tracker acceptance (|η| <
2.5) and out of the gap which are reconstructed as superclusters with transverse energy higher
than 25 GeV, in the tracker acceptance and out of the gap. This ratio, called the kinematic
superclustering efficiency, is plotted in figure 6.4 as a function of the electron transverse energy
(a), pseudorapidity (b) and azimuthal angle (c). One sees a drop in the low transverse energy
region and around the ECAL barrel-endcap gap region. Some electrons emitted in the tracker
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Figure 6.2: Resolution on supercluster information. Difference between the generated pseu-
dorapidity and the pseudorapidity estimate from the supercluster (a) and difference between
the generated azimuthal angle and the azimuthal angle estimate from the supercluster (b),
separately for superclusters associated to electrons and positrons. Generated pseudorapid-
ity as a function of the supercluster pseudorapidity (c) and generated azimuthal angle as
a function of the supercluster azimuthal angle estimate (d) for superclusters associated to
electrons/positrons. Ratio of the supercluster energy over the corresponding electron energy
(e), separately for superclusters associated to electrons and positrons. (Drell-Yan production
with mass above 40 GeV/c2).



82 CHAPTER 6. THE ELECTRON RECONSTRUCTION AND IDENTIFICATION

 (GeV/c)t,genE
0 20 40 60 80 100 120 140 160 180 200

∈

0

0.2

0.4

0.6

0.8

1

1.2

gen
η-3 -2 -1 0 1 2 3

∈

0

0.2

0.4

0.6

0.8

1

1.2

 (rad)
gen

φ
-3 -2 -1 0 1 2 3

∈

0

0.2

0.4

0.6

0.8

1

1.2

(a) (b) (c)

Figure 6.3: Superclustering efficiency as a function of the electron transverse energy (a),
pseudorapidity (b) and azimuthal angle (c) for electrons emitted in the acceptance, out of
the gap region, with transverse energy above 25 GeV. (Drell-Yan production with mass above
40 GeV/c2).

acceptance (|η| < 2.5), out of the gap and with transverse energy higher than 25 GeV are not
reconstructed as superclusters in the same kinematic region by the superclustering algorithm.

Figure 6.5 presents the supercluster transverse energy (a), pseudorapidity (b) and az-
imuthal angle (c) distributions for electrons with transverse energy higher than 25 GeV, in
the tracker acceptance, out of the gap, reconstructed as superclusters but not in the same
kinematic region. The majority have transverse energy lower than 25 GeV and are located
in the cracks. Such electrons are generated with a transverse energy slightly higher than 25
GeV and are reconstructed as superclusters with a smaller transverse energy (< 25 GeV) as
they are emitted in the gaps and inter-module cracks in η and φ. Also, a structure around η
equal to zero is visible. This is the region between the two halves of the barrel along the z
axis which holds service material.

6.2 Electron reconstruction: the GSF electron candidate

The first step of the electron selection is the ’reconstruction’ part, which demands the pres-
ence of a track in the tracker with parameters compatible with the ECAL energy deposit
information. This has also the advantage to discriminate between electrons and photons.
The ”pixelmatchgsf” algorithm [47], also here refered to as the GSF algorithm, has been de-
signed to reconstruct a track compatible with the supercluster information. It is organised in
three steps which will be described in detail: (i) the seeding, (ii) the trajectory building and
the track fitting which constitute the track reconstruction and (iii) the compatibility test,
also called preselection. In the following, the three steps of the ”pixelmatchgsf” algorithm
are detailed (sections 6.2.1 to 6.2.3) using a Monte Carlo simulation sample containing 97000
events with mass above 40 GeV/c2.

6.2.1 Trajectory seeding

The trajectory seeding consists of finding a pair of hits or triplet (set of 3 hits) in the pixel
detector, called a seed, compatible with the supercluster information (energy and position).
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Figure 6.4: Efficiency for reconstructing a supercluster with transverse energy above 25 GeV,
in the acceptance, out of the gap region for electrons generated with transverse energy above
25 GeV, in the tracker acceptance, out of the gap region as a function of the electron transverse
energy (a), pseudorapidity (b) and azimuthal angle (c). (Drell-Yan production with mass
above 40 GeV/c2).
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Figure 6.5: Supercluster transverse energy (a), pseudorapidity (b) and azimuthal angle (c)
for electrons emitted in the acceptance, out of the gap region, reconstructed as superclusters,
but not with transverse energy above 25 GeV, in the acceptance, out of the gap region.
(Drell-Yan production with mass above 40 GeV/c2).
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Starting with the supercluster position and energy, the algorithm extrapolates this position
to the inner layers and forward disks of the pixel detector, based on the trajectory followed
by a charged particle in the magnetic field, considering both charge hypotheses and the beam
spot position. Pixel hits are then searched for in the found region using a (∆φ — ∆z)
window, in the first and second layers or the forward disks of the pixel detector successively.
In addition to the pixel detector, hits can also be looked for in the silicon part of the tracker
(TID and TEC). For commodity, the ∆φ window is made dependent on the supercluster
transverse energy (Et,SC) for the first hit; the values were tuned using samples of electrons
with transverse momentum between 5 and 50 GeV/c. The ∆z window, for the first hit, is also
variable and is computed from the beam spot position along the z axis (zBS), the z-width
of the beam interaction point (σBS,z) and its error (εσBS,z

). The corresponding parameters
and their definitions are listed in table 6.3 and in equations 6.2 to 6.5. All ∆φ values are
expressed in radians and ∆z values are in centimeters.

∆φ1 =







0.23 if Et < 5 GeV
0.875/Et + 0.055 if 5 GeV < Et < 35 GeV

0.08 if Et > 35 GeV
(6.2)

∆φ2 = 0.008 (6.3)

zmin,1 = zBS − 5 ×
√

(σBS,z)2 + (εσBS,z
)2 (6.4)

zmax,1 = zBS + 5 ×
√

(σBS,z)2 + (εσBS,z
)2 (6.5)

Variables Cutoff values

φ1,min,e−, φ1,max,e− −0.675 × ∆φ1 , 0.325 × ∆φ1 (see equations)

φ1,min,e+, φ1,max,e+ −0.325 × ∆φ1 , 0.675 × ∆φ1 (see equations)

∆z1 zmin,1 , zmax,1 (see equations)

φ2,min, φ2,max −∆φ2/2 , ∆φ2/2 (see equations)

∆z2 ± 0.07 cm

Table 6.3: (∆φ — ∆z) window parameter values to search for hits in the first (∆φ1 — ∆z1)
and second layer (∆φ2 — ∆z2) of the pixel detector during the trajectory seeding step of the
pixelmatchgsf algorithm.

Figure 6.6 presents the value of ∆φ1 as a function of the supercluster transverse energy
(Et,SC).

The first pixel hit is looked for in the first layer of the pixel detector. A first pixel hit is
also looked for in the second layer in case it would not be found in the first layer. Once a
first pixel hit is found, the primary vertex position is estimated from a straight line, using
the supercluster and the found first pixel hit positions. The estimate of the primary vertex
position together with the first pixel hit position allows to extrapolate forward the trajectory
to the next layer (second or third layer, depending on the layer where the first hit is found),
assuming again the trajectory of a charged particle in a magnetic field and considering both
charge hypotheses. The second pixel hit is then searched for in the extrapolated region using
cutoff values listed in table 6.3. A seed is any pair of first and second compatible hits and a
triplet is any set of three compatible hits. Seeds built through the algorithm described here
are often referred to as ’ecaldriven’ seeds.
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Figure 6.6: Value of ∆φ1 window (radians) for the first hit, as a function of the supercluster
transverse energy.

For very low transverse momentum electrons (pt < 1 GeV), the above seeding method
starts to be inefficient as the seeding window becomes too small. For this purpose, ecaldriven
seeds are complemented by so-called ’trackerdriven’ seeds which are built from general tracks
followed as precisely as possible to the ECAL surface and matched to clusters.

In the case of high transverse momentum electrons, trajectories are expected to be rather
straight2. As a result, it is possible, for a given supercluster, that first and second pixel hits
are found for both charge hypotheses. In this case, two first hits will be found in the first
layer, one for each charge hypothesis (+/-). Extrapolated to the second layer from these two
first hits, two second hits will be found (+/-). Also, two first hits will be found in the second
layer (+/-). Again, extrapolating to the third layer, two second hits will be found (+/-).
This results in a total of eight hits, four first hits and four second hits for which the following
first-second hits combinations are possible and are accounted for as seeds.

• the combination of a first + hit in the first layer and a second + hit in the second layer.

• the combination of a first - hit in the first layer and a second - hit in the second layer.

• the combination of a first + hit in the second layer and a second + hit in the third
layer.

• the combination of a first - hit in the second layer and a second - hit in the third layer.

In Monte-Carlo simulation, for each supercluster, it is possible to check if the seeds found
have a charge hypothesis identical or opposite to the generated electron charge.

2The ’straightness’ of a track can be estimated through the formula pt = 0.3 B R where B is the magnetic
field in tesla, R is the curvature radius in meters and pt the transverse momentum in GeV/c. Thus a 50
GeV/c transverse momentum electron has a track with curvature radius of approximately 44 m. In comparison,
the distance from the interaction point to the ECAL barrel surface is about 1.3 m.
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Figure 6.7 presents the number of seeds found during the seeding phase of the GSF
algorithm for superclusters associated to either an electron or a positron, with (a) charge
corresponding to the generated electron charge and (b) charge opposite to the generated
electron charge. Ecaldriven only seeds are presented in black and seeds which are both
ecaldriven and trackerdriven are presented in red.

In general, one sees that a high number of seeds is found for each supercluster associated
to an electron/positron. The majority of seeds are both ecaldriven and trackerdriven. A
relatively large number of seeds of charge opposite to the generated electron charge is found,
in average only slightly smaller than the number of seeds with the same charge as the electron
one. This is a direct effect of the relatively large ∆φ window in which many hits and thus
seeds are found for an almost straight track from a high energy electron.
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Figure 6.7: Number of ecaldriven only seeds (black) and both trackerdriven and ecaldriven
seeds (red) with same charge (a) and opposite charge (b) for superclusters associated to the
electron/positron. (Drell-Yan production with mass above 40 GeV/c2).

Figure 6.8(a) presents the total number of seeds (ecaldriven only or ecaldriven and track-
erdriven and same and opposite charge as the generated electron charge) found as a function
of the supercluster transverse energy for superclusters associated to the electrons, with trans-
verse energy higher than 25 GeV, in the tracker acceptance and out of the gap. The total
number of found seeds is fairly stable for high supercluster transverse energy (& 100 GeV).
Figure 6.8(b) presents the same total number of seeds as a function of the supercluster pseu-
dorapidity for superclusters associated to electrons, with transverse energy higher than 25
GeV, in the tracker acceptance and out of the gap. A rather constant behaviour is observed
in a pseudorapidity interval up to 1, which corresponds to the beginning of the acceptance
of the forward region. At pseudorapidities higher than 1, the number of seeds increases since
hits in the forward disks are combined with hits in central region layers, therefore increasing
the number of possible combinations. Also, the tracker material has an impact on the num-
ber of seeds as electrons from Bremsstrahlung photon conversions will induce more seeds.
The total number of seeds eventually starts decreasing at pseudorapidities around 2.5 which
marks the end of the tracker acceptance. No difference is observed between electrons and
positrons.

Electrons with an associated supercluster for which no seed is found are not reconstructed.
The seeding efficiency is thus a key information for the electron reconstruction. Many features
contribute to the seeding inefficiency, the main ones being summarized hereafter:
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Figure 6.8: Mean value of the total number of seeds (ecaldriven only, ecaldriven and tracker-
driven and same and opposite charge as the generated electron charge) found as a function
of the supercluster transverse energy (a) and pseudorapidity (b) for superclusters associated
to electrons (black) and positrons (red), with transverse energy higher than 25 GeV, in the
tracker acceptance and out of the gap. (Drell-Yan production with mass above 40 GeV/c2).

• The electron can be emitted out of the tracker acceptance. The tracker acceptance
(|η| < 2.5) is smaller than the ECAL acceptance (|η| < 3.0); an electron emitted in the
intermediate region (2.5 < |η| < 3.0) leaves an energy deposit in the ECAL but leaves
no hits in the tracker and thus no seed is reconstructed.

• The initial electron energy is poorly reconstructed. The seeding procedure is driven
by the electron energy estimate from the supercluster. Thus, a wrong estimate of the
initial electron energy leads to a wrong pixel hit search region during the backward
propagation from the supercluster position to the pixel detector. Such biased energy
reconstruction often happens when the electron is emitted in the problematic regions
of the gap or cracks in ECAL.

• The hit inefficiency. A seed is any pair of hits compatible with the supercluster position
and energy estimates. Cases where hits are not reconstructed in the pixel detector are
possible and are general to any kind of particle.

Starting with a number of superclusters associated to electrons/positrons, with transverse
energy higher than 25 GeV, in the tracker acceptance and out of the gap, the number of such
superclusters for which at least one seed is found is deduced. The seeding efficiency is defined
as the ratio of these two numbers and is plotted in figure 6.9 as a function of the supercluster
transverse energy (a), the pseudorapidity (b) and the azimuthal angle (c), separately in the
barrel and in the endcaps. The φ distribution shows a uniform behaviour in the barrel; the
behaviour in the endcaps is due to inter-boundary regions between supercrystals where a x-y
geometry is present. The η distribution shows a relatively uniform distribution, with however
efficiency decrease observed in the gap, around η = 0 and close to the end of the acceptance
η ∼ 2.5. The Et distribution shows a decrease in the low Et region. The overall numbers are
98.6 % in the barrel and 97.0 % in the endcaps.

Note the decrease of efficiency at high generated pseudorapidities due to the distribution
of the primary vertex position (interaction point) along the z axis which influences the accep-
tance. Indeed, an electron emitted with a pseudorapidity slightly smaller than 2.5 can be out
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Figure 6.9: Seeding efficiency (see definition) for superclusters associated to elec-
trons/positrons, with transverse energy above 25 GeV, in the tracker acceptance and out
of the gap, as a function of the supercluster transverse energy (a), pseudorapidity (b) and
azimuthal angle (c), separately in the barrel (blue open circles) and in the endcaps (red full
circles). (Drell-Yan production with mass above 40 GeV/c2).

of the tracker acceptance if its primary vertex position is smeared to relatively large positive
values (say ∼ 5 cm). Such an effect is presented in figure 6.10(b) which shows the primary
vertex position along the z axis (zPV ) as a function of the supercluster pseudorapidity for
superclusters, associated to electrons/positrons, for which no seed is found. One sees that
superclusters with positive pseudorapidity slightly lower than 2.5 are out of the acceptance
when the primary vertex is smeared to positive values. The same way, superclusters with
negative pseudorapidity slightly higher than -2.5 are out of the acceptance when the primary
vertex is smeared to negative values.

Figure 6.10(a) presents the supercluster pseudorapidity for superclusters, associated to
electrons (blue) and positrons (red) from Drell-Yan production, with transverse energy above
25 GeV, in the tracker acceptance and out of the gap, for which no seed is found. The majority
are located outside the tracker acceptance (|η| < 2.5) (note the difference for superclusters
associated to electrons and positrons, coming from kinematics, electrons are more forward).
Figure 6.10(b) the primary vertex position along the z axis as a function of the supercluster
pseudorapidity for superclusters, associated to electrons and positrons, with transverse energy
above 25 GeV, in the tracker acceptance and out of the gap, for which no seed is found.
Structures are visible around pseudorapidities of 0.45, 0.8, 1.15 corresponding to the cracks
between modules and around pseudorapidities equal to 0 corresponding to the crack between
the two halves of the ECAL barrel along the z axis. In such regions, the initial energy
reconstruction is problematic.

Figure 6.11(a) gives the distribution of the z position in centimeters for the primary
vertex. A gaussian distribution with standard deviation of around 3.8 cm is observed. For
comparison, the primary vertex position (centimeters) in the transverse plane is plotted in
figure 6.11(b). The smearing is much smaller (tenths of millimeters) in the transverse plane.
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Figure 6.10: Supercluster pseudorapidity (a) and primary vertex z position as a function of
supercluster pseudorapidity (b) for superclusters, associated to electrons and positrons, with
transverse energy above 25 GeV, in the tracker acceptance and out of the gap, for which no
seed is found. (Drell-Yan production with mass above 40 GeV/c2).
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Figure 6.11: Primary vertex position (centimeters) along the z axis (a) and in the transverse
plane (b) (Drell-Yan production with mass above 40 GeV/c2.).
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6.2.2 Trajectory building and track fitting

Each seed is used as a starting point to build a candidate trajectory followed by the particle in
the tracking detector, based on a Kalman filter [48]. The candidate trajectory is described by
a five-parameter vector containing the information on momentum and direction, together with
the associated covariant matrix. Starting with the two pixel hits or triplets, the trajectory
is extrapolated to the next layers of the tracker, taking into account the magnetic field
bending, energy loss in the material and multiple scattering. Hits are then looked for in
the extrapolated region and trajectory parameters are updated, combining the information
from the extrapolated parameters and the found hits; the compatibility between the former
and the latter is quantified by a χ2 value. The possibility of, at most, one missing (lost) hit
is also allowed, in case of detector inefficiencies. A new track candidate is created for each
compatible hit and, at each stage, only the five best ones are kept for further propagation.
The procedure is repeated for each layer of the tracking detector until the last one or until a
stopping condition is satisfied.

In a second step, the track fitting and the smoothing of the final track parameters are
performed on all layers, using a ’Gaussian Sum Filter’ (GSF) algorithm [49, 50]. This al-
gorithm is similar, in principle, to the Kalman filter but better integrates Bremsstrahlung
effects associated to electrons crossing the tracker, as it approximates the Bremsstrahlung
energy loss of electrons with a mixture of gaussians rather than a single gaussian. The GSF
filter is applied to all hits of the track candidate in both directions, outside-in and inside-out.
The predicted results from both filters are combined to give optimal estimates of the trajec-
tory parameters at the module surface associated with each hit. The track parameters are
also updated using the information on the track incident angle on the layer to which the hit
belongs. At the end of this phase, only the best three tracks (i.e. the three tracks with the
smallest χ2 value) are kept. Tracks are required to have a minimum of five hits.

We consider the number of superclusters associated to electrons/positrons, with transverse
energy higher than 25 GeV, in the tracker acceptance, out of the gap which have at least one
seed associated Nbefore. Among such superclusters, we consider the number of superclusters
which have an associated GSF track, Nafter. The GSF track building efficiency is defined
as the ratio of these two numbers ε = Nafter/Nbefore. Figure 6.12 shows this efficiency as a
function of the supercluster transverse energy (a), pseudorapidity (b) and azimuthal angle
(c), separately in the barrel and in the endcaps. All distributions show relatively uniform
behaviour and high efficiency. The overall numbers are 99.4% in the barrel and 99.1% in the
endcaps.

Figure 6.13(a) presents the distribution of the number of GSF tracks built during the
trajectory building and track fitting phase of the GSF algorithm, for superclusters associated
to the electrons (black) and positrons (red). One sees that, most often and in average,
one gsf track is found for each supercluster. No significant difference between electrons
and positrons is observed. The pseudorapidity distribution of superclusters associated to
electrons/positrons which have at least one seed but no gsf track associated is shown in
figure 6.13(b).

