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Introduction

In April 2010, the Large Hadron Collider (LHC) started colliding proton beams at the
energy of 7 TeV in the center of mass. Since then, the four experiments at the LHC
experienced the continuous growing of the provided peak luminosity from 10?7 up to
103! em™2s~! and above.

The Compact Muon Solenoid (CMS) experiment took advantage from the low lumi-
nosity regime in order to test the detector performances using particles produced with a
low transverse momentum (pr < 10 GeV). At higher luminosities, in fact, the rate of soft
interactions (minimum bias events) excesses the data recording possibilities.

In this work we will present the selection of J/¥ — ete™ events with the first data
collected by the experiment.

J/U decaying into electrons can be used in order to check the absolute scale of the
electromagnetic calorimeter, the selection efficiency of low pr electrons, the electron-
related distributions agreement between data and Monte Carlo (MC)) simulations. This is
particularly useful in the Higgs boson search in the 4 lepton decay channel H — ZZ* —
4.

The J/V study at hadron colliders has also a theoretical interest as a check of different
'QCD production models, though the statistics available up to now is still limited for this
kind of study.

The Standard Model (SM) of particle physics and the physics will be briefly de-
scribed in the first chapter giving the main characteristics of the J/W particle. Theoretical
and experimental interest are also introduced in Chapter (1.

We will provide the overview of the [CMS| experiment in Chapter 2, describing with

more details the subdetectors involved in the electron reconstruction and stressing
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the detector characteristics required for this analysis.

Chapter (3/is entirely dedicated to the electron reconstruction algorithms used in[CMS,
pointing out the difficulties in reconstructing low pr electrons like the ones of the J/¥ —
ete™ decay. In fact, the reconstruction of low pr electrons it’s a challenging task since
the detector was designed in order to have the best performances for electrons with a
transverse momentum greater than 25 GeV (like the ones produced by the Z boson decay).
Nevertheless, the reconstruction of this kind of electrons could be an important task for
the Higgs hunting as explained in Sec 5.

The J/WU event selection developed in this analysis will be described in Chapter 4
where we will illustrate not only the strategy and techniques used to select a high purity
J/W sample, but also the signal yield extraction.

Chapter |5 is devoted to the efficiency studies on the electron reconstruction and selec-
tion, providing a first low pr electron study using the first J/W¥ events. Furthermore, we
will use the selected J/W¥ sample to check the electromagnetic calorimeter (ECAL) abso-
lute scale. The single electron efficiency estimation combined with the trigger efficiency
is used in a preliminarily estimation of the prompt J/W¥ cross-section.

We will then conclude summarizing the analysis results.



Chapter 1

Standard Model and LHC physics

1.1 Standard Model of particle physics

The Standard Model (SM) is one of the best verified theory of the last century. It de-
scribes with extraordinary precision the Nature at the smallest dimension experimentally
accessible up to now.

It is a mathematical model describing elementary particles in the context of the Quan-
tum Field Theory. In such a representation particles are the quanta of the fields.

Ordinary matter is made of six spin % particles called leptons and six spin % particles
called quarks, each repeated in three “colours”. They are classified in three generations
and grouped in doublets.

In theSM| quarks and leptons interact with each other via three of the four fundamental
forces of Nature: the strong force, the electromagnetic and the weak one. The [SM does
not include gravitation. The force mediators are called bosons (because the obey to the
Bose-Einstein statistics), quarks and leptons are called fermions (because the obey to the
Fermi-Dirac statistics).

TheSM elementary particles are shown in Fig.[1.1 and their interactions are schemat-
ically shown in Fig.

The motion and interaction of particles are derived from the Lagrangian of the model
using the Minimal Action Principle.

The Standard Model Lagrangian is required to be invariant to the following gauge
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THE STANDARD MODEL
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Figure 1.1: Fig. a) shows the Standard Model elementary particles divided into ordinary
matter particles called fermions (left side) and force carriers called bosons (right side).
Fermions are divided into quarks (subjected to the strong force) and leptons (neutral
for the strong force). Quarks and leptons are grouped in three generation of doublets.
The particles masses are given by the interaction with the Higgs boson shown in the

bottom. Fig. b) illustrated schematically the particle interactions,

transformation symmetry groups:
SU@3)e x SU(2), x U(1)y (1.1)

The SU(2), x U(1)y invariance group represent the theoretical unification of the
electromagnetic and the weak forces in the electroweak interaction[l]. The Glashow ],
Weinberd;j and Salam[4] theory derives from this symmetry group the existence and be-
haviour of the electroweak boson mediators (the Z° and W# bosons) and the electromag-
netic carrier, the photon (7).

The spontaneous symmetry breaking mechanism &, Q] provides the way to give masses
to particles preserving the gauge invariance of the Lagrangian. This is done introducing
a scalar field in the theory, the Higgs field, whose quantum is the still unobserved Higgs

boson.

The strong force carriers are derived by the SU(3). term. The quark model was pro-
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posed by Gell-Mann[7] in 1964. The idea of the “colour” quantum number was introduced
by Han and Nambu|[8] in 1965 to avoid the apparent paradox that the quark model seemed
to require a violation of the Pauli exclusion principle in order to describe the hadron spec-
troscopy. The Quantum Chromo-Dynamics (QCD), the strong interaction sector of the
SM, was then quantized as a gauge theory with SU(3), symmetry in 1973 by Fritzsch[9],
Gross and Wilczec[10], Weinberg|[11].

Due to the very high magnitude of the strong force compared to the others, we cannot
find free quarks even at very high energies. Thus, the production of quarks in the collisions
is revealed as jets of particles originated by the hadronization process.

A useful concept is the |QCD scale Agcop. At energies £ > Agep ~ 150 MeV the
strong coupling constant as becames less than 1 and a perturbative approach to the QCD

is possible.

The J/V particle

In analogy to positronium (the electron-positron bound state), the heavy (m > Aqcp)
quark - antiquark bound states were named quarkonia. They are classified using the
spectroscopic notation. The bound states of charm quark (c¢) and its anti-particle (¢)
are known as charmonium states and they differ by orbital angular momentum (L), total
spin (.5), total angular momentum (/) and by mass (because of the different bounding
energy). In Fig. the charmonium system and the decay modes are shown.

The J/U particle was discovered as a narrow resonance with a mass m ~ 3.1 GeV
in the November of 1974 by two groups indipendently. The first headed by Ting in
p+ Be — efe” + X [12] at Brookheaven and the second headed by Richter at the ete™
storage ring SPEAR at SLAC [13]. The J/V is characterized by angular momentum
L = 1, parity P = —1 and charge conjugation C' = —1. It is an hadronic resonance
represented by a Breit-Wigner distribution centered at the nominal mass [14] m ¢ =
3096.916 4+ 0.011 MeV with an intrinsic width of I' = 92.9 4+ 2.8 keV. The distribution
width is inversely proportional to the particle lifetime (7): ' = hf The narrow width
(and consequently the long lifetime) of the J/W is due to impossibility of the particle to

decay in a charmed meson pair because of their larger mass. The radiative decay mode
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Figure 1.2: Schematic representation of the charmonium system, showing the different
cc states related to their quantum numbers and masses. The decay modes are indicated

by arrows.

into the lighter c¢ pair (7,.) is suppressed. The probability of decaying into a particular
channel is called branching ratio (BR). The J/¥ decay modes are:

decay channel ~ BR[%)]

hadrons 7.7+ 0.5
electrons 5.94 + 0.06
muons 5.93 £ 