6.2.3 Preselection

The last step of the GSF algorithm requires the compatibility between the information from
the reconstructed track (momentum and direction) and the information from the supercluster
(energy and position). This compatibility is based on conditions applied on some predefined
variables described hereafter. For each condition, the efficiency is defined as the fraction of
the number of superclusters with an associated GSF track that fulfill the condition.
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Figure 6.12: GSF track efficiency for superclusters associated to electrons/positrons, with
transverse energy above 25 GeV, in the tracker acceptance and out of the gap, as a function of
the supercluster transverse energy (a), pseudorapidity (b) and azimuthal angle (c), separately
in the barrel (blue open circles) and in the endcaps (red full circles). (Drell-Yan production
with mass above 40 GeV/c2).
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Figure 6.13: (a) Number of GSF tracks for each supercluster associated to an electron (black)
or positron (red), with transverse energy above 25 GeV, in the tracker acceptance and out
of the gap. (b) Pseudorapidity for superclusters associated to electrons (black) or positrons
(red), with transverse energy above 25 GeV, in the tracker acceptance and out of the gap,
with at least one seed but no GSF track associated. (Drell-Yan production with mass above
40 GeV/c2).
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Transverse momentum condition

The transverse energy determined from the supercluster is required to be higher than 4
GeV/c.

Et,SC > 4 GeV (6.6)

This condition has no effect as we consider only superclusters with transverse energy higher
than 25 GeV.

HCAL energy deposit condition

The design of the electromagnetic calorimeter has been studied to ensure the containment
of electromagnetic showers initiated by electrons and photons. Thus, no energy deposit
is expected for electrons in the hadronic calorimeter. Criteria are therefore imposed on
the amount of energy present in the HCAL cells located directly behind the supercluster
position. The position of such cells is deduced from a cone requirement with ∆R < 0.15
where ∆R =

√

(ηSC − ηcell)2 + (φSC − φcell)2. The ratio of the energy measured in the
HCAL cells inside this cone, H, to the energy of the supercluster, E, has to be below a given
threshold3. Advantage is taken of the two segmentations of the hadronic calorimeter in this
case, defining an H/E value for each segmentation. Note however that two segmentations
are present only from pseudorapidities starting from around |η| > 1.21.

H/E (1stHCAL segmentation) < 0.1 (6.7)

H/E (2ndHCAL segmentation) < 0.1 (6.8)

A cut on the H/E variable is already put at the seeding level. The H/E value is required
to be less than 0.1. The effect of such a cut is not studied here.

Track-supercluster direction matching condition

The supercluster position (ηSC ,φSC) is compared to the track direction estimated at the
vertex, extrapolated to the ECAL surface, assuming a helix (ηextrapin ,φextrapin ). The differences
∆η and ∆φ are required to be under a given threshold:

|∆ηin| = |ηSC − ηextrapin | < 0.02 (6.9)

|∆φin| = |φSC − φextrapin | < 0.15 rad (6.10)

The condition on |∆φ| is looser due to the magnetic field bending which acts in the φ direction.
The inefficiency related to the track-supercluster direction matching condition, for electron
candidates with transverse energy above 25 GeV, in the acceptance, out of the gap region,
is 2.28 %. Figure 6.14 presents the supercluster pseudorapidity distribution for electron
candidates with transverse energy higher than 25 GeV, in the tracker acceptance, out of the
gap, which have fulfilled the transverse momentum and HCAL energy deposit conditions but
not the track-supercluster direction matching one. The distribution approximately follows the

3Considerations for the design of the electromagnetic calorimeter were based on low energy electron showers
(up to ∼ 100 GeV/c). In the case of high energy electrons present in this study, a fraction of the electromagnetic
shower is expected to take place in the hadronic calorimeter. This ”leakage” phenomenon is characteristic of
high energy electrons and justifies the loose threshold value.
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one for the tracker material budget as a function of pseudorapidity, presented in section 3.2.3
(figure 3.7). The probability for Bremsstrahlung emission and photon conversion in the
tracker is strongly affected by its material budget, and as it increases, the track measurement
from the inner layer is expected to drift when extrapolated to the electromagnetic calorimeter
surface.
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Figure 6.14: Supercluster pseudorapidity of electron candidates with transverse energy higher
than 25 GeV, in the tracker acceptance, out of the gap, which have fulfilled the transverse
momentum and HCAL energy deposit conditions but not the track-supercluster direction
matching condition. (Drell-Yan production with mass above 40 GeV/c2).

6.2.4 Final electron candidates

The final electron candidate mixes the information from the built track and the reconstructed
supercluster and fulfills the preselection cuts mentioned in section 6.2.3. For what concerns
the electron candidate energy, the information from the supercluster is used while for the
angles (pseudorapidity and azimuthal angle), the information from the track is used. Fig-
ure 6.15 presents the GSF efficiency for superclusters associated to electrons/positrons with
transverse energy higher than 25 GeV, emitted in the tracker acceptance and out of the gap,
as a function of the supercluster transverse energy (a), pseudorapidity (b) and azimuthal
angle (c), separately in the barrel and in the endcaps. This efficiency combines all efficiencies
described in the previous sections (seeding, trajectory building, track fitting and preselection
cuts). The overall efficiencies for superclusters with transverse energy above 25 GeV, in the
acceptance, out of the gap region and associated to electrons from Drell-Yan production with
mass above 40 GeV/c2, are: 97.5% for the barrel and 94.9% for the endcaps.

The electron pseudorapidity and azimuthal angle can be determined either from the track
direction (ηtrack, φtrack) or from the supercluster position (ηSC , φSC) and the primary vertex
position. Figure 6.16 shows the pseudorapidity difference ∆η (a) and azimuthal angle differ-
ence ∆φ (b) for GSF superclusters associated to electrons, in the tracker acceptance, out of
the gap and with transverse energy higher than 25 GeV. The difference between the GSF
supercluster pseudorapidity and the generated pseudorapidity ηSC −ηgen (difference between
the GSF supercluster azimuthal angle and the generated azimuthal angle φSC − φgen resp.)
is shown in black, the difference between the GSF supercluster pseudorapidity corrected with
respect to the primary vertex position and the generated pseudorapidity is shown in red and
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Figure 6.15: Total GSF efficiency (see definition) for superclusters associated to elec-
trons/positrons, with transverse energy above 25 GeV, in the tracker acceptance and out
of the gap, as a function of the supercluster transverse energy (a), pseudorapidity (b) and
azimuthal angle (c), separately in the barrel (blue open circles) and in the endcaps (red full
circles). (Drell-Yan production with mass above 40 GeV/c2).

the difference between the track pseudorapidity as measured in the inner layers of the tracker
and the generated pseudorapidity ηtrack − ηgen (difference between the track azimuthal angle
as measured in the inner layers of the tracker and the generated azimuthal angle φtrack−φgen)
is shown in blue.

The best electron pseudorapidity estimate remains the track pseudorapidity as measured
in the inner layers of the tracker. The same is true for the azimuthal angle. Less events
are present around ∆φ = 0 for the difference φSC − φgen due to the bending of the electron
trajectory in the magnetic field.

The electron candidate charge is determined by a method which combines three different
charge estimates and takes the value from the two out of three estimates that are in agreement.
The first estimate is the charge as determined from the electron candidate GSF track. The
second estimate takes the charge as determined from the general track matched to the GSF
track, asking for at least one hit shared in the innermost tracker part (pixels). The third
estimate, the ’supercluster charge’, is obtained by computing the sign of the azimuthal angle
difference between the vector joining the beam spot and the supercluster position and the
one joining the beam spot and the first hit of the electron candidate GSF track.

The electron candidate charge is presented in figure 6.17 (a) for electron candidates as-
sociated to electrons (red) and positrons (blue). GSF superclusters are required to be in the
tracker acceptance, out of the gap and with transverse energy higher than 25 GeV. One sees
that a small fraction of electron candidates have a charge incorrectly assigned: 1.9% for GSF
associated to electrons and 2.22% for GSF associated to positrons.

The charge misidentification rate, defined by the proportion of GSF which have their
charge incorrectly assigned, is presented in figure 6.17 as a function of the GSF supercluster
pseudorapidity (b) and azimuthal angle (c). GSF superclusters are required to be in the
tracker acceptance, out of the gap and with transverse energy higher than 25 GeV. The charge
misidentification rate increases with respect to the pseudorapidity and follows a shape related
to the tracker material shape (cf. fig. 3.7). As the tracker material budget increases, the
Bremsstrahlung photon radiation followed by photon conversion in the tracker, becomes more
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Figure 6.16: Pseudorapidity difference ∆η (a) and azimuthal angle difference ∆φ (b) for
GSF superclusters associated to electrons, in the tracker acceptance, out of the gap and with
transverse energy higher than 25 GeV. The differences ηSC − ηgen and φSC −φgen are shown
in black, the difference ηSC,corr−ηgen in red and the differences ηtrack−ηgen and φtrack−φgen
are shown in blue. (Drell-Yan production with mass above 40 GeV/c2).

important. During the trajectory building phase, one of the two photon conversion tracks can
then be taken into account and the charge determination precision is thus affected. Figure 6.17
(d) shows the charge misidentification rate as a function of the GSF supercluster transverse
energy only for superclusters with absolute pseudorapidity less than 1. GSF superclusters are
required to be in the tracker acceptance, out of the gap and with transverse energy higher than
25 GeV. The total charge misidentification rate for GSF superclusters with transverse energy
higher than 25 GeV, in the acceptance, out of the gap region and associated to electrons from
Drell-Yan events with mass above 40 GeV/c2 is (2.06 ± 0.05)%.

6.3 Electron identification and isolation

The GSF electron candidate constitutes an object that already fulfills a set of preselection
criteria reducing the background rate. However, the electron candidate is a standard object
with loose cuts to be used in a wide variety of analysis and preselection criteria are kept as
loose as possible. The GSF electron can not thus be considered as the final selected object
for the HEEP analysis and tighter cuts have to be imposed. Two categories of cuts, the
identification cuts and the isolation cuts, have been defined to keep the signal efficiency as
high as possible while rejecting a considerable fraction of the background. Some variables
are used at the electron reconstruction level but with tighter cuts. In the following, the
electron identification and isolation variable definitions are given and variables are plotted
as a function of the GSF supercluster transverse energy, pseudorapidity and azimuthal angle
for GSF superclusters matched to the generated electrons. For some variables, the GSF
supercluster energy can be used instead of the GSF supercluster transverse energy when it
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Figure 6.17: Electron candidate charge for superclusters associated to electrons (red) and
positrons (blue) (a). Charge misidentification rate (see text for definition) as a function of
the supercluster pseudorapidity (b) and azimuthal angle (c). Charge misidentification rate as
a function of the supercluster transverse energy for superclusters with absolute pseudorapidity
smaller than 1 (d). The GSF superclusters are required to be in the tracker acceptance, out
of the gap region and with transverse energy higher than 25 GeV. (Drell-Yan production
with mass above 40 GeV/c2).



6.3. ELECTRON IDENTIFICATION AND ISOLATION 97

is the most relevant variable.

6.3.1 Electron identification

The electron identification is based mainly on shower shape variables and track-cluster match-
ing variables. The shower shape variables select electrons based on the shape of the showers
in the ECAL as it is different for electrons than for hadrons involved in most background
processes. Moreover, the shower initiated in the ECAL by an electron is expected to be
contained longitudinally and only a small fraction of the electron energy is expected to be
collected in the HCAL cells located behind (leakage, see section 3.3.4, [32]).

The track-cluster matching variables require consistency of the information from the en-
ergy deposit in the ECAL (supercluster) and the track information (GSF track). These
variables are already used at the GSF preselection level.

The definition of the electron identification variables is listed hereafter. For each variable,
the corresponding distribution is given separately in the barrel and in the endcaps, as a
function of the supercluster transverse energy, pseudorapidity and azimuthal angle. The
GSF superclusters are matched to generated electrons/positrons and required to be in the
tracker acceptance, out of the gap, with a transverse energy higher than 25 GeV.

HCAL over ECAL energy deposits: H/E variable

This variable is defined as the ratio of the HCAL energy deposited in ”caloTowers” in a cone
of radius of 0.15 centered on the supercluster position to the supercluster energy. To reduce
the noise contribution, a cut at 0.7 GeV (0.8 GeV, respectively) is put on the HCAL energy
deposit in the barrel (in the endcaps, respectively). This variable is expected to be lower
in the case of electrons compared to hadrons involved in jets for which the energy is mainly
located in the HCAL.

Two main effects contribute to the HCAL energyH: the noise in the HCAL and the energy
deposits from the underlying event. The first contribution is expected to be independent of
the supercluster energy, pseudorapidity and azimuthal angle. The second contribution is
expected to be more important in the forward regions. Small additional contributions from
leakage are expected around the intermodule crack regions (in η and φ) where a fraction of
the initial electron energy is deposited in the HCAL cells placed behind the energy deposit
in the ECAL.

Figures 6.18 present the distribution of the variable H/E (a), and the average values of
H/E as a function of the supercluster energy (b), the supercluster pseudorapidity (c) and
azimuthal angle (d) respectively for superclusters with transverse energy higher than 25 GeV,
in the tracker acceptance and out of the gap, separately in the barrel and in the endcaps. The
H/E value decreases with respect to η in the barrel since the supercluster energy increases
at higher pseudorapidities. In the endcaps, the H/E value becomes more important as the
underlying event contribution becomes more important. The H/E variable distribution as a
function of the supercluster azimuthal angle shows a shape typical of the endcaps where an
x− y geometry is present.

The H/E value is required to be smaller than 5% both for the barrel and the endcaps.
Figures 6.19 present the efficiency of the H/E cut as a function of the supercluster transverse
energy (a), the supercluster pseudorapidity (b) and azimuthal angle (c) respectively for su-
perclusters with transverse energy higher than 25 GeV, in the tracker acceptance and out of
the gap, separately in the barrel and in the endcaps. The efficiency is high and is constant
with respect to the supercluster transverse energy, pseudorapidity and azimuthal angle. Note
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Figure 6.18: Distribution of the H/E variable (a), and average value of H/E as a function
of the supercluster energy (b), pseudorapidity (c) and azimuthal angle (d), for superclusters
with transverse energy higher than 25 GeV, in the tracker acceptance and out of the gap,
separately in the barrel (blue) and in the endcaps (red). (Drell-Yan production with mass
above 40 GeV/c2).
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that a cut at 10 % on the H/E value is already applied from the preselection criteria of the
electron reconstruction (cf. section 6.2.3, eqns 6.2.3).
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Figure 6.19: Efficiency of the H/E cut for superclusters with transverse energy higher than 25
GeV, in the tracker acceptance and out of the gap as a function of the supercluster transverse
energy (a), pseudorapidity (b) and azimuthal angle (c), separately in the barrel (blue open
circles) and in the endcaps (red full circles). (Drell-Yan production with mass above 40
GeV/c2).

Track-supercluster pseudorapidity matching: ∆ηin variable

This variable is defined as the difference between the supercluster pseudorapidity and the
pseudorapidity derived from the track, as measured in the inner tracker layers, extrapolated
to the calorimeter surface.

∆ηin = ηSC − ηin (6.11)

The matching between the supercluster position and the track direction is better for electrons
than for fake electrons from QCD multijet events.

Figures 6.20 present the distribution of the variable |∆ηin| (a), and the average values of
|∆ηin| as a function of the supercluster transverse energy (b), the supercluster pseudorapidity
(c) and azimuthal angle (d) respectively for superclusters with transverse energy higher than
25 GeV, in the tracker acceptance and out of the gap, separately in the barrel and in the
endcaps.

The ∆ηin variable is affected by the supercluster transverse energy as shown in fig-
ure 6.20(b). The distribution as a function of the pseudorapidity is symmetric with respect
to η = 0 and follows roughly the distribution of the tracker material budget presented in
figure 3.7, showing notably larger differences in the endcap. One also sees structures around
ηSC = 0.45, 0.8, 1.2 corresponding to the inter module cracks. In these regions, the su-
percluster reconstruction performance is limited and the determination of the supercluster
pseudorapidity comes with limited precision. The behaviour is quite uniform with respect to
the azimuthal angle.

The absolute value of ∆ηin is required to be smaller than 0.005 in the barrel and 0.007
in the endcaps. Figures 6.21 present the efficiency of the ∆ηin cut as a function of the
supercluster transverse energy (a), the supercluster pseudorapidity (b) and azimuthal angle
(c) respectively for superclusters with transverse energy higher than 25 GeV, in the tracker
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Figure 6.20: Distribution of the ∆ηin variable (a), and average value of ∆ηin as a function
of the supercluster transverse energy (b), pseudorapidity (c) and azimuthal angle (d), for
superclusters with transverse energy higher than 25 GeV, in the tracker acceptance and out
of the gap, separately in the barrel (blue) and in the endcaps (red). (Drell-Yan production
with mass above 40 GeV/c2).
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acceptance and out of the gap, separately in the barrel and in the endcaps. The efficiency
is uniform at high transverse energy (Et,SC > 60 GeV/c) and decreases at low transverse
energy (see fig. 6.20(b)). The dependency with respect to the azimuthal angle is due to the
tracker material (see fig. 6.20(c)).
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Figure 6.21: Efficiency of the ∆ηin cut for superclusters with transverse energy higher than 25
GeV, in the tracker acceptance and out of the gap as a function of the supercluster transverse
energy (a), pseudorapidity (b) and azimuthal angle (c), separately in the barrel (blue open
circles) and in the endcaps (red full circles). (Drell-Yan production with mass above 40
GeV/c2).

Track-supercluster azimuthal angle matching: ∆φin variable

This variable is defined as the difference between the supercluster azimuthal angle and the
azimuthal angle derived from the track, as measured in the inner tracker layers, extrapolated
to the calorimeter.

∆φin = φSC − φin (6.12)

Figures 6.22 present the distribution of the variable |∆φin| (a), and the average values of
|∆φin| as a function of the supercluster transverse energy (b), the supercluster pseudorapidity
(c) and azimuthal angle (d) respectively for superclusters with transverse energy higher than
25 GeV, in the tracker acceptance and out of the gap, separately in the barrel and in the
endcaps.

As with ∆ηin, the tracker material budget shows its impact on the ∆φin variable. The
dependency of ∆φin with respect to the supercluster transverse energy follows qualitatively
the same evolution as with ∆ηin.

The absolute value of ∆φin is required to be smaller than 0.09 radians, both for the
barrel and the endcaps. Figures 6.23 present the efficiency of the ∆φin cut as a function
of the supercluster transverse energy (a), the supercluster pseudorapidity (b) and azimuthal
angle (c) respectively for superclusters with transverse energy higher than 25 GeV, in the
tracker acceptance and out of the gap, separately in the barrel and in the endcaps. The
behaviour is rather uniform with respect to the supercluster transverse energy, pseudorapidity
and azimuthal angle. A slight dependency on the pseudorapidity is observed.
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Figure 6.22: Distribution of the ∆φin variable (a), and average value of ∆φin as a function
of the supercluster transverse energy (b), pseudorapidity (c) and azimuthal angle (d), for
superclusters with transverse energy higher than 25 GeV, in the tracker acceptance and out
of the gap, separately in the barrel (blue) and in the endcaps (red). (Drell-Yan production
with mass above 40 GeV/c2).
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Figure 6.23: Efficiency of the ∆φin cut for superclusters with transverse energy higher than
25 GeV, in the tracker acceptance and out of the gap as a function of the supercluster
transverse energy (a), pseudorapidity (b) and azimuthal angle (c), separately in the barrel
(blue open circles) and in the endcaps (red full circles). (Drell-Yan production with mass
above 40 GeV/c2).

Shower shape: E1×5/E5×5 variable

This shower shape variable relies on the fact that the shape of the shower initiated in the
ECAL is different for electrons than for hadrons involved in jets. It is defined as the ratio
of the energy inside a 1x5 (η × φ) ECAL crystal matrix centered around the highest energy
crystal of the supercluster to the energy inside a 5x5 (η × φ) ECAL crystal matrix centered
around the highest energy crystal of the supercluster. The cut on this variable is defined only
for the barrel.

The lateral profile of the electromagnetic shower initiated in the ECAL is approximately
independent of the electron energy and direction. This variable should therefore not depend
on the supercluster energy, pseudorapidity or azimuthal angle. Additional effects such as
intermodule cracks, edge effects or different crystal geometric arrangements in the barrel and
in the endcaps can however bring dependencies.

Figures 6.24 present the distribution of the variable E1×5/E5×5 (a), and the average values
of E1×5/E5×5 as a function of the supercluster energy (b), the supercluster pseudorapidity
(c) and azimuthal angle (d) respectively for superclusters with transverse energy higher than
25 GeV, in the tracker acceptance and out of the gap, in the barrel .

This variable does not show any dependency with respect to the pseudorapidity in the
barrel. No dependency is observed with respect to the azimuthal angle in the barrel.

Shower shape: E2×5/E5×5 variable

This shower shape variable is defined as the ratio of the energy inside a 2x5 (η × φ) ECAL
crystal matrix centered around the highest energy crystal of the supercluster to the energy
inside a 5x5 (η × φ) ECAL crystal matrix centered around the highest energy crystal of the
supercluster. The cut on this variable is defined only for the barrel.

Figures 6.25 present the distribution of the variable E2×5/E5×5 (a), and the average values
of E2×5/E5×5 as a function of the supercluster energy (b), the supercluster pseudorapidity
(c) and azimuthal angle (d) respectively for superclusters with transverse energy higher than
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Figure 6.24: Distribution of the E1×5/E5×5 variable (a), and average value of E1×5/E5×5

as a function of the supercluster energy (b), pseudorapidity (c) and azimuthal angle (d), for
superclusters with transverse energy higher than 25 GeV, in the tracker acceptance and out
of the gap, in the barrel only (blue). (Drell-Yan production with mass above 40 GeV/c2).
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25 GeV, in the tracker acceptance and out of the gap, in the barrel. The same conclusions
as with the E1×5/E5×5 variable can be driven.

In the high pt electron selection, the variables E1×5/E5×5 and E2×5/E5×5 are used to-
gether (see table 6.4). The value E1×5/E5×5 is required to be higher than 0.83 or the value
E2×5/E5×5 is required to be higher than 0.94, in the barrel only. No criterion is applied
for these two variables, in the endcaps. Figures 6.26 present the efficiency of the combined
E1×5/E5×5-E2×5/E5×5 cut as a function of the supercluster transverse energy (a), the su-
percluster pseudorapidity (b) and azimuthal angle (c) respectively for superclusters with
transverse energy higher than 25 GeV, in the tracker acceptance and out of the gap, in
the barrel. The behaviour is constant with respect to the supercluster transverse energy,
pseudorapidity and azimuthal angle.

Shower shape: σiηiη variable

This shower shape variable measures the spread in η in units of crystals of the energy de-
posited inside a 5x5 crystal matrix centered on the highest energy crystal of the supercluster.
It is defined by the following formula:

σiηiη =

∑5×5
i w2

i (ηi − ηmax − η̄5x5)
2(∆η)2

∑5×5
i wi

, (6.13)

with

¯η5x5 =

∑5×5
i (ηi − ηmax)Ei

∑5×5
i Ei

(6.14)

and

wi = 4.7 + ln(
Ei
E5×5

) (6.15)

The values wi, ηi and Ei are the weights, the pseudorapidity and the energy of each
crystal in the 5x5 crystal matrix, respectively. The value ∆η is the size of the crystals in
units of pseudorapidity and is equal to 0.01745 in the barrel and 0.0447 in the endcaps. The
value ηmax is the pseudorapidity of the highest energy crystal of the supercluster. The cut
on this variable is used only in the endcaps.

Figures 6.27 present the distribution of the variable σiηiη (a), and the average values
of σiηiη as a function of the supercluster energy (b), the supercluster pseudorapidity (c) and
azimuthal angle (d) respectively for superclusters with transverse energy higher than 25 GeV,
in the tracker acceptance and out of the gap, in the endcaps. A dependency as a function of
the supercluster pseudorapidity is observed in the endcaps. The behaviour with respect to
the supercluster azimuthal angle is uniform. A slight decrease is observed in the low energy
region (fig. 6.27(b)).

The σiηiη value is required to be smaller than 0.03, in the endcaps only. No criterion on
this variable is applied in the barrel. Figures 6.28 present the efficiency of the σiηiη cut as
a function of the supercluster transverse energy (a), the supercluster pseudorapidity (b) and
azimuthal angle (c) respectively for superclusters with transverse energy higher than 25 GeV,
in the tracker acceptance and out of the gap, in the endcaps. The behaviour is uniform with
an efficiency decrease in the low transverse energy region.

6.3.2 Electron isolation

In addition to identification variables, variables to quantify the electron isolation are defined.
They rely on the assumption that little activity in the calorimeters and the tracker is expected
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Figure 6.25: Distribution of the E2×5/E5×5 variable (a), and average value of E2×5/E5×5

as a function of the supercluster energy (b), pseudorapidity (c) and azimuthal angle (d), for
superclusters with transverse energy higher than 25 GeV, in the tracker acceptance and out
of the gap, in the barrel only (blue). (Drell-Yan production with mass above 40 GeV/c2).
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Figure 6.26: Efficiency of the combined E1×5/E5×5-E2×5/E5×5 cut for superclusters with
transverse energy higher than 25 GeV, in the tracker acceptance and out of the gap as a
function of the supercluster transverse energy (a), pseudorapidity (b) and azimuthal angle
(c), in the barrel only (blue open circles). (Drell-Yan production with mass above 40 GeV/c2).

around the electron direction, contrary to jets, which contain many particles. The tracker
activity can be described by the number of tracks around the electron direction or by the
sum of the transverse momenta of such tracks. The calorimetry activity can be derived from
the amount of energy collected in the ECAL or the HCAL cells around the electron direction.
The definitions for the isolation variables are listed hereafter:

ECAL isolation

This isolation definition is based on the transverse energy in all ECAL cells in a cone of
radius 0.3 centered on the electron direction in the calorimeter. The cells in a cone of size
corresponding to 3 crystals and the cells in an η strip of 3 crystals are not considered. In
addition a cut on the absolute energy of each cell to be considered is applied; 0.08 GeV in
the barrel and 0.1 GeV in the endcaps.

There are three main contributions to the ECAL energy deposits around the electron
direction: the energy deposits due to the underlying event, the fake energy deposits resulting
from the noise in the ECAL and finally the energy deposits coming from the electron itself,
that would lie outside the cone size of 3 crystals (see [51]).

Figures 6.29 present the distribution of the ECAL isolation variable (a), and the average
values of the ECAL isolation variable as a function of the supercluster transverse energy (b),
the supercluster pseudorapidity (c) and azimuthal angle (d) respectively for superclusters
with transverse energy higher than 25 GeV, in the tracker acceptance and out of the gap,
separately in the barrel and in the endcaps.

In the dependency as a function of the supercluster pseudorapidity, an effect, related to
the tracker material budget, is visible. Topological local effects also appear in the distribution
as outliers around η ∼ 1.5 corresponding the barrel-endcaps gap region and a small bump
around η ∼ 0 corresponding to the crack region between the two halves of the barrel.

The dependency with respect to the supercluster azimuthal angle is presented in fig-
ure 6.29(c) separately for the barrel and the endcaps. The variation is small and the variable
is approximately constant as a function of φSC .
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Figure 6.27: Distribution of the σiηiη variable (a), and average value of σiηiη as a function
of the supercluster energy (b), pseudorapidity (c) and azimuthal angle (d), for superclusters
with transverse energy higher than 25 GeV, in the tracker acceptance and out of the gap, in
the endcaps only (red). (Drell-Yan production with mass above 40 GeV/c2).
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Figure 6.28: Efficiency of the σiηiη cut for superclusters with transverse energy higher than 25
GeV, in the tracker acceptance and out of the gap as a function of the supercluster transverse
energy (a), pseudorapidity (b) and azimuthal angle (c), in the endcaps only (red full circles).
(Drell-Yan production with mass above 40 GeV/c2).

HCAL1 isolation

This isolation definition is based on the hadronic energy of all caloTowers in the first seg-
mentation of the HCAL, within a cone of radius 0.3 centered on the electron position in the
calorimeter, excluding caloTowers in a cone of radius 0.15. The relevance of this isolation
variable is to reduce the QCD dijet background. In pure signal case, the only contribution
expected comes from the noise in the HCAL, energy deposits from particles of the underlying
event or electron energy leakage to the HCAL for very high energy electrons or in problematic
regions of the ECAL (gap, cracks). Thus, no overall dependency on the supercluster energy
is expected for this variable.

Figures 6.30 present the distribution of the HCAL1 isolation variable (a), and the average
values of the HCAL1 isolation variable as a function of the supercluster transverse energy
(b), the supercluster pseudorapidity (c) and azimuthal angle (d) respectively for superclusters
with transverse energy higher than 25 GeV, in the tracker acceptance and out of the gap,
separately in the barrel and in the endcaps.

In the final HPTE selection, the energy from the HCAL1 isolation is combined with the
energy from the ECAL isolation. In the barrel, the ECAL+HCAL1 isolation value is required
to be smaller than 2 GeV +3%Et where Et is the transverse energy of electron candidates,
expressed in GeV. In the endcaps, two cases are considered. If the electron transverse energy
Et is smaller than 50 GeV, the ECAL+HCAL1 isolation value is required to be smaller than
2.5 GeV. In the other case (Et > 50 GeV), the ECAL+HCAL1 isolation value is required
to be smaller than 2.5 GeV + 3% (Et - 50) where the transvere energy, Et, is expressed in
GeV. Figures 6.31 present the efficiency of the ECAL+HCAL1 isolation cut as a function
of the supercluster transverse energy (a), the supercluster pseudorapidity (b) and azimuthal
angle (c), respectively, for superclusters with transverse energy higher than 25 GeV, in the
tracker acceptance and out of the gap, separately for the barrel and the endcaps.
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Figure 6.29: Distribution of the ECAL isolation variable (a), and average value of the ECAL
isolation variable as a function of the supercluster transverse energy (b), pseudorapidity (c)
and azimuthal angle (d), for superclusters with transverse energy higher than 25 GeV, in the
tracker acceptance and out of the gap, separately in the barrel (blue) and in the endcaps
(red). (Drell-Yan production with mass above 40 GeV/c2).
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Figure 6.30: Distribution of the HCAL isolation (first segmentation) variable (a), and average
value of the HCAL isolation (first segmentation) as a function of the supercluster transverse
energy (b), pseudorapidity (c) and azimuthal angle (d), for superclusters with transverse
energy higher than 25 GeV, in the tracker acceptance and out of the gap, separately in the
barrel (blue) and in the endcaps (red). (Drell-Yan production with mass above 40 GeV/c2).
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Figure 6.31: Efficiency of the ECAL+HCAL1 isolation cut for superclusters with transverse
energy higher than 25 GeV, in the tracker acceptance and out of the gap as a function of the
supercluster transverse energy (a), pseudorapidity (b) and azimuthal angle (c), separately in
the barrel (blue open circles) and in the endcaps (red full circles). (Drell-Yan production
with mass above 40 GeV/c2).

HCAL2 isolation

This isolation definition is based on the hadronic energy of all caloTowers in the second
segmentation of the HCAL, in a cone of radius 0.3, centered on the electron position in the
calorimeter, excluding caloTowers in a cone of radius 0.15.

Figures 6.32 present the distribution of the HCAL2 isolation variable (a), and the average
values of the HCAL2 isolation variable as a function of the supercluster transverse energy
(b), the supercluster pseudorapidity (c) and azimuthal angle (d) respectively for superclusters
with transverse energy higher than 25 GeV, in the tracker acceptance and out of the gap, in
the endcaps.

The arguments concerning the contribution to this isolation variable are identical to those
of the HCAL1 variable. However, one needs to remind the HCAL is segmented only starting
from pseudorapidities of η ∼ 1.2 which corresponds to tower number 18. The HCAL2 isolation
is rather constant with respect to the transverse energy and the azimuthal angle.

The H/E value is required to be smaller than 0.5 GeV, in the endcaps only. No criterion
is applied for this variable in the barrel. Figures 6.33 present the efficiency of the HCAL2
isolation cut as a function of the supercluster transverse energy (a), the supercluster pseu-
dorapidity (b) and azimuthal angle (c) respectively for superclusters with transverse energy
higher than 25 GeV, in the tracker acceptance and out of the gap, separately in the barrel
and in the endcaps. A uniform behaviour is observed with respect to the three kinematic
variables.

Track isolation

This isolation is computed as the scalar sum of transverse momenta of all general tracks (not
GSF tracks but tracks from the standard tracking algorithm) between two cones of radii 0.04
and 0.3 centered around the electron track direction. Only tracks with transverse momentum
above 0.7 GeV/c and with a z0 distance between -0.2 and 0.2 cm are considered; the z0

distance being the closest approach distance of the track with respect to the primary vertex.
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Figure 6.32: Distribution of the HCAL isolation (second segmentation) variable (a), and
average value of the HCAL isolation (second segmentation) as a function of the supercluster
transverse energy (b), pseudorapidity (c) and azimuthal angle (d), for superclusters with
transverse energy higher than 25 GeV, in the tracker acceptance and out of the gap, in the
endcaps only (red). (Drell-Yan production with mass above 40 GeV/c2).
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Figure 6.33: Efficiency of the HCAL isolation (second segmentation) cut for superclusters
with transverse energy higher than 25 GeV, in the tracker acceptance and out of the gap
as a function of the supercluster transverse energy (a), pseudorapidity (b) and azimuthal
angle (c), in the endcaps only (red full circles). (Drell-Yan production with mass above 40
GeV/c2).

Figures 6.34 present the distribution of the track isolation variable (a), and the average
values of the track isolation variable as a function of the supercluster transverse energy (b),
the supercluster pseudorapidity (c) and azimuthal angle (d) respectively for superclusters
with transverse energy higher than 25 GeV, in the tracker acceptance and out of the gap,
separately in the barrel and in the endcaps.

The contribution to this variable is expected from QCD background dijets. In pure Drell-
Yan events, it receives contributions from the particles of the underlying event and also from
Bremsstrahlung photon conversions collimated to the electron direction. While the under-
lying event activity in terms of tracks is nearly constant as a function of the supercluster
pseudorapidity, it is not the case for photon conversions as the tracker material budget in-
creases from η ∼ 0 to η ∼ 1.5. The tracker isolation is thus expected to increase, which
is what is observed in figure 6.34(c). The isolation decreases for η > 1.5, and at very high
pseudorapidities (|η| & 2.4) the acceptance starts to be limited and edge effects start to be
significant.

No dependency on the supercluster azimuthal angle or transverse energy is observed.
The increase of the track isolation activity at high pseudorapidities has been the subject of
a specific study documented in [52] and available in appendix A.

The tracker isolation value is required to be smaller than 7.5 GeV in the barrel and 15
GeV in the endcaps. Figures 6.35 present the efficiency of the track isolation cut as a function
of the supercluster transverse energy (a), the supercluster pseudorapidity (b) and azimuthal
angle (c) respectively for superclusters with transverse energy higher than 25 GeV, in the
tracker acceptance and out of the gap, separately in the barrel and in the endcaps. A uniform
behaviour is observed with respect to supercluster transverse energy, pseudorapidity and az-
imuthal angle.
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Figure 6.34: Distribution of the Track isolation variable (a), and average value of the Track
isolation variable as a function of the supercluster transverse energy (b), pseudorapidity (c)
and azimuthal angle (d), for superclusters with transverse energy higher than 25 GeV, in the
tracker acceptance and out of the gap, separately in the barrel (blue) and in the endcaps
(red). (Drell-Yan production with mass above 40 GeV/c2).
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Figure 6.35: Efficiency of the Track isolation cut for superclusters with transverse energy
higher than 25 GeV, in the tracker acceptance and out of the gap as a function of the
supercluster transverse energy (a), pseudorapidity (b) and azimuthal angle (c), separately in
the barrel (blue open circles) and in the endcaps (red full circles). (Drell-Yan production
with mass above 40 GeV/c2).

6.3.3 Additional criteria

In addition to these two categories of criteria, a cut is imposed on the electron transverse
energy to reduce the huge amount of background expected at low regime. This quantity is
defined as the product of the energy from the supercluster and the sinus of the track angle:

Et = ESC × sin(θtrack) (6.16)

The supercluster pseudorapidity is used to separate between the barrel and the endcaps.
Eventually, the GSF electron candidates are required to be ”ecaldriven”.

6.4 Summary of HPTE criteria

Table 6.4 presents the list of HPTE criteria used for the HEEP analysis, separately for the
barrel and the endcaps. The two criteria categories are separated as two blocks.

The efficiencies are provided individually for each variable of the high pt electron selection
for three Drell-Yan samples at masses above 40, 120 and 200 GeV/c2, separately in the barrel
(table 6.5) and in the endcaps (table 6.6). The efficiencies are, in general, higher than 98%,
the lowest efficiencies come from the ∆η variable in the endcaps. In addition, the total HPTE
efficiency and the global efficiency which accounts for the GSF reconstruction efficiency are
given. They are observed to increase with respect to the mass.

6.5 HEEP event selection

6.6 Efficiencies from Monte Carlo

The HEEP event selection consists in asking at least two GSF electrons, in the event,
that both fulfill the high pt electron selection. The HEEP efficiency is defined as the ra-
tio NHEEP/Nkine where NHEEP is the number of events where the GSF electrons, associated
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Variable Barrel Endcaps

Et > 25 GeV > 25 GeV
|ηSC | < 1.442 1.560 < |ηSC | < 2.5

isEcalDriven =1 =1

H/E < 0.05 < 0.05
∆ηin < 0.005 < 0.007
∆φin < 0.09 < 0.09

E2×5/E5×5 > 0.94 or E1×5/E5×5 > 0.83 not applied
σiηiη not applied < 0.03

isol. ECAL+HCAL1 < 2+0.03 Et (GeV) <2.5 (Et < 50 GeV)
< 2.5+0.03 (Et-50) (Et > 50 GeV)

isol. HCAL2 not applied < 0.5 GeV
isol. Tracker < 7.5 GeV/c < 15 GeV/c

Table 6.4: HPTE selection criteria for the barrel and the endcaps.

HPTE selection cuts M > 40 GeV M > 120 GeV M > 200 GeV
(single efficiencies)

H/E 0.994 0.993 0.992
E1×5/E5×5-E2×5/E5×5 0.984 0.986 0.987

σiηiη not applied not applied not applied
∆ηin 0.981 0.984 0.986
∆φin 0.992 0.994 0.996

isol. ECAL+HCAL1 0.975 0.974 0.974
isol. HCAL2 not applied not applied not applied
isol. Tracker 0.993 0.991 0.988

HPTE 0.930 0.935 0.939

Table 6.5: HPTE selection single efficiencies for electrons from Drell-Yan process with various
masses, emitted in the barrel.

HPTE selection cuts M > 40 GeV M > 120 GeV M > 200 GeV
(single efficiencies)

H/E 0.991 0.990 0.990
E1×5/E5×5-E2×5/E5×5 not applied not applied not applied

σiηiη 0.985 0.991 0.994
∆ηin 0.955 0.971 0.979
∆φin 0.989 0.991 0.993

isol. ECAL+HCAL1 0.983 0.980 0.981
isol. HCAL2 0.991 0.990 0.989
isol. Tracker 0.998 0.997 0.996

HPTE 0.907 0.924 0.935

Table 6.6: HPTE selection single efficiencies for electrons from Drell-Yan process with various
masses, emitted in the endcaps.
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to the generated electrons, pass the high pt electron selection given in table 6.4 and Nkine is
the number of events where the two GSF electrons associated to the generated electrons are
emitted in the acceptance, out of the gap and with transverse energy higher than 25 GeV.

The HEEP efficiency is presented in figure 6.36 as a function of the invariant mass of
the two electron candidates for all events (black full circles), for events where both electron
candidates are in the barrel (blue open circles), events where both electron candidates lie in
the endcaps (pink downward triangles) and for events where one electron candidate is in the
barrel and the other in the endcaps (red upward triangles). The invariant mass is computed
using the supercluster energies, track pseudorapidities and azimuthal angless.

The HEEP efficiency is observed to increase with respect to the invariant mass of the
GSF pair. The overall number is 87.08%.
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Figure 6.36: HEEP efficiency (see text for definition) as a function of the GSF pair invariant
mass for all events (black full circles), events where both electron candidates lie in the barrel
(blue open circles), events where both electron candidates lie in the endcaps (pink downward
triangles) and for events where one electron candidate is in the barrel and the other in the
endcaps (red upward triangles). (Drell-Yan production with mass above 40 GeV/c2).



Chapter 7

Data Quality Monitoring at
√

s =

900 and 2360 GeV

First collisions in the Large Hadron Collider happened on November 23rd 2009. They were
performed with beams of energy of 450 GeV from the injection chain, giving a centre of mass
energy of 900 GeV. They were closely followed by collisions with 2.36 TeV energy in the
centre of mass on November 30th, breaking the world record. Even with limited integrated
luminosity and energy, data from these collisions were essential as they serve as a basis to
check the trigger, the detector response and calibration as well as the energy corrections and
the alignment of the different parts of the detector using real collision data information 1. In
that view, a data quality monitoring tool was developed by CMS [53] in order to perform a
fast check of first online and offline data as they are provided.

7.1 Data Quality Monitoring for high energy electrons

A similar DQM tool, specific to the HEEP analysis requirements was developed by the
HEEP group well before first collision data [54]. It focuses on electron reconstruction as
defined in section 6.2(supercluster—track reconstruction and linking) as well as Drell-Yan
events kinematics with a specific emphasis on high energy electron events. It emphasizes on
three key points:

• Spot detector problems (noisy channels, miscalibration issues, ...) and react quickly

• Compare data and Monte Carlo expectations for Monte Carlo tuning (beam spot posi-
tion, ...)

• Search for new physics behaviour compared to Standard Model

The DQM consists of a set of plots showing distributions of predefined variables, where
the distributions from data are superimposed to the distributions from Monte Carlo for
comparison. The Monte Carlo simulates events with conditions similar to what we expect
to see in coming data. Any difference between Monte Carlo and data spots either new
unexpected physics phenomena or problems related to the detector/reconstruction software.
The list of predefined variables divides into three main categories, in ascending order of
complexity:

1A first check of the detector response and in particular the tracker and the detector alignment were
performed earlier using cosmic muon data.
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• The supercluster level: This level is intended to check behaviour of lowest possible level
objects, to distinguish for instance between pions and electrons/photons. It gathers a
list of variables associated to the supercluster:

– Supercluster energy variables: Uncorrected and corrected (”raw”) energy and
transverse energy, pseudorapidity η and azimuthal angle φ.

– Supercluster shower shape variables: superclusters widths in η and φ, σiηiη and
σiφiφ. Also additional variables such as E1×5 and E2×5 which correspond to the
energies collected in one (resp. two) domino(es) of five crystals aligned in η and
centered around the maximal energy crystal. The H/E variable is the ratio of
the energy collected in the HCAL cells located directly behind the supercluster
position over the supercluster energy.

• The electron candidate (GSF electron) level: This level is intended to check higher
level objects such as GSF electrons which combine information from energy deposits in
ECAL (superclusters) and tracks in the tracker.

– GSF basic variables: Energy and transverse energy, pseudorapidity (η) and az-
imuthal angle φ.

– Supercluster-track information consistency: ∆η, ∆φ and E/p.

– GSF shower shape variables: σiηiη, σiφiφ.

– GSF isolation variables: ECAL, HCAL, tracker isolation and H/E

• The HEEP event level: The latter is intended for events where, at least, two electron
candidates with minimal transverse energy are present. Such events are obviously to
direct interest to the HEEP group and a list of pertinent variables was predefined:

– General event variables: Primary vertex position (x,y,z), number of muons, tracks,
electron candidates, vertices and missing transverse energy in the event.

– Variables for the highest energy superclusters in the event: energy E, transverse
energy (Et) and its components (Ex,Ey,Ez). Pseudorapidity (η), azimuthal angle
φ. Invariant mass (Minv), angular separation ∆φ of two highest energy superclus-
ters.

– Variables for the highest energy GSF in the event: energy E, transverse energy
(Et) and its components (Ex,Ey,Ez). Pseudorapidity (η), azimuthal angle φ.

– HEEP event variables: Invariant mass (Minv) and angular separation ∆φ for two
highest energy superclusters.

7.2 Data from 900 GeV and 2.36 TeV collisions

The HEEP DQM tool was first applied on data from 900 GeV and 2.36 TeV centre of
mass energy collisions. For each centre of mass energy, Monte Carlo samples were produced
with conditions similar to those expected in collisions. The DQM tool was also applied on
these Monte Carlo samples. Distributions from real collision data and from Monte Carlo
samples were superimposed and compared. For commodity, the number of events in the
Monte Carlo was scaled to the number of events from real data. Any difference shows either
new unexpected phenomena or problems related to the detector/reconstruction software and
was scrutinized for further understanding.
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In the following, the DQM tool applied on first data is presented for the three levels
considered (supercluster level, GSF electron candidate level and HEEP event level). However,
due to limited statistics, some pt thresholds were lowered, especially at the HEEP event level
(see section 7.5).

7.3 DQM for supercluster variables

The energy variables distributions at the supercluster level are presented in figures 7.2 sepa-
rately in the barrel (a) and in the endcaps (b) for 900 GeV collision data. Dotted and solid
histograms correspond to collision data and Monte Carlo simulation respectively. Error bars
are given for collision data. While, for the endcaps, the distributions from data have very
good agreement with the Monte Carlo distributions, in the barrel, however, some discrepan-
cies are clearly visible in the energy distributions (energy, rawenergy, energy1x5, energy2x5,
energy5x5) where the tails are more important in the data distributions.

Similar discrepancies are visible in figures 7.3(a) and (b) where distributions for shower
shape at the supercluster level are presented, separately for the barrel and the endcaps, for
900 GeV collision data. Spikes clearly appear at values equal to zero for the data distributions
of σηη, σφφ, σiηiη and σiφiφ. Once again, this effect appears only in the barrel, the endcap
distributions agree reasonably well.

These discrepancies are due to relatively high energy deposits in the barrel contained in
a single crystal which are not expected to be compatible with energy deposits from electrons
or photons that deposit their energy in several crystals (usually a 5x5 crystal matrix) or even
from pions.

Figure 7.1(a) presents an η—φ view of the fake energy deposit in the electromagnetic
calorimeter barrel with individual crystal energies in the case of so-called ”spiky” events. The
horizontal and vertical axis correspond to η and φ variables respectively. As a comparison, the
energy deposit for a true electron coming from a simulated Z event is shown in figure 7.1(b).

(b)(a)

Figure 7.1: An η—φ view of the energy deposit with individual crystal energies for ”hot
channels” in 900 GeV collision data (a) and for a true electron from a simulated Z event (b).

A specific task force [55] in the CMS community has been formed to investigate on the
origins of such ”spikes” effects. The present understanding includes the possibility of neutral
and charged hadrons (primary or secondary) depositing energy directly in the avalanche photo
diodes active layers of the ECAL readout and thus creating a fake signal. These effects are
characterised by a different pulse shape and timing response compared to real electrons as
there is no scintillation process in the crystals in these cases.

Such effects were taken into account in the HEEP DQM tool and a specific criterion
was imposed to veto on such fake energy deposits, using the quantity E1/E9 where E1
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represents the energy deposited in the highest energy crystal of the supercluster and E9 is
the energy deposited in a 3x3 crystal matrix centered around the highest energy crystal in
the supercluster. For a normal electron deposit, this quantity is not expected to be more than
90%; which defines the threshold to identify spike fake energy deposits. Figure 7.4 shows the
energy variables (a) and shower shape variables (b) distributions, at the supercluster level,
in the barrel, after removing the spikes. One sees that the distributions are now well in
agreement.

7.4 DQM for GSF variables

Similar plots were performed for the electron candidate variables, running on data from 900
GeV and 2.36 TeV collisions. For information, only the plots for the barrel are shown, in
figure 7.5. The electron candidates with fake energy deposits (spike events) are removed from
data and shown separately in red. The distributions from data and Monte Carlo simulation
agree well.

7.5 DQM for HEEP event variables

Monitoring the data quality at the level of the high energy electron pair events is of primary
motivation for the HEEP group, especially at startup. Such events are characterized, in
the DQM tool, by the presence of at least two electron candidates with minimum transverse
momentum. However, due to limited integrated luminosity, very small statistics was available
after selection of such events for the 900 GeV and 2.36 TeV data-taking. The selection criteria
were thus loosened to the requirement of events with at least one or two superclusters (two
separate streams) with transverse energy higher than 4 GeV. The latter requirement will be
gradually tightened, as integrated luminosity increases, to finally get to the original selection
of two high pt electron candidates.

Figure 7.6 presents the supercluster variables for the highest Et supercluster (a) and the
second highest Et supercluster (b), for events with at least two superclusters with transverse
energy higher than 4 GeV from 900 GeV collision data. In addition, the invariant mass and
the angular separation(∆φ) are shown for the two highest Et superclusters in the event in
figures 7.6 (b). Blue triangles correspond to ”spiky” fake energy deposit events (i.e. events
with at least one supercluster with E1/E9 higher than 90%) and are clearly present in the
barrel only. These fake energy deposit events were removed from the data (dotted points).
Even with a loosened event selection, the statistics is still very low for exact comparison.
However, the distributions from Monte Carlo and data agree reasonably well within the error
bars.

7.6 The CMS Event visualization tool

In addition to the HEEP DQM tool, a visualization tool [56] was developed by the CMS
community to display events recorded inside CMS and its geometry. It is composed of several
window applications which present each a specific view of the detector (ρ—φ, ρ—z and 3D
view). The energy deposits in the calorimetry (ECAL/HCAL) are made visible through
lego bars with height proportional to the energy deposit and the tracker and muon tracks
are symbolized by curved trajectories as reconstructed by the tracking algorithm. The high
level objects (electrons, muons, photons, jets) are also individually represented through their
energy deposit and/or track. In addition, the event display provides information about high
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(b)

(a)

Figure 7.2: HEEP data quality monitoring distributions for energy variables at the super-
cluster level for the barrel (a) and the endcaps (b), for 900 GeV collision data.
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(b)

(a)

Figure 7.3: HEEP data quality monitoring distributions for shower shape variables at the
supercluster level for the barrel (a) and the endcaps (b), for 900 GeV collision data.
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(b)

(a)

Figure 7.4: HEEP data quality monitoring distributions for energy (a) and shower shape (b)
variables at the supercluster level for the barrel, after spike removal, for 900 GeV collision
data.
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Figure 7.5: HEEP data quality monitoring distributions for variables at the GSF level for the
barrel, for 900 GeV collision data. The ”spiky” electron candidates are removed from data
and shown separately as red points.

level objects such as transverse momentum, pseudorapidity and azimuthal angle as well as
information about triggers that were fired by the event. It also offers the possibility to perform
basic object/event selection.

Figure 7.7(a) presents an overview of the event display for the event with the highest
invariant mass for the two superclusters for 900 GeV collision data. The central window shows
a transverse view of the detector (ρ—φ view). The muon chamber stations are represented
as red blocks while the energy deposits in the electromagnetic calorimeter (resp. hadronic
calorimeter) are symbolized by red (resp. blue) lego bars with height proportional to the
energy deposit. The size of the cell for the lego bar base corresponds to a 5x5 crystal
matrix. Two other views (3D Lego view and ρ—z view) are available in the right part. The
two superclusters contributing to the invariant mass are highlighted and one can see that
the energy deposits are both located in the endcaps and spread among a large number of
crystals, much larger than the expected number from an electron energy deposit. The left
part provides information about high level objects. No GSF electron is present in the event.
Figure 7.7(b) presents a complete three-dimensional view of the event.

Figure 7.8 presents a similar highest invariant mass event from 2.36 TeV collision data.
The two superclusters contributing to the invariant mass are highlighted. An electron candi-
date is present in the event.
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(b)

(a)

Figure 7.6: HEEP data quality monitoring distributions for supercluster variables at the
HEEP event level for the highest Et supercluster (a) and the second highest Et supercluster
(b), for 900 GeV collision data.
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(b)

(a)

Figure 7.7: An event display for the event with highest supercluster pair invariant mass from
900 GeV collision data. Main window application (a) and global three-dimensional view (b).
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(b)

(a)

Figure 7.8: An event display for the event with highest supercluster pair invariant mass from
2360 GeV collision data.Main window application (a) and global three-dimensional view (b).





Chapter 8

Data analysis at
√

s = 7 TeV

This chapter presents the study of the di-electron invariant mass spectrum performed on
the very first LHC data at 7 TeV centre of mass energy. The samples used (data + Monte
Carlo) are described in section 8.1. Section 8.2 presents the HEEP event candidates: the
HEEP selection is described, the comparison between data and Monte Carlo expectations
is shown and the di-electron invariant mass spectrum is presented with a focus on the high
mass events. Section 8.3 presents the analysis performed at the Z peak (60 < M < 120
GeV/c2): the selection efficiency is determined from data using the ’Tag and Probe’ method,
the background contributions to the mass spectrum are estimated from Monte Carlo and the
cross section is computed with statistical, systematic and luminosity errors.

8.1 Samples

All the analysis presented in this chapter is based on data from pp collisions at 7 TeV centre of
mass energy and Monte Carlo samples to simulate the Drell-Yan and background processes.

8.1.1 Data samples

The total integrated luminosity for the data is 2.77 pb−1 corresponding to a data-taking
period from 30/03/2010 to 30/08/2010 (Runs 132440 → 144114). For each run, the detectors
were required to be in a good status with respect to the CMS DQM requirements [53, 57].
The L1 trigger requires the presence in the ECAL of an energy deposit with transverse energy
above 5 GeV while the HLT trigger requires the presence in the ECAL of an energy deposit
with transverse energy above 15 GeV.

8.1.2 Monte Carlo samples

The Monte Carlo samples were all generated assuming a 7 TeV centre of mass energy, with de-
tector conditions similar to those present during data-taking1. Several simulation generators
were used (Pythia [34], MadGraph [58], PowHeg [59, 60, 61], MC@NLO [39]).

The Drell-Yan process (Z → e+e−, Z → µ+µ−, Z → τ+τ−) was generated with Pythia
simulation program with matrix elements computed at leading order effects. In addition, a
second Drell-Yan (Z → e+e−) sample was generated with PowHeg simulation program with

1During 2009, prior to first collisions, first steps of alignment and calibration of the different parts of the
detector were performed using cosmic muons. The detector conditions considered in the Monte Carlo samples
correspond to the level of alignment and calibration achieved at the end of this period.
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matrix elements computed at next-to-leading order effects. A cut on the generated invariant
mass of the two electrons is put at 20 GeV/c2.

The QCD multijet process was generated with Pythia simulation program. Four bins in
p̂t were simulated (p̂t > 15 GeV/c, 30 GeV/c, 80 GeV/c and 170 GeV/c). However, large
statistics is needed to simulate fake electrons from QCD jets as the fake rate is low. For
this reason, QCD samples with enhanced electromagnetic content (QCD Em Enriched) were
simulated with Pythia in 3 bins in p̂t ([20-30], [30-80], [80-170]). Only light quarks (u,d,s)
were considered in these processes. In addition, QCD samples with an electron from a b/c
quark decay chain (QCD b/c→ e) were simulated with Pythia in 3 bins in p̂t ([20-30], [30-80],
[80-170]). The QCD Em Enriched and QCD b/c→ e samples are often referred to as biased
QCD samples while the QCD samples are referred to as unbiased QCD samples.

The tt̄ process was generated, at leading order, with Pythia simulation program. A tt̄+jets
sample was generated at leading order using Madgraph simulation program.

TheW+jet,WW and tW processes were generated using MadGraph, Pythia and MC@NLO
simulation programs, respectively.

Table 8.1 lists all the samples presented above and provides the cross sections as well as
the K factors to account for higher order effects. For the QCD biased samples, an enrichment
factor is taken into account.

Sample Generator Kinematic cuts σ (pb) K factor
(in GeV, c=1) (Enrichment factor)

Z→ee powheg (NLO) M(ee) > 20 1522 1.09

Z→ee Pythia6 (LO) M(ee) > 20 1300 1.28
Z→µµ Pythia6 M(µµ) > 20 1300 1.28
Z→ττ Pythia6 M(ττ) > 20 1300 1.28

W+Jets MadGraph inclusive 24170 1.30

tt̄+jets MadGraph inclusive 95 1.66
tt̄ Pythia6 95 1.66

QCD Pythia6 pthat > 15 8.762 108 /
QCD Pythia6 pthat > 30 6.041 107 /
QCD Pythia6 pthat > 80 9.238 105 /
QCD Pythia6 pthat > 170 2.547 104 /

QCD Em Enriched Pythia6 20 < p̂t < 30 2.355 108 (0.0073)
QCD Em Enriched Pythia6 30 < p̂t < 80 5.93 107 (0.059)
QCD Em Enriched Pythia6 80 < p̂t < 170 9.06 105 (0.148)

QCD b/c → e Pythia6 20 < p̂t < 30 2.355 108 (0.00046)
QCD b/c → e Pythia6 30 < p̂t < 80 5.93 107 (0.00234)
QCD b/c → e Pythia6 80 < p̂t < 170 9.06 105 (0.0104)

WW Pythia6 2.93 /
tW MC@NLO diagram removal 0.1853 /

Table 8.1: List of Monte Carlo samples for the signal and background processes. The cross
sections and the K factors are provided. For QCD biased samples, an enrichment factor is
provided.

In the following, the Drell-Yan sample from PowHeg is used as the matrix element com-
putation is considered at next-to-leading order. For the tt̄ process, the tt̄+jets sample from
MadGraph is used. For the QCD multijet, the QCD biased (QCD Em Enriched + b/c → e)
samples are used as high statistics is needed in the case of QCD unbiased samples to simulate
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the fake electrons from jets. These samples are the sames used by the CMS ’electroweak’
group [62].

8.2 HEEP event candidates

This section focuses on the events with two electron candidates that fulfill the HPTE re-
quirements described in section 6.5 and summarized in table 6.4. Section 8.2.1 presents the
selection and section 8.2.2 makes the comparison between data and Monte Carlo for the
different variables of the HPTE selection. The di-electron invariant mass spectrum is pre-
sented in section 8.2.3 and the event displays for selected data events with mass above 120
GeV/c2 are presented in section 8.2.4.

8.2.1 Selection

Selected events are required to have at least two electron candidates that pass the high pt
electron requirements described in table 6.4. However, a large discrepancy appears in the
endcaps when comparing distributions from data and Monte Carlo for the ∆η variable in
a sample of electron candidates. This discrepancy is visible in figure 8.1 which shows the
distribution of ∆η in both endcaps (- (a), + (b)) for electron candidates in data and in
Monte Carlo samples. This discrepancy is due to a problem of alignment between the tracker
and the ECAL endcaps and is corrected for in later releases of the CMS software. For the
moment, the ∆η variable is chosen not to be applied in the endcaps. The selection criteria
used in this analysis are summarized in table 8.2.

In case more than two electron candidates are present in the event, the two candidates
with highest transverse energy are considered.

(a) (b)

Figure 8.1: Distribution of ∆η for electron candidates in EE- (a) and EE+ (b), in data (black
points) and Monte Carlo sample (solid lines), taken from [63].

In addition to the high pt electron requirements, a criterion is applied on electrons to
reject possible spikes. Such problematic effects have been introduced in section 7.3 and a
criterion on the quantity E1/E9 was applied. In the present selection the latter criteria
is replaced by a new one called ’SwissCross’. This variable is computed from the energy
contained in the highest energy crystal of the supercluster (E1) and the sum of the energies
of the four neighbouring crystals forming a ’Swiss Cross’ shape (E4). To avoid negative energy
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Variable Barrel Endcaps

Et > 25 GeV > 25 GeV
|ηSC | < 1.442 1.560 < |ηSC | < 2.5

isEcalDriven =1 =1

Identification variables

H/E < 0.05 < 0.05
∆ηin < 0.005 < not applied
∆φin < 0.09 < 0.09

E2×5/E5×5 > 0.94 or E1×5/E5×5 > 0.83 not applied
σiηiη not applied < 0.03

Isolation variables

isol. ECAL+HCAL1 < 2+0.03 Et (GeV) <2.5 (Et < 50 GeV)
< 2.5+0.03 (Et-50) (Et > 50 GeV)

isol. HCAL2 not applied < 0.5 GeV
isol. Tracker < 7.5 GeV/c < 15 GeV/c

Table 8.2: HPTE selection criteria for the barrel and the endcaps.

from noise contributions, a minimal energy threshold of 0 GeV is applied on the considered
crystals. The ’SwissCross’ variable is defined as the quantity 1 - E4/E1. If the crystals energy
threshold is not fulfilled, the variable is set to 0. It is presently also set to 0 in the endcaps
as the spike effects appear only in the barrel. The distribution of the ’SwissCross’ variable
is given in figure 8.2 for ’ecaldriven’ electron candidates (GSF) in the barrel, out of the gap,
with transverse energy higher than 25 GeV which pass the HPTE selection in data (a) and
in a Monte Carlo Drell-Yan sample (Powheg) with mass above 20 GeV/c2 (b). In the Monte
Carlo Drell-Yan sample, the electron candidates are in addition required to be matched to
the generated electrons.

A cut at 95% is applied on electron candidates in data and in Monte Carlo for consistency.
The total number of selected electron candidates in data is 1792 among which 1 has a swiss
cross value higher than 95%. In the Monte Carlo Drell-Yan sample, the contribution of
selected electron candidates with a swiss cross value higher than 95% to the total number of
selected electron candidates is of the order of 0.001%.

8.2.2 Comparison data — Monte Carlo

To check the agreement between data and Monte Carlo expectations, a comparison is per-
formed in the distributions of the kinematic variables used in the HPTE requirements (GSF
transverse energy, GSF supercluster pseudorapidity and azimuthal angle, see table 8.2). Fig-
ures 8.3 present for each of the three kinematic variables the distributions from data and
Monte Carlo for electron candidates which fulfill the HPTE requirements. The distributions
from Monte Carlo are stacked, normalised to the integrated luminosity and superimposed to
distributions from data. Good agreement is observed between data and Monte Carlo expecta-
tions for the distributions of the GSF supercluster pseudorapidity and azimuthal angle. The
GSF transverse energy from data presents a distribution slightly shifted to lower transverse
energy values compared to the Monte Carlo expectations. This indicated that the ECAL en-
ergy measurement is slightly underestimated (from the order of 1%). This has been corrected
in the new versions of the reconstruction software.

The agreement between data and Monte Carlo expectations is also checked in the distri-
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Figure 8.2: Distribution of ’SwissCross’ variable for electron candidates (GSF) matched to
generated electrons, in the tracker acceptance, out of the gap and with transverse energy
higher than 25 GeV in the barrel only, in data (a) and in Drell-Yan sample (Powheg) with
mass above 20 GeV/c2 (b).

butions of the variables used in the HPTE requirements (table 8.2). The comparison is based
on the so-called N − 1 distributions; the distributions of each variable from data and Monte
Carlo are superimposed for GSF electrons which fulfill the HPTE requirements except the
requirement for the variable under study.

Figures 8.4 and 8.5 present, for the barrel and the endcaps respectively, the N − 1 distri-
butions of the identification variables (∆η (a), ∆φ (b), H/E (c) and σiηiη (d)) for candidate
electrons (black points) and the Monte Carlo samples (solid lines), see legend. The Monte
Carlo histograms are stacked, normalised to the integrated luminosity and superimposed to
distributions from data. The same distributions for the isolation variables (ECAL+HCAL1
isolation (a), HCAL2 isolation (b) and Tracker isolation (c)) are shown in figures 8.6 and 8.7
for the barrel and the endcaps respectively.

The ∆η barrel distribution in data is shifted to the right with respect to the Monte
Carlo. In the endcaps, a clear discrepancy appears between data and Monte Carlo. This
discrepancy was already mentioned in section 8.2.1. The distribution of the ECAL+HCAL1
isolation in data is also shifted to the right with respect to the Monte Carlo. This is possibly
due to different noise threshold values in data and in Monte Carlo. Other than that, the
distributions from data are in relatively good agreement with the Monte Carlo expectations.

8.2.3 Di-electron invariant mass spectrum

The invariant mass spectrum for the selected events is derived from the two electrons energy-
momentum four-vector. The supercluster information is used for the energy estimates (ESC)
as it has better resolution than the momentum derived from the track. The track information
as determined from measurements at inner part of tracker is used for the angle estimates
(θtr,φtr) as it has better resolution than the supercluster position:
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Figure 8.3: Distributions of the kinematic variables (GSF transverse energy (a), GSF su-
percluster pseudorapidity (b) and GSF supercluster azimuthal angle (c)) for HPTE electron
candidates from data (black points) and from the Monte Carlo samples (solid lines), see leg-
end. The Monte Carlo histograms are stacked, normalised to the integrated luminosity and
superimposed to distributions from data.
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Figure 8.4: N − 1 distributions of the identification variables (∆η (a), ∆φ (b), H/E (c) and
σiηiη (d)) for electron candidates in the barrel, from data (black points) and from the Monte
Carlo samples (solid lines), see legend. The Monte Carlo histograms are stacked, normalised
to the integrated luminosity and superimposed to distributions from data.
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Figure 8.5: N − 1 distributions of the identification variables (∆η (a), ∆φ (b), H/E (c) and
σiηiη (d)) for electron candidates in the endcaps, from data (black points) and from the Monte
Carlo samples (solid lines), see legend. The Monte Carlo histograms are stacked, normalised
to the integrated luminosity and superimposed to distributions from data.
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Figure 8.6: N−1 distributions of the isolation variables (ECAL+HCAL1 isolation (a), HCAL2
isolation (b) and Tracker isolation (c)) for electron candidates in the barrel, from data (black
points) and from the Monte Carlo samples (solid lines), see legend. The Monte Carlo his-
tograms are stacked, normalised to the integrated luminosity and superimposed to distribu-
tions from data.
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Figure 8.7: N−1 distributions of the isolation variables (ECAL+HCAL1 isolation (a), HCAL2
isolation (b) and Tracker isolation (c)) for electron candidates in the endcaps, from data
(black points) and from the Monte Carlo samples (solid lines), see legend. The Monte Carlo
histograms are stacked, normalised to the integrated luminosity and superimposed to distri-
butions from data.
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The HEEP di-electron invariant mass spectrum is shown in figure 8.8 for the data (black
points) and the Monte Carlo samples (solid lines). The Monte Carlo histograms are stacked,
superimposed and normalised to the integrated luminosity. The plots are shown in logarithmic
(a) and linear scale (b).

For an integrated luminosity of 2.77 pb−1 and using the HEEP selection, a total of 837
HEEP events with mass above 20 GeV/c2 is present in the data.

The mass spectrum for the data is in agreement with the Monte Carlo expectation except
the peak in the data distribution which is slightly shifted with respect to the Monte Carlo.
This effect is a consequence of the peak shift observed in the transverse momentum distribu-
tion of the HPTE electrons (cf. section 8.2.2). The contributions from the different Monte
Carlo backgrounds are very small. The two biggest background contributions come from the
QCD dijet samples (mainly from the 30—80 p̂t bin) and the tt̄ samples.

The number of HEEP candidate events with mass above 20 GeV/c2 are presented in
table 8.3 for data and for the different Monte Carlo samples. The contributions from the
Monte Carlo are normalised to the integrated luminosity. The contributions are added for
the QCD (QCD Em Enriched + QCD b/c, 3 p̂t bins together) and the Z → µµ, Z → ττ ,
W+Jets, WW and tW contributions are added to form the electroweak contribution. The tt̄
and QCD unbiased processes represent 63.6% and 18.9% of the total background contribution,
respectively.

According to the Monte Carlo, the total background contribution represents 1.43% of the
di-electron invariant mass spectrum in the whole mass range.
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Figure 8.8: HEEP di-electron invariant mass spectrum for the Monte Carlo samples (solid
lines) and the data (black points) in logarithmic scale (a) and linear scale (b). The Monte
Carlo histograms are stacked, superimposed and normalised to the integrated luminosity.
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Data 837

Z → ee (Powheg) 857.2

tt̄ (Madgraph) 2.2

QCD Em Enriched p̂t [20—30] 0.1
QCD Em Enriched p̂t [30—80] 6.8
QCD Em Enriched p̂t [80—170] 0.7

QCD b/c → e p̂t [20—30] 0
QCD b/c → e p̂t [30—80] 0.2
QCD b/c → e p̂t [80—170] 0.0

QCD 7.9

Z → µµ 0.0
Z → ττ 1.0
W + Jets 1.0
WW 0.3
tW 0.0

Electroweak 2.3

Total background contribution 12.4

Table 8.3: Number of HEEP candidate events with mass above 20 GeV/c2, for an integrated
luminosity of 2.77 pb−1, for data (black points) and for Monte Carlo (solid lines). The
contributions from the Monte Carlo are normalised to the integrated luminosity.

8.2.4 High mass event display

The HEEP events at high mass (M > 120 GeV/c2) are scrutinised with help of the CMS event
display [56] already introduced in section 7.6. 16 events are present in the high mass region
as can be seen from figures 8.8 with a total of 16.4 expected from Monte Carlo predictions.
The event display for the highest mass event is presented in figures 8.9 (a) (ρ—φ view), (b)
(ρ—z view) and (c) (3D lego view). The two HPTE electron candidates are back to back and
isolated. Their energy deposits are mainly located in the ECAL (red bars) and very little
energy is present in the HCAL cells located behind (blue bars). A third jet is present in the
event (yellow triangle) and one of the two electrons is emitted in the endcaps.

Some information about this event (Run/Event number and di-electron invariant mass)
as well as for the two electron candidates (Et, η, φ, identification and isolation variables) is
summarized in table 8.4.

8.3 Analysis at the Z peak

This section focuses specifically on the Z peak region defined by the mass range 60 < M <
120 GeV/c2. The high pt electron selection efficiency is derived from data in section 8.3.1
using the ”Tag and Probe” method described in section 5.3 and documented in [43]. The
background contributions to the HEEP mass spectrum at the Z peak are discussed and
estimated from Monte Carlo in section 8.3.2. Finally, the estimation of the cross section at
the Z peak is performed in section 8.3.3.
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(a)

(b)

(c)
Figure 8.9: High mass HEEP event display. ρ—φ view (a), ρ—z view (b) and 3D lego view
(c).
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Run 143953, Event 417940810, Mass = 388 GeV

Variable Electron 1 Electron 2

Et(GeV) 184.33 178.09
ηSC -0.57 -1.34

φSC(rad) -3.09 -0.07
SwissCross 0.33 0.52

H/E 0 0
∆ηin 0.00 0.00

∆φin(rad) -0.00 -0.00
E1×5/E5×5 0.88 0.87
E2×5/E5×5 0.94 0.96

σiηiη 0.01 0.01

ECAL isol. (GeV) 1.78 1.38
HCAL1 isol. (GeV) 0 0
HCAL2 isol. (GeV) 0 0

Tracker isol. (GeV/c) 0 0

Charge 1 -1

Table 8.4: High mass event information. Run number, event number, di-electron invariant
mass and values of identification and isolation variables for both electrons.

8.3.1 Selection efficiency from the ”Tag and Probe” method

In the Z peak region, where little background contamination is expected, the HPTE selection
efficiency is determined directly from data using the ”Tag and Probe” method. Such a method
was studied using simulation at centre of mass energies of 14 and 10 TeV in section 5.3 and
is here applied to the data.

This method relies on the presence in the event of two objects, the ’tag’ and the ’probe’
where the ’tag’ is required to pass stringent selection criteria while the ’probe’ is used to
measure the efficiency. To ensure a high purity di-electron sample, the invariant mass of the
two objects is required to be in the mass range 80 < M < 100 GeV/c2.

In our case, the ’probe’ is required to be an ’ecaldriven’ GSF electron candidate2 with
transverse energy higher than 25 GeV, emitted in the tracker acceptance, out of the gap and
with a ’SwissCross’ value smaller than 95% (Nprobe). The ’tag’ is required to fulfill the ’probe’
requirements and the high pt electron selection (Nprobe,HPTE). In addition, a maximal value
of 1.5 is required on the tag on the quantity E/p defined as the ratio of the supercluster
energy over the track momentum.

The efficiency is determined separately for the barrel and the endcaps, from the ratio:

εHPTE,TP =
Nprobe,HPTE

Nprobe
(8.2)

Note that if both electrons satisfy the requirements of the ’tag’, the pair is considered twice.
Also, for consistency with section 8.2, the ∆η criterion is not applied in the endcaps.

The invariant mass spectrum of all tag and probe pairs in the whole mass range is given
in figure 8.10 for data (black points) and Monte Carlo (solid histograms). The Monte Carlo
distributions are stacked, superimposed and normalised to the integrated luminosity. Plots
are shown in logarithmic scale (a) and linear scale (b). A total of 1533 tag-probe pairs is

2Note that the GSF preselection (section 6.2.3 is accounted for).
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found in data in the whole mass range3. As for figure 8.8, the Z peak is shifted in data with
respect to Monte Carlo expectations. The contamination from the backgrounds is expected
to be more important as the selection is less stringent in the tag-probe pairs.
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Figure 8.10: Tag and Probe pair invariant mass spectrum for the data (black points) and the
Monte Carlo samples (solid lines) in logarithmic scale (a) and linear scale (b). The Monte
Carlo histograms are stacked, superimposed and normalised to the integrated luminosity.

The numbers of tag-probe pairs in the mass range 80 < M < 100 GeV/c2 are presented
in table 8.5 for data and for the different Monte Carlo samples. The contributions from the
Monte Carlo are normalised to the integrated luminosity.

A total of 1289 tag-probe pairs is found in data in the mass range 80 < M < 100
GeV/c2 (of which 893 have their probes in the barrel and 396 in the endcaps). According to
the Monte Carlo, the total background contamination represents 0.69% of the total number
of tag-probe pairs in the mass range 80 < M < 100 GeV/c2.

The high pt electron selection efficiency is computed from the number of probes that pass
the high pt electron selection requirements. Table 8.6 gives the number of probes and the
number of probes which pass the high pt electron selection requirements, for data, Monte
Carlo Drell-Yan and background samples (all added together), separately for the barrel and
the endcaps. The Monte Carlo contributions are normalised to the integrated luminosity.

The background contaminations are very small in the sample of probes which fulfill the
high pt electron selection criteria (0.08 % and 0.14 % in the barrel and the endcaps respec-
tively) and are neglected. The relative background contaminations in the sample of probes
are of 0.7% and 1.3% for the barrel and the endcaps respectively.

The high pt electron selection efficiency numbers are deduced, for the barrel and the
endcaps, based on the numbers from table 8.6. The statistical errors are computed using
binomial statistics:

3Note that the number of tag-probe pairs in the whole mass range is not higher than twice the number of
HEEP events since there is an additional E/p requirement on the tag.
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Data 1289

Z→ee 1293.4

tt̄ 1.3

QCD Em Enriched p̂t [20-30] 0
QCD Em Enriched p̂t [30-80] 4.0
QCD Em Enriched p̂t [80-170] 0.9

QCD b/c → e p̂t [20-30] 0
QCD b/c → e p̂t [30-80] 0.4
QCD b/c → e p̂t [80-170] 0.2

QCD 5.4

Z→µµ 0.0
Z→ττ 0.2

W + Jets 5.0
WW 0.1
tW 0.0

Electroweak 5.3

Total background contribution 9.0

Table 8.5: Numbers of tag-probe pairs in the mass range 80 < M < 100 GeV/c2 for data
(black points) and for different Monte Carlo contributions (solid lines). The contributions
from the Monte Carlo are normalised to the integrated luminosity.

Nprobe Nprobe,HPTE Nprobe Nprobe,HPTE

Barrel Endcap

Data 893 816 396 367

Z→ee 907.2 865.0 386.2 367.7

tt̄ 1.1 0.5 0.2 0.1

QCD 2.2 0 3.3 0.2

Electroweak 3.6 0.2 1.8 0.2

Total background 6.8 0.7 5.2 0.5
contamination (MC)

Relative background (%) 0.7 0.1 1.3 0.1
contamination (MC)

Table 8.6: Number of probes and number of HPTE probes in data, Monte Carlo Drell-Yan
and background samples, in the mass range 80 < M < 100 GeV/c2. The total and relative
background contamination from Monte Carlo are given.
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εEB,Data =
816

893
= (91.4 ± 0.9)% (8.3)

εEE,Data =
367

396
= (92.7 ± 1.3)% (8.4)

As a comparison, the efficiencies determined from Monte Carlo, considering the Drell-Yan
and the background contamination, using the ’Tag and Probe’ method are:

εEB,MC = (94.71 ± 0.05 (stat.) ± 0.31 (syst.))% (8.5)

εEE,MC = (94.08 ± 0.08 (stat.) ± 0.56 (syst.))%, (8.6)

where the statistical errors are computed using binomial estimators and the total number of
entries before normalization in order to account for the large statistics available in the Monte
Carlo samples. The systematic errors are computed considering a 50% systematic error on
the background contamination. The efficiency numbers from data and Monte Carlo agree
reasonably well within the uncertainties. The efficiency in the barrel is a bit low compared
to the Monte Carlo prediction.

The background contamination (low HPTE efficiency) introduces a bias in the determi-
nation of the efficiency from data, using the ’Tag and Probe’ method. This bias is expected
to be limited as the background contamination is small due to the E/p requirement on the
’tag’. To quantify this bias, the efficiencies are determined from the Monte Carlo Drell-Yan
sample, using the ’Tag and Probe’ method:

εEB,DY =
865.0

907.2
= (95.35 ± 0.05)% (8.7)

εEE,DY =
367.7

386.2
= (95.22 ± 0.08)%, (8.8)

the statistical errors are calculated using binomial estimators. The bias is defined as the
difference between the efficiencies in equations 8.8 and 8.6. It is equal to 0.6% in the barrel
and 1.1% in the endcaps. The efficiencies determined from data, using the ’Tag and Probe’
method are corrected for the bias induced by the background contamination:

εEB,data = (92.0 ± 0.9 (stat.) ± 0.31 (syst.))% (8.9)

εEE,data = (93.8 ± 1.3 (stat.) ± 0.56 (syst.))%, (8.10)

where the systematic errors are computed considering a 50% systematic error on the back-
ground contamination (cf. eqns. 8.6).

The overall number is:

εData = (92.6 ± 0.8 (stat.) ± 0.4 (syst.))% (8.11)

8.3.2 Background estimation from Monte Carlo

The background contributions to the HEEP mass spectrum in the mass range 60 < M <
120 GeV/c2 are estimated from Monte Carlo expectations. In this section, in addition to the
QCD (Em Enriched + b/c → e) samples and the tt̄+jets samples from Madgraph, a set of
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four QCD samples with no bias (4 p̂t bins) and a tt̄ sample from Pythia (cf. section 8.1) are
used4.

The different contributions (Monte Carlo + data) to the HEEP mass spectrum in the
mass range 60 < M < 120 GeV/c2 are presented in table 8.7. The contributions from the
Monte Carlo are normalised to the integrated luminosity. The contributions are added for the
QCD (QCD Em Enriched + QCD b/c, 3 bins together), the QCD unbiased (4 bins together)
and the Z → µµ, Z → ττ , W +Jets, WW and tW contributions (electroweak contribution).

The two predictions for the tt̄ process are in good agreement while the predictions from
the two Drell-Yan samples (Pythia, PowHeg) differ by around 3%. No event in the four QCD
unbiased bins passes the HEEP selection.

If we consider only the QCD biased (Em + b/c → e), tt̄+jets (Madgraph), electroweak and
Drell-Yan (PowHeg) samples, according to the Monte Carlo, for an integrated luminosity of
2.77 pb−1 and using the HEEP selection described above (section 8.2.1), the total background
contribution represents 0.73% of the di-electron invariant mass spectrum in the mass range
60 < M < 120 GeV/c2. This is smaller than the contribution obtained considering the whole
mass range (section 8.2.3) as expected since we are at the Z peak.

Based on the numbers from table 8.7, the background contribution to the HEEP mass
spectrum from data can be deduced. The statistical error is computed using a gaussian
estimator and considering the weights of the different samples5:

Nb = 6.1 ± 0.8 (stat.) (8.12)

A 50% systematic error is considered in the determination of the background contribution.

8.3.3 Cross section estimation

The cross section is estimated at the Z peak (60 < M < 120 GeV/c2), using the following
formula:

σ =
N −Nb

A ε L
, (8.13)

where N is the total number of events in the final selected sample in data, Nb is the number of
background events in data estimated from Monte Carlo (section 8.3.2). A is the acceptance,
L the integrated luminosity and ε the total HEEP event selection efficiency. These numbers
will be individually treated in separate sections.

Number of events

The total number of events in data that pass the HEEP selection in the mass range 60 < M <
120 GeV/c has been already evaluated (table 8.7). It is recalled here:

N = 815 ± 29 (stat.), (8.14)

where the statistical error is computed on basis of a gaussian estimator.

4The four QCD unbiased bins are generated with p̂t > 15, 30, 80, 170 GeV/c. In order not to count
events twice when merging the four bins together, the events with p̂t > 30 GeV/c (p̂t > 80 GeV/c, p̂t > 170
GeV/crespectively) in the bin p̂t > 15 GeV/c (p̂t > 30 GeV/c, p̂t > 80 GeV/c respectively) are discarded.

5In the QCD Monte Carlo, a small number of pairs with large weights is present in the final sample, which
explains the relatively large statistical error.
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Sample N

Data 815

Z→ee (PowHeg,NLO) 838.5
Z→ee (Pythia,LO) 815.0

tt̄+jets (Madgraph) 1.0
tt̄ (Pythia) 1.0

QCD p̂t [20-30] 0
QCD p̂t [30-80] 0
QCD p̂t [80-170] 0
QCD p̂t [170-∞] 0

QCD unbiased 0

QCD Em Enriched p̂t [20-30] 0.1
QCD Em Enriched p̂t [30-80] 3.3
QCD Em Enriched p̂t [80-170] 0.3

QCD b/c → e p̂t [20-30] 0
QCD b/c → e p̂t [30-80] 0
QCD b/c → e p̂t [80-170] 0

QCD biased 3.7

Z→µµ 0
Z→ττ 0.7
W+Jets 0.5
WW 0.2
tW 0.0

Electroweak 1.4

Total background contribution 6.1

Total relative background contribution (%) 0.7

Table 8.7: Contributions of different processes to the HEEP mass spectrum at the Z peak
(60 < M < 120 GeV/c2) from data (black points) and Monte Carlo (solid lines). The
contributions from the Monte Carlo are normalised to the integrated luminosity.
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Number of background events

The background contribution to the HEEP mass spectrum from data in the mass range 60
< M < 120 GeV/c2 has been evaluated from Monte Carlo (section 8.3.2). The result is
recalled here:

Nb = 6.1 ± 0.8 (stat.) ± 3.1 (syst.), (8.15)

where the statistical error is computed on basis of a gaussian estimator and a 50% systematic
error is considered.

HEEP event selection efficiency

The HEEP event selection efficiency is defined as the ratio NHEEP/NDY,acc where NHEEP

is the number of HEEP events and NDY,acc is the number of Drell-Yan events where both
electrons are emitted in the tracker acceptance, out of the gap and have a transverse energy
higher than 25 GeV. The HEEP event selection is equal to the square of the total electron
selection efficiency:

εHEEP = (εelec)
2 (8.16)

Accordingly, the total electron selection efficiency is defined as the ratio Nele/Nacc where
Nacc is the number of electrons from Drell-Yan events emitted in the tracker acceptance, out of
the gap, with transverse energy higher than 25 GeV and Nele is the number of such electrons
which pass the total electron selection. The clustering efficiency has been determined from
Monte Carlo in section 6.1.3 and is considered here to be 100%. The ’trigger’ efficiency is the
efficiency for an electron from a Drell-Yan event to fire the triggers mentioned in section 8.1.
For an electron with pt higher than 15 GeV/c, it has been shown [62] that this efficiency is
100%. The total electron selection efficiency is factorised as follows:

εelec = εGSF × εHPTE. (8.17)

The electron reconstruction (GSF) efficiency is the fraction of electrons, from Drell-Yan
events, in the kinematic regime specific to this study, which are reconstructed as electron
candidates (GSF electrons). This efficiency has been determined from Monte Carlo in sec-
tion 6.2.4, using Pythia Drell-Yan samples. It is reevaluated here using the PowHeg Drell-Yan
sample:

εGSF = (97.4 ± 0.0)%, (8.18)

the statistical errors are computed using binomial estimators.
The high pt electron (HPTE) selection efficiency is the fraction of electron candidates

that pass the HPTE criteria described in table 8.2. This efficiency has been determined from
data, using the ’Tag and Probe’ method, in section 8.3.1:

εHPTE,TP = (92.6 ± 0.8 (stat.) ± 0.4 (syst.))% (8.19)

The total electron selection efficiency for electrons from Drell-Yan events in the kinematic
regime specific to this study is evaluated:

εelectron = (90.2 ± 0.8 (stat.) ± 0.4 (syst.))%, (8.20)

the total statistical and systematic errors are obtained independently by adding quadratically
the statistical and systematic errors of the individual contributions.
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Acceptance

The acceptance is defined as the ratio NDY,acc/NDY where NDY,acc is the number of Drell-Yan
events in the mass range 60 < M < 120 GeV/c2, for which both electrons are reconstructed
as superclusters in the tracker acceptance, out of the gaps, with transverse energy higher
than 25 GeV and NDY is the total number of Drell-Yan events in the same mass range. This
quantity is determined from Monte Carlo, using samples from both generators (Pythia and
PowHeg):

APowHeg = (37.02 ± 0.07 (stat.))% (8.21)

APythia = (36.77 ± 0.04 (stat.))% (8.22)

the statistical errors are computed using binomial estimators. As the simulation from PowHeg
accounts for next-to-leading order effects, the acceptance from PowHeg is considered as the
final result.

Luminosity

The total integrated luminosity considered in this analysis is 2.77 pb−1. The measurement of
the luminosity is the task of a specific group [64] in the CMS collaboration and is common to
all physics analysis groups in CMS. The systematic errors on the measured luminosity have
been estimated here [65] and a total systematic error of 11% has been found. This systematic
error is quoted as a separate error (lumi.).

L = (2.77 ± 0.31) pb−1 (8.23)

Final result for cross section

The final result for the measured Drell-Yan cross section at the Z peak (60 < M < 120
GeV/c2) in the di-electron channel, from 2.77 pb−1, using the HEEP selection is:

σγ∗/Z ×BR(γ∗/Z → e+e−) = (970 ± 34 (stat.) ± 37 (syst.) ± 107 (lumi.)) pb. (8.24)

The statistical errors are added quadratically and the error on the luminosity is quoted as a
separate error. The major source of uncertainty comes from the limited amount of statistics
used in this study.

As a comparison, the theoretical predictions to the cross section σγ∗/Z × BR(γ∗/Z →
e+e−) at the Z peak (60 < M < 120 GeV/c2), at leading order and next-to-leading order
are:

σTH,γ∗/Z ×BR(γ∗/Z → e+e−) = 740 pb (LO) (8.25)

σTH,γ∗/Z ×BR(γ∗/Z → e+e−) = 911 pb (NLO) (8.26)

The Drell-Yan cross section measurement of eqn. 8.24 is in agreement with the theoretical
prediction within uncertainties.





Chapter 9

Conclusions

In this thesis, the study of the Drell-Yan invariant mass spectrum was performed with a
focus on possible deviations from the Standard Model. Such deviations are implied by certain
theories beyond the Standard Model which predict the existence of new heavy bosons (Z ′

or heavy gravitons) at the TeV scale which can decay into an electron-positron pair. Such
theories have been presented in chapter 1 with a focus on the extra-dimension scenario and
the grand unification theory models. Exclusion limits, set by the Tevatron, have been put
for the graviton and the Z ′, using 5.4 fb−1 and 3.6 fb−1 of data respectively. The Z ′

SSM is
excluded at M < 1071 GeV/c2 and the graviton with coupling c = 0.1 is excluded at 1050
GeV/c2, at 95% C.L.

This study was performed in the framework of the CMS experiment at the LHC. Its centre
of mass energy of 7 TeV and its instantaneous luminosity of 1031 cm−2s−1 provide a good
sensitivity to the study of the Drell-Yan invariant mass spectrum as well as for the search
for new heavy bosons decaying into an electron pair (chapter 2). In addition, the excellent
energy resolution of the CMS electromagnetic calorimeter, 0.6% at E & 100 GeV and the
performance of the tracker to reconstruct the trajectory followed by the electron in the intense
magnetic field of 3.8 T bring much precision in the detection of high energy electrons from
heavy boson decays (chapter 3).

The Monte Carlo simulation tools have been extensively used in this study. They simulate
the physics of Drell-Yan events and give an estimate of the cross section. They have been
introduced in chapter 4 together with the kinematics of the Drell-Yan events. The background
processes that can contribute to the final di-electron sample were also presented and their
cross sections were given. The most important ones come from QCD multijet processes where
at least two jets fake each an electron and from the tt̄ process where two real electrons are
present in the final state. The cross section for Drell-Yan events from pp collisions at 7 TeV,
with mass above 40 GeV/c2 is 803 pb, at leading order. As a comparison the cross section
for QCD dijets with transverse momentum of the initial partons in their centre of mass frame
(p̂t) higher than 15 GeV is of the order of 0.1 mb.

To search for possible deviations from the Standard Model, a specific analysis strategy
has been designed (chapter 5) by the HEEP group. This strategy has been tested on pseudo-
experiments performed on Monte Carlo simulation data, considering a 10 TeV centre of mass
energy and an integrated luminosity of 100 pb−1. It relies primarily on a baseline selection
(high pt electron selection) to discriminate as much as possible the Drell-Yan events from
the background contributions. Three different regions in the invariant mass spectrum are
exploited. The Z peak region (60 < M < 120 GeV/c2) is used to extract efficiencies using a
data-driven approach. The high mass region (120 < M < 600 GeV/c2), where no new physics
is expected, is used to measure the Drell-Yan cross section and compare to the theoretical
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prediction. The discovery region (M > 600 GeV/c2) is devoted to the direct search for
new resonances. To measure the background contributions using a data-driven approach,
three different methods have been tested and compared and have shown good agreement.
The Drell-Yan invariant mass spectrum has been presented, including the Drell-Yan and
background processes as well as a Z ′

SSM at 1 TeV/c2. The agreement in shape, in the high
mass range, between measurement and expectation, is quantified by a fit in 5 bins in mass,
giving a probability of 63.3%. Finally, the discovery potential and exclusion limits in the
absence of signal are estimated at 10 TeV and 7 TeV. For a 7 TeV centre of mass energy
and considering an integrated luminosity of 500 pb−1 expected after the whole data-taking
period at 7 TeV, in 2010 and 2011, the 5σ discovery reach is possible for Z ′

SSM bosons with
mass up to 1.5 TeV/c2 and for Randall-Sundrum gravitons with mass up to 1.1 TeV/c2 and
1.3 TeV/c2, for a coupling parameter c = 0.05 and c = 0.1 respectively. In case no signal is
observed, lower mass limits can be put at 1.7 TeV/c2 for a Z ′

SSM boson, 1.2 TeV/c2 and
1.5 TeV/c2 for Randall-Sundrum gravitons with a coupling parameter c = 0.05 and c = 0.1
respectively.

The high pt electron selection has been described in chapter 6. The first step, the cluster-
ing, estimates the electron energy and direction based on its energy deposit in the ECAL. The
energy resolution is affected by the energy loss in the tracker material budget through photon
radiation. The second step, the electron reconstruction, requires the presence of a track in
the tracker with information compatible with the information from the energy deposit in the
ECAL. The different parts of the electron reconstruction are explained and the efficiencies
are given. The third step requires the electron to fulfill predefined identification and isolation
criteria. The former criteria require more stringent compatibility, compared to the second
step, between the information from the track and the information of the energy deposit from
the ECAL. The latter criteria require that limited activity in terms of transverse momenta
of tracks and ECAL/HCAL energy deposits be found around the electron. In addition a cut
at 25 GeV on the electron transverse energy is applied.

As first collisions at LHC took place, the necessity came to perform a fast check of online
and offline data. A data quality monitoring tool (DQM), specific to high pt electrons, was
developed by the HEEP group to detect detector problems, compare data and Monte Carlo
expectations for Monte Carlo tuning and search for possible deviations from the Standard
Model (chapter 7). This DQM tool was developed in the framework of the CMS software
version 3 5 X. Discrepancies in the barrel were observed, due to the presence of fake energy
deposits contained in a single crystal.

Chapter 8 was dedicated to the analysis of the first LHC data from proton-proton collisions
at 7 TeV centre of mass energy. The data collected by the CMS detector from 30/03/2010
till 30/08/2010 (Runs 132440 → 144114) were used, corresponding to a total integrated
luminosity of 2.77 pb−1. The study of the Drell-Yan invariant mass spectrum in the di-
electron channel has been performed. The distribution of the kinematic, identification and
isolation variables have been compared to Monte Carlo and in general good agreement was
found. A discrepancy between data and Monte Carlo predictions was found in the endcaps for
the case of the ∆η variable which quantifies the consistency between the track pseudorapidity
and the energy deposit pseudorapidity of the electron candidate. This is related to the
alignment, in the endcaps, between the tracker and the ECAL. The criterion on this variable
was removed in the endcaps in the final selection. The Drell-Yan invariant mass spectrum
from data was compared to the Monte Carlo and a shift was spotted in the data spectrum with
respect to the Monte Carlo, due to calibration issues. These two effects have been corrected
in the reconstruction part of the new versions of the CMS software (CMSSW 3 8 X). The
background contributions were estimated from Monte Carlo expectations and the efficiencies
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were extracted using the ’Tag and Probe’ method. The cross section was finally estimated at
the Z peak:

σγ∗/Z ×BR(γ∗/Z → e+e−) = (970 ± 34 (stat.) ± 37 (syst.) ± 107 (lumi.)) pb. (9.1)

As a comparison, the theoretical predictions to the cross section σγ∗/Z × BR(γ∗/Z →
e+e−) at the Z peak (60 < M < 120 GeV/c2), at leading order and next-to-leading order
are 740 pb (leading order) and 911 pb (next-to-leading order). The Drell-Yan cross section
measurement (eqn. 9.1) is in agreement with the theoretical prediction within uncertainties.
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abstract This note presents a study of the tracker activity around high energy electrons.
Using Drell-Yan events with high mass (M > 200 GeV/c2), this activity is observed to
be higher than in the underlying event, which is attributed to tracks from Bremsstrahlung
photon conversion. An improved tracker isolation procedure for the identification of electrons
with pt > 50 GeV/c is proposed, using only tracks associated to the primary vertex. The
performance of the new tracker isolation criteria is studied for electrons from Drell-Yan events
and for fake electrons from QCD jets. This work is a contribution to the CMS HEEP (High
Energy Electron Pairs) group effort.

A.1 Introduction

The study presented in this note is performed in the framework of the HEEP (High Energy
Electron Pairs) group [66] which has defined a complete strategy to search for the electron-
positron decay channel of new heavy neutral bosons [40, 67]. The electron reconstruction
and identification at high energy is a crucial part of the HEEP analysis. In this selection,
the isolation cuts are powerful tools to suppress the QCD jet backgrounds, where a jet
with a high electromagnetic deposit in the electromagnetic (ECAL) calorimeter with an
additional track associated to the cluster fakes an electron. Isolation criteria are designed
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using activities around the electron candidate direction in the hadronic calorimeter (HCAL),
the electromagnetic calorimeter (ECAL) and the tracker detectors, with a strong correlation
between these three detectors.

This note presents a study of the activity in the tracker detector around high energy
electrons (pt > 50 GeV/c), and in particular the effect of the conversion in the tracker
material of Bremsstrahlung photons emitted by the electron. It complements the calorimeter
isolation studies performed by the HEEP group in [51].

The analysis is performed within the CMSSW 1 6 11 framework using the two following
datasets : (i) Drell-Yan events with generated mass above 200 GeV/c2 from CSA07 pro-
duction CMSSW 1 6 7, and (ii) QCD events from the CMSSW 1 6 7 CSA07 gumbo soup
production, gathering p̂t bins up to 3500 GeV/c.

Before studying the tracker activity around high energy electrons, it is worth noting that
the tracker underlying event activity is uniform in η and φ. This is observed in Figure A.1,
which presents the η – φ density of all reconstructed tracks (from the ”ctfWithMaterialTracks”
collection) with pt > 1.5 GeV/c for all generated Drell-Yan events with mass above 200
GeV/c2. The decrease of the track density at high values of |η| (|η| & 2.5) is due to the drop
of the track reconstruction efficiency caused by the decrease of the acceptance.

The note is organised as follows. Section A.2 presents a detailed analysis of the character-
istics of the tracker activity around high energy electrons, using Drell-Yan events (decaying
into an electron-positron pair) with mass above 200 GeV/c2 : the high energy electron selec-
tion, the definitions of the tracker isolation variables and the study of the tracker activity as a
function of various quantities are reported in subsections A.2.1, A.2.2 and A.2.3, respectively;
subsection A.2.4 complements the study of the tracker activity using information concerning
the simulation details. In section A.3, new tracker isolation criteria are presented, using only
tracks associated to the primary vertex. The performance of the proposed criteria for the
identification of high energy electrons from Drell-Yan events and the rejection of fake elec-
trons from QCD jets is studied in section A.4. Finally, conclusions are given in section A.5,
followed by appendices.

A.2 Tracker activity around high energy electron direction

In this section, the high energy electron selection is detailed, followed by the definition of
the tracker isolation variables. The tracker activity around the electron direction is then
studied using Drell-Yan events generated with mass above 200 GeV/c2 and is compared to
the activity expected from the underlying event. Finally the last subsection complements the
tracker isolation studies using the full simulated information.

The activity in the underlying event is estimated in the direction at 90˚in φ from the
electron direction. Note that NLO QCD effects, such as gluon radiation from quarks, may
lead in Drell-Yan event to the presence of a recoil jet back to back in pt with the Z boson,
which may produce strong activity in the tracker. However the Z decay electron and positron
directions are not correlated to that of the Z boson, nor of this recoil jet.

A.2.1 Electron selection

Throughout the note, the standard object used for reconstructed electrons is the ”Pixel-
MatchGsfElectron” (GSF electron) built by the ”pixelmatchgsf algorithm”. The latter gath-
ers information from energy deposits in the ECAL (energy and position) with information
provided by the track (momentum and direction), seeded with pixel tracker hits. Cuts are
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applied on the cluster-track matching in η and in φ, and a loose cut H/E < 0.2 is applied,
where H/E represents the ratio of the energy deposit in the HCAL calorimeter behind the
ECAL cluster attributed to the electron candidate, to the energy of the latter. Details of the
pixelmatchgsf algorithm, definitions of the cuts and cut values can be found in [47].

The following additional cuts are applied to the electron candidate everywhere in this
paper : the GSF electron should be reconstructed with a transverse momentum pt,GSF > 50
GeV/c, in the tracker acceptance (|ηGSF| < 2.5) and outside the gap between the ECAL
barrel and endcaps (1.442 < |η| < 1.560).

A.2.2 Definition of tracker isolation variables

The tracker activity is studied in a cone with radius ∆R =
√

(∆η)2 + (∆φ)2 around the
electron candidate direction. In order not to count the electron track itself, an inner veto
cone is used. The tracker activity is quantified by the number of tracks between the two
cones and by the scalar sum of their transverse momenta. Tracks are taken into account if
they satisfy in addition two quality criteria : a minimum transverse momentum to suppress
fake tracks, and a maximum emission distance |∆z| along the beam direction between the
vertex position and the emission point of the track, computed as corresponding to that of
the closest approach to the beam. It will be seen in the following that the tracker activity is
very sensitive to the cut values chosen, in particular for the inner veto cone radius and for
the maximum emission ∆z distance.

The tracker activity is computed for an outer cone around the electron direction with
radius ∆Rout = 0.2 and an inner veto cone with radius ∆Rin = 0.02. All reconstructed
tracks from the ”ctfWithMaterialTracks” collection with transverse momenta higher than 1.5
GeV/c and maximum emission distances |∆z| < 0.1 cm are considered.

The activity between the two cones is described by the following three main variables 1

: (i) the number of tracks, Ntr; (ii) the average value of the transverse momentum of the
tracks, 〈pt〉; (iii) the scalar sum of the transverse momenta of the tracks, Σpt.

The same selections and variable definitions apply for the study of the tracker activity in
the underlying event.

A.2.3 Dependence of the tracker isolation variables on η, ∆z and cone
sizes

In this section, the dependences on η, ∆z and cone sizes of the isolation variables are presented
for high energy electrons from Drell-Yan events generated with mass above 200 GeV/c2. After
applying the electron reconstruction as defined in section A.2.1, a total of 33457 electrons is
used for the study.

Figure A.2 shows the average number of tracks between two cones around the electron
direction (a) and at 90˚in φ (underlying event) (b), as a function of the pseudorapidity
of the electron, ηGSF. The activity around the electron direction is significantly larger at
high values of |ηGSF| than in the underlying event. This behaviour is not consistent with
the uniform density shown in Figure A.1. It will be shown that this difference is explained
in terms of Bremsstrahlung effects. Tracks due to the conversion in the tracker material of
Bremsstrahlung photons emitted by the electron are indeed expected to be close to the elec-
tron direction, and absent from the underlying event. To the contrary, the activity observed

1It should be noted that another tracker isolation variable, mentioned in the past, the ratio of Σpt to the
transverse momentum of the GSF electron, is not used here, since it was shown not to be performant [51].
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at low values of |ηGSF| is low and similar in both regions (an average of 0.05 track per ∆η
bin of width 0.2), as expected for isolated electrons.

The dependency of this activity with respect to the inner cone radius is presented in
Figure A.3, which shows the average number of tracks around the electron direction as a
function of ηGSF for three different veto cone radii ∆Rin : (a) 0.02, (b) 0.04 and (c) 0.07. The
extra activity observed at high |η| decreases significantly to become uniform in η for a veto
cone radius of 0.07. This shows that the extra activity is strongly concentrated along the
electron direction. The average value of the transverse momentum of tracks between the two
cones is shown in Figure A.3 (d−f) as a function of ηGSF for the three veto cone sizes. For
low values of |η|, the transverse momenta are roughly the same for the three cases (around
3 GeV/c), whereas it is larger for higher values of |η|. All these observations are consistent
with the Bremsstrahlung hypothesis.

The estimation of the tracker activity also relies on the |∆z| cut value. Figure A.4 shows
the average number of tracks around the electron direction as a function of ηGSF for |∆z| <
0.1 cm and |∆z| < 0.3 cm. The extra activity at high |η| increases even more when relaxing
the |∆z| cut whereas the activity remains the same in both cases for low values of |ηGSF|.
This is understood by the fact that, for similar precision of the angle measurement, high |η|
tracks have a larger uncertainty on the position of their emission point than low |η| ones.
Therefore, relaxing the |∆z| cut allows more tracks to be accounted for.

The increase of activity at high ηGSF thus results from two effects: the increase of tracker
material with η (with a maximum value at |η| & 1.5) and the pointing effect described in the
previous paragraph.

A.2.4 Check of the Bremsstrahlung hypothesis using simulated track in-
formation

In order to check the hypothesis that the extra activity observed along the electron direction
at high values of |ηGSF| comes from tracks due to the conversion of Bremsstrahlung photons
emitted by the electron candidate, information from the GEANT simulation [35] is used. For
each reconstructed track, the associated simulated track is determined, using the package
”TrackAssociatorByHits” within the CMSSW 1 6 11 framework. The simulated track infor-
mation gives access to the identification of the simulated particle and of its mother. More
details on this package can be found in [68].

Figure A.5 presents an rt — z view of the vertex positions of the simulated particles
associated to the reconstructed tracks around the electron direction, where rt is the distance
between the vertex and the beam direction in the transverse plane. A large number of tracks
is observed not to originate from the primary vertex (vertices represented by red points),
with only a fraction of the emission vertices corresponding to the primary vertex with small
rt and |z| values (black points). In practice, these two categories are established using the
information on the mother particle : if the number of mother particles for the particle giving
the simulated track is equal to zero, the simulated track is considered to originate from the
primary vertex, otherwise it is considered to originate from a secondary vertex. The vertex
positions indicate that the extra activity at high |η| in the previous plots is due to tracks
which do not originate from the primary vertex emission, with a small contribution from
tracks which originate from the primary vertex. The tracker structure is indeed visible in
Figure A.5, where the majority of (red) secondary vertices are located along a direction cor-
responding to |η| ' 1.5.

Figures A.6(a) and (b) show the identifier code of the particles corresponding to the tracks
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reconstructed around the electron direction, for tracks which originate (a) or do not originate
(b) from the primary vertex. Most particles which do not originate from the primary vertex
are electrons, as expected from photon conversion, whereas pions are mostly emitted from
the primary vertex, as expected for the underlying event. Figure A.6(c) shows the identifier
code of the mother particles for tracks not coming from the primary vertex, of which the
major part consists in electrons and photons.

Therefore, the extra activity at high |η| is mainly due to the conversion of Bremsstrahlung
photons emitted by the primary electron.

A.3 New tracker isolation criteria using only tracks associated
to the primary vertex

In the previous sections, the tracker activity between two cones around the electron direction
was studied as a function of the ηGSF. An increase of the activity at high |η| was observed,
implying a dependence of the tracker activity on the |∆z| cut value and the size of the inner
cone. It was showed that this extra activity mainly consists in electron tracks not associated
to the primary vertex, but coming from the conversion of Bremsstrahlung photons emitted
by the primary electron. Considering only reconstructed tracks associated to the primary
vertex when estimating the tracker activity thus allows us to suppress this extra activity at
high |η|.

The association of the reconstructed tracks to the primary vertex is performed using the
primary vertex finder algorithm [69]. Once tracks are reconstructed, they are clustered based
on the z0 coordinate of their point of closest approach to the beam. Vertices are then formed,
based on this clustering of tracks, and each track is associated to the corresponding vertex.
The vertices are then sorted by decreasing sum of the transverse momenta squared Σp2

t of the
associated tracks. The first of these vertices, i.e. the vertex with the largest Σp2

t , is tagged
as the primary vertex.

A new tracker isolation is proposed in this paper, where only tracks associated to the
primary vertex are taken into account to compute the tracker isolation variables defined in
section A.2.2. For this, the radii of the inner veto cone and of the outer cone are ∆R in = 0.02
and ∆Rout = 0.2, and the minimum transverse momentum pt > 1.5 GeV/c cut is required,
as above. By definition, no |∆z| cut is imposed.

Figures A.7(a), (b) and (c) present, as a function of ηGSF, the average number of tracks,
their average transverse momentum and the average scalar sum of the transverse momenta
of all tracks between the two cones around the GSF electron direction, according to the
new tracker isolation definition. The corresponding distributions for the underlying event,
estimated between two similar cones at 90˚in φ off the electron candidate direction, are
shown in Figures A.7(d), (e) and (f), respectively. The extra activity at high |η| observed in
previous sections is no longer visible, and the variable distributions are similar around the
electron direction and for the underlying event.

The activity is studied with respect to different inner cone radii ∆Rin in Figure A.8, which
presents, as a function of ηGSF, the average number of tracks around the electron direction
for ∆Rin = 0.02 (a), 0.04 (b) and 0.07 (c). The shapes are similar in the three cases. The
small decrease of the average number of tracks observed when increasing the inner cone size
is due to the fact that the area between the two cones is slightly reduced.

In summary, the new tracker isolation definition, using only tracks associated to the
primary vertex, has the advantage to present a uniform η dependence, similar to the one for
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the underlying event. The tracker isolation variables are independent of the inner cone radius
∆Rin and, by definition, they are independent of the choice of the |∆z| cut.

A visualisation of the tracker activity is given in Appendix C for a high mass Drell-Yan
event. The positions of the tracker hits both at the simulated and at the reconstructed levels
are displayed.

A.4 Performance of the tracker isolation algorithm

In this section, the performance of the new tracker isolation algorithm is checked and com-
pared to the old HEEP tracker isolation algorithm (version 1.2) used in the analysis of [51].

The old HEEP tracker isolation algorithm requires that the scalar sum, Σpt, of the trans-
verse momenta of all tracks with pt > 1.5 GeV/c, between two cones of radii 0.02 and 0.2
around the electron direction, is less than 7.5 GeV/c in the ECAL barrel and 15.0 GeV/c
in the ECAL endcaps. The higher cut value in the endcaps is the consequence of the higher
activity at high |ηGSF| observed in section A.2.3.

The new tracker isolation algorithm proposed in this note uses the same cone sizes and
minimum track pt, but considers only the tracks associated to the primary vertex in the
estimation of the tracker activity, and thus does not require any ∆z cut.

The tracker activity performance is studied both in terms of the identification efficiency
for high energy electrons from Drell-Yan production with mass above 200 GeV/c2, and of
the rejection power for fake electrons from jets, using QCD jet samples. For the new tracker
isolation algorithm two variables are presented, the number of tracks, Ntr, and the scalar
sum of transverse momenta of all tracks, Σpt, between two cones of radii 0.02 and 0.2 along
the electron direction.

In the case of QCD events, more activity is expected around fake GSF electrons from
jets. In order to check this hypothesis, the QCD samples defined in section A.1 are used.
Note that the QCD events used here are preselected with the eγ trigger [70], which have
different requirements depending on the electron candidate transverse momentum : the Very
High Et trigger only requires an ECAL energy deposit with pt > 200 GeV/c; the High Et
trigger requires an ECAL deposit with pt > 80 GeV/c and loose isolation requirements in the
ECAL, the HCAL and the tracker, no track matching with the ECAL energy deposit being
required; the Relaxed Single Electron trigger requires an energy deposit with pt > 18 GeV/c
in the ECAL calorimeter, direction and energy matching between the ECAL deposit and a
track in the tracking detector, and isolation conditions in the HCAL and the tracker.

The electron reconstruction and selection procedure is applied as defined in section A.2.1,
which requires in particular for the fake GSF electron candidate pt,GSF > 50 GeV/c and
H/E < 0.2. This leads to a total of 409390 fake electron candidates in the QCD jet sam-
ples considered in this study. These fake electrons are characterised by an atypically high
electromagnetic fraction, a low H/E ratio and the presence of a track associated to the
electromagnetic cluster.

Figures A.9(a), (b) and (c) present, for QCD events, the average number of tracks, the
average transverse momentum of tracks and the average scalar sum of the transverse momenta
of tracks around the fake electron, as a function of ηGSF, according to the new tracker isolation
criteria. The corresponding distributions for the underlying event, taken at 90˚in φ from
the electron candidate direction, are shown in Figures A.9(d), (e) and (f) respectively. Along
the fake electron direction, much more activity is observed than in the Drell-Yan case, with
an average around 2 tracks instead of 0.05 and an average sum of transverse momenta,
Σpt, around 15 GeV/c instead of 0.15 GeV/c, per bin in ∆η = 0.2. The underlying event
distribution shows much less activity compared to that around the fake electron, (the errors
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Drell-Yan QCD background Drell-Yan QCD background
efficiency ε rejection 1 − ε efficiency ε rejection 1 − ε

barrel endcap barrel endcap barrel endcap barrel endcap

Ntr = 0 0.96 0.97 0.71 0.60 Σpt < 2 GeV/c 0.98 0.98 0.66 0.53

Ntr ≤ 1 0.99 1.00 0.48 0.33 Σpt < 3 GeV/c 0.99 0.99 0.59 0.47

Ntr ≤ 2 1.00 1.00 0.32 0.18 Σpt < 4 GeV/c 0.99 0.99 0.56 0.44

Ntr ≤ 3 1.00 1.00 0.23 0.11 Σpt < 5 GeV/c 1.00 0.99 0.54 0.40

Σpt < 6 GeV/c 1.00 1.00 0.51 0.37

Table A.1: Efficiencies of the new tracker isolation criteria for high energy electrons from
Drell-Yan events with M > 200 GeV/c2, and rejection power for fake electrons from QCD
jet events, for several cut values of the isolation variables, Ntr and Σpt, separately for the
GSF electron cluster situated in the ECAL barrel and endcaps.

on the average values are computed following the procedure defined in Appendix B, to take
into account the weighting of the event samples).

The tracker isolation efficiency (ε) for high energy electrons from Drell-Yan events and
the rejection power (1-ε) of fake electrons from QCD jet events are summarized in Table A.1,
for the new tracker isolation criteria. The results are presented separately for GSF electron
clusters situated in the ECAL barrel and endcaps. The efficiency is defined as the number of
GSF electrons passing the tracker isolation cut divided by the total number of GSF electrons,
as defined in section A.2.1. The corresponding plots, as a function of pt,GSF for several cut
values on Ntr and Σpt, can be found in section A.7. One observes that for Ntr < 2 and Σpt <
3 GeV/c efficiencies are close to 99% for Drell-Yan events while typically between 30 and 60
% of the fake electrons from QCD jet are rejected; note that Σpt < 3 GeV/c implies Ntr <
2, due to the minimum track pt of 1.5 GeV/c in the estimation of isolation. The efficiencies
are similar to those for the old tracker isolation criteria [51].

In the rest of this section, the efficiencies of the new isolation criteria are given, after hav-
ing applied the criteria of the HEEP electron selection defined in [67, 51] and summarised in
section A.6. In particular, the ECAL isolation criterion implies a cut on the sum of the trans-
verse energy deposits measured in all ECAL cells contained within a cone of radius ∆R = 0.3
around the electron cluster barycentre, except for the cells belonging to the electron candi-
date cluster. The HCAL isolation criterion includes a cut on the sum of the transverse energy
deposits in all HCAL cells contained between two cones of radii ∆R = 0.1 and 0.3 around the
electron candidate direction; for |η| > 1.560 (endcap region), the longitudinal segmentation
of the HCAL is used, considering separately energy deposits in the HCAL section close to
(away from) the interaction point, called HCAL Depth 1 (HCAL Depth 2).

The efficiencies for high energy electrons from Drell-Yan events and the rejection powers
for fake electrons from QCD jet events, after having applied the other criteria of the HEEP
selection, are given in Table A.2, both for the new and old isolation criteria, for pt,GSF > 50
GeV/c and pt,GSF > 200 GeV/c. The efficiencies for the new isolation criteria are observed
to be uniform as a function of pt,GSF , as shown in Figures A.12 and A.13 in section A.7, and
are similar to those for the old tracker isolation criteria [51].

In view of the results discussed here, it is proposed to use tracker isolation criteria defined
as the following : the scalar sum of the transverse momenta of tracks with pt > 1.5 GeV/c,
associated to the primary vertex and contained between two cones of radii ∆Rin = 0.02 and
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∆Rout = 0.2, must be smaller than 3 GeV/c :

Σ pt < 3 GeV/c (A.1)

The correlation between the isolation criteria designed using activities around the electron
candidate direction in the hadronic calorimeter (HCAL), the electromagnetic calorimeter
(ECAL) and the tracker detector are studied. For this, the HEEP electron selection criteria
defined in section A.6 are applied, except for the isolation criteria (four last rows in Table A.5).

The cumulative efficiencies for various cuts are defined as the efficiencies when the cuts
are applied successively. The correlations between the calorimeter isolation criteria, ECAL
+ HCAL depth 1 (HCAL1) and HCAL depth 2 (HCAL2, only for the endcap region), and
the new tracker isolation criterion are presented in Tables A.3 and A.4, which gives the
cumulative efficiencies of the various detector isolation cuts for Drell-Yan events and the
cumulative rejections for fake electrons in QCD jet samples, after having applied the other
HEEP selection criteria.

In the barrel (endcaps), the new tracker isolation criterion alone rejects 1 (1) % of the
signal electrons from Drell-Yan events and around 60 (47) % of the fake electrons from QCD
jet events. The ECAL + HCAL depth 1 calorimeter isolation criterion is most efficient in
rejecting QCD fake electrons and it rejects about 6-8% of the signal electrons from Drell-Yan
events; it is also highly correlated with the two other criteria. Note that, even if they are
correlated, the three detector isolation criteria are more powerful when they are all applied,
with a total signal efficiency around 91 (92) % for electrons from Drell-Yan events, and a
background rejection power around 89 (77) % for fake electrons from QCD jet events.

A.5 Summary and Conclusions

Tracker isolation criteria for the validation of high energy electrons have been studied in the
framework of the High Energy Electron pairs (HEEP) analysis.

The tracker activities between two cones around the electron direction and in the under-
lying event (defined in a direction shifted in φ by 90̊ ) have been compared, showing an extra
activity around the electron direction at high |η|. This activity has been studied with respect
to the size of the inner isolation cone and the distance |∆z| between the primary vertex and
the emission point of the particule giving the track. A clear dependency on these parameters
was found.

Using the simulated information from GEANT, it was shown that the extra activity
around the electron direction at high |η| comes from additional tracks due to the conversion
in the tracker material of Bremsstrahlung photons emitted by the electron.

A new tracker isolation criterion is thus used : the scalar sum of the transverse momenta
of tracks with pt > 1.5 GeV/c, associated to the primary vertex and contained between two
cones of radii ∆Rin = 0.02 and ∆Rout = 0.2, must be smaller than 3 GeV/c. This procedure
suppresses the activity due to tracks from Bremsstrahlung photon conversion and restores
behaviours similar to those in the underlying event. The new isolation criterion has a uniform
dependence on the inner isolation cone size and on the kinematical variables as pt,GSF , |η|
and φ. By definition it is independent of the emission distance |∆z|.

The identification efficiency for high energy isolated electrons from Drell-Yan events with
mass above 200 GeV/c2, and the rejection power for fake electrons from QCD jet events have
been studied. The performance of the new tracker isolation criterion is similar to that of the
old criteria. Efficiencies were studied with respect to the other criteria of the HEEP selection.
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A.6 HEEP electron selection

The HEEP electron selection criteria and related efficiencies are defined and discussed in
detail in [67, 51].

The criteria applied on reconstructed electron candidates are designed to ensure high
efficiencies for high energy electrons, whilst efficiently rejecting the QCD background. They
are required to be essentially insensitive to the quality of the detector calibration and therefore
useful in startup conditions.

High energy electrons are selected within the tracker acceptance (|η| < 2.5), using the
criteria summarised in Table A.5. The values of the cuts on the shower shape, track matching
and isolation variables to be different for electrons emitted in the barrel (|η| < 1.442) and
in the endcap (1.560 < |η| < 2.5) regions, because of the different detector geometries and
activities in the isolation cones.

A.7 Tracker isolation efficiency

Figures A.10 and A.11 present, for the new tracker isolation criteria, efficiencies for high
energy electrons from Drell-Yan events and rejection powers for fake electrons from QCD
events, as a function of pt,GSF , for several cut values on Ntr and Σpt, the corresponding
data for the HEEP tracker isolation (version 1.2) can be found in [51]. For Drell-Yan events,
one observes that efficiencies with the new selection criteria are uniform with respect to pt.
Taking as an example the values Ntr < 2 and Σpt < 3 GeV/c (red points), they are close to
99% for high energy electrons. At high pt,GSF , the tracker isolation criteria reject between
70 and 90 % of fake electrons in QCD jet events. The change in shape visible at 200 GeV/c2

in Figure A.11 is due to the eγ trigger preselection criteria [70] summarised in section A.4 :
above 200 GeV/c2, all QCD jets faking electrons satisfy the Very High Et trigger.

The tracker isolation efficiencies are also estimated with respect to the other criteria of the
HEEP selection [67], which includes in particular calorimeter isolation, as shown for Σpt <
3 GeV/c and Ntr < 2 in Figure A.12 for high energy electrons from Drell-Yan events and in
Figure A.13 for fake electrons from QCD jet events. These efficiencies are similar to those
for the old tracker isolation criteria [51].
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Figure A.1: η — φ density distribution of all tracks with pt > 1.5 GeV/c, for Drell-Yan events
with mass above 200 GeV/c2.
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Figure A.2: (a) Distribution of the average number of tracks with pt > 1.5 GeV/c and
|∆z| < 0.1 cm between two cones of radii 0.02 and 0.2 around the electron direction, as a
function of ηGSF for Drell-Yan events with mass above 200 GeV/c2; (b) same distribution for
the underlying event (90˚in φ off the electron direction).



A.7. TRACKER ISOLATION EFFICIENCY 167

GSF
η

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

>
tr

<N

0

0.05

0.1

0.15

0.2

0.25

0.3

GSF
η

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

> 
(G

eV
/c

)
t

<p

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

GSF
η

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

>
tr

<N

0

0.05

0.1

0.15

0.2

0.25

0.3

GSF
η

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

> 
(G

eV
/c

)
t

<p

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

GSF
η

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

>
tr

<N

0

0.05

0.1

0.15

0.2

0.25

0.3

GSF
η

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

> 
(G

eV
/c

)
t

<p

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

(c) (f)

(b) (e)

(a) (d)

Figure A.3: Distribution of the average number of tracks with pt > 1.5 GeV/c and |∆z| < 0.1
cm, comprised between two cones around the electron direction, as a function of ηGSF for
three inner veto cone radii : (a) 0.02, (b) 0.04, (c) 0.07, the outer cone radius being 0.2;
same distributions for the average transverse momentum of each track around the electron
direction for the three inner veto cone radii : (d) 0.02, (e) 0.04, (f) 0.07.
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Figure A.4: Distribution of the average number of tracks with pt > 1.5 GeV/c and (a) |∆z| <
0.1 cm and (b) |∆z| < 0.3 cm, between two cones of radii 0.02 and 0.2 around the electron
direction, as a function of ηGSF.
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Figure A.5: rt — z position of the emission vertices of the simulated particles associated
to the reconstructed tracks around the electron direction. Black (red) points correspond to
vertices of the simulated tracks which coincide (do not coincide) with the primary vertex.
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Figure A.6: Identifier code of the particles corresponding to simulated tracks associated to
reconstructed tracks around the electron direction, for simulated tracks associated (a) and not
associated (b) to the primary vertex; (c) identifier code of the mother particles, for simulated
tracks not associated to the primary vertex. The following code is used for the identifier
: photon=22, electron=11, positron=-11, positive pion=211, negative pion=-211, positive
kaon=321 and negative kaon=-321.

Drell-Yan M > 200 GeV/c2 : efficiency ε

Σpt < 3 GeV/c Ntr < 2 Old tracker isolation

barrel endcap barrel endcap barrel endcap

pt,GSF > 50 GeV/c 0.99 0.99 1.00 1.00 1.00 0.99

pt,GSF > 200 GeV/c 0.99 1.00 1.00 1.00 1.00 0.99

QCD jet background : rejection 1 − ε

Σpt < 3 GeV/c Ntr < 2 Old tracker isolation

barrel endcap barrel endcap barrel endcap

pt,GSF > 50 GeV/c 0.18 0.09 0.03 0.04 0.06 0.07

pt,GSF > 200 GeV/c 0.39 0.54 0.13 0.33 0.23 0.29

Table A.2: Efficiencies for high energy electrons from Drell-Yan events and rejection power
for fake electrons from QCD jet events, after application of the other HEEP cuts given in
[67], for the new tracker isolation cuts : Σpt < 3 GeV/c and Ntr < 2, and for the old tracker
isolation criteria.
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Figure A.7: Distribution, as a function of ηGSF, of the average number of tracks (a), the
average pt (b) and the average Σpt (c) for tracks with pt > 1.5 GeV/c between two cones of
radii 0.02 and 0.2 around the electron direction, using high mass Drell-Yan events, according
to the new definition of tracker isolation, i.e. considering only tracks associated to the primary
vertex, same distributions for the underlying event (90̊ in φ off the electron direction) in (d),
(e) and (f), respectively.
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Figure A.8: Distribution, as a function of ηGSF, of the average number of tracks with pt > 1.5
GeV/c between two cones around the electron direction for an inner cone radius of 0.02 (a),
0.04 (b) and 0.07 (c), the outer cone radius being 0.2, according to the new definition of
tracker isolation, i.e. considering only tracks associated to the primary vertex.

ECAL barrel

ECAL+HCAL isol. 91.9 tracker isol. 98.8
tracker isol. 91.2 ECAL+HCAL isol. 91.2

ECAL endcaps

ECAL+HCAL1 isol. 93.9 HCAL2 isol. 98.5 tracker isol. 98.8
HCAL2 isol. 92.9 ECAL+HCAL1 isol. 92.9 ECAL+HCAL1 isol. 93.3
tracker isol. 92.4 tracker isol. 92.4 HCAL2 isol. 92.4

Table A.3: Cumulative efficiencies of the ECAL and HCAL HEEP isolation criteria defined
in [67] and of the new tracker isolation criterion (Σpt < 3 GeV/c), with respect to the other
HEEP selection criteria for Drell-Yan events with mass above 200 GeV/c2 in the barrel (upper
rows) and the endcaps (lower rows).

ECAL barrel

ECAL+HCAL isol. 87.1 tracker isol. 57.7
tracker isol. 89.4 ECAL+HCAL isol. 89.4

ECAL endcaps

ECAL+HCAL1 isol. 72.8 HCAL2 isol. 35.5 tracker isol. 47.2
HCAL2 isol. 73.5 ECAL+HCAL1 isol. 73.5 ECAL+HCAL1 isol. 75.9
tracker isol. 77.1 tracker isol. 77.1 HCAL2 isol. 77.1

Table A.4: Cumulative rejections of the ECAL and HCAL HEEP isolation criteria defined
in [67] and of the new tracker isolation criterion (Σpt < 3 GeV/c), with respect to the
other HEEP selection criteria for QCD background events in the barrel (upper rows) and the
endcaps (lower rows).
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Figure A.9: Same distributions as in Figure A.7, but for fake electron candidates in the QCD
jet samples. Note the different scales in (a)-(d) and in (e)-(f).
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Variable Barrel Endcap

Et > 30 GeV > 30 GeV

ηSC |ηSC | < 1.442 1.560 < |ηSC | < 2.5

classification < 40 ≥ 100

∆ηin |∆ηin| < 0.005 |∆ηin| < 0.007

∆φin |∆φin| < 0.09 |∆φin| < 0.09

H/E < 0.05 < 0.1

σηη < 0.011 < 0.0275

ECAL + HCAL1 isol. < 5 GeV for Et < 65 GeV < 4 GeV for Et < 65 GeV
else < 5 GeV + 0.02 ∗ (Et − 65) else < 4 GeV + 0.04 ∗ (Et − 65)

HCAL2 isol. not applied < 1 GeV + 0.005 ∗ Et[GeV]

Tracker isol.: Σpt < 7.5 GeV < 15 GeV

Duplicate cleaning E/p closest to 1 E/p closest to 1

Table A.5: HEEP electron selection criteria (version 1.2) from Ref. [67].
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Figure A.10: Efficiencies of the new tracker isolation criteria for high energy electrons from
Drell-Yan events with mass above 200 GeV/c2 , as a function of pt,GSF , for several cut values
of Ntr in the barrel (a) and the endcaps (b), and for several cut values of Σpt in the barrel
(c) and the endcaps (d).
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Figure A.11: Rejection power of the new tracker isolation criteria for fake electrons from
QCD jet events, as a function of pt,GSF , for several cut values of Ntr, in the barrel (a) and
the endcaps (b), and for several cut values of Σpt in the barrel (c) and the endcaps (d).
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Figure A.12: Efficiencies of the new tracker isolation criteria for high energy electrons from
Drell-Yan events with mass above 200 GeV/c2, with respect to the other criteria of the HEEP
selection, as a function of pt,GSF , for Ntr < 2 in the barrel (a) and the endcaps (b), and for
Σpt < 3 GeV/c in the barrel (c) and the endcaps (d).
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Figure A.13: Rejection power of the new tracker isolation criteria for fake electrons from
QCD jet events with respect to the other criteria of the HEEP selection, as a function of
pt,GSF , for Ntr < 2 in the barrel (a) and the endcaps (b), and for Σpt < 3 GeV/c in the
barrel (c) and the endcaps (d).



Appendix B

Error estimation on average values
with weighted events

As said in the introduction, QCD samples are composed of several p̂t bins. Each bin is
specified by a number of simulated entries and a corresponding weight. The number of
entries in each bin multiplied by its weight gives the number of events expected in that bin
for an integrated luminosity of 100 pb−1.

Therefore, in each bin in ∆η, several entries from several p̂t bins combine to give the av-
erage value that we see on figures A.9. Since each p̂t bin has its own distribution and its own
number of simulated events, we will classify the entries in each ∆η bin per weight. Thus, in
each ∆η bin, we will create classes i specified by its weight wi and the corresponding number
of entries in that ∆η bin Ni.

Thus, for each class i, we have the mean value :

x̄i =
1

Ni

Ni
∑

n=1

xin (B.1)

the variance is given by :

σ2
i =

1

Ni

Ni
∑

n=1

(xin − x̄i)
2 (B.2)

and the error is then given by :

σx̄i
=

σi√
Ni

(B.3)

Each individual average value x̄i contributes to the general average value of the ∆η bin
x̄ with a weight wi/σ

2
x̄i

and the general average value is then given by :

x̄ =

∑N
i=1 wix̄i/σ

2
x̄i

∑N
i=1 wi/σ

2
x̄i

(B.4)

It is now straightforward to compute the error on x̄. Let’s define :

X =
N

∑

i=1

wi
σ2
x̄i

x̄i =
N

∑

i=1

aix̄i (B.5)

177



178APPENDIX B. ERROR ESTIMATION ON AVERAGE VALUES WITH WEIGHTED EVENTS

The error on X is given by :

σ2
X =

N
∑

i=1

a2
iσ

2
x̄i

=
N

∑

i=1

w2
i

σ2
x̄i

(B.6)

The general value x̄ can then be expressed as a function of X via :

x̄ =
X

∑N
i=1

wi

σ2
x̄i

(B.7)

and the error on x̄ can now be expressed as :

σ2
x̄ =

σ2
X

(
∑N

i=1
wi

σ2
x̄i

)2
=

∑N
i=1

w2
i

σ2
x̄i

(
∑N

i=1
wi

σ2
x̄i

)2
(B.8)



Appendix C

Example of a Drell-Yan event
display

This appendix presents the visualisation of the tracker activity, given in different views, for
a high mass Drell-Yan event.

Figure C.1 gives the position of the different type of tracker hits in the event both at
the simulated and the reconstructed level. Hits from reconstructed tracks in the event are
displayed as red crosses. Hits from simulated tracks associated to reconstructed tracks in
the event are displayed as blue triangles. Finally, vertices of simulated tracks associated to
reconstructed tracks are displayed as black circles.

The rt—φ view is shown in Figures C.1 (a) and (b), the latter giving a zoomed view
on the GSF track of the electron, rt being the distance between the vertex and the beam
direction in the transverse plane. The rt—z and x—y views are given in Figures C.1 (c) and
(d) respectively.

Figure C.1 (b) focuses on the region where the GSF electron track is visible (characterised
by pt,GSF = 83.8 GeV/c, |η| = 1.91 and φ = 0.484). One can also see a reconstructed track
(pt = 14.1 GeV/c, |η| = 1.91 and φ = 0.474) in the double cone around this GSF electron
direction. The simulated information from GEANT indicates that this track is an electron
track. From the ”mother” particle information, it is found that this electron comes from a
photon through pair creation (γ → e+e−), the photon itself is coming from the GSF electron
through a Bremsstrahlung process : e→ eγ.

This reconstructed track in the double cone around the electron direction is found : (i)
to have an emission distance |∆z| < 0.1 cm and would then contribute to the old tracker
isolation definition, (ii) not to be associated to the primary vertex. This example shows that
using only tracks associated to the primary vertex gets rid of tracks due to the conversion
of Bremsstrahlung photons emitted by the primary electrons when estimating the activity
around the electron direction.
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Figure C.1: Different views of a high mass Drell-Yan event showing the positions of recon-
structed hits (red crosses), hits of simulated tracks associated to reconstructed tracks in the
event (blue triangles) and vertices of the latter simulated tracks (black circles); (a) rt—φ
view, where rt is the distance between the vertex and the beam direction in the transverse
plane; (b) zoom of the latter view showing the GSF electron track; (c) rt—z view; (d) x—y
view.
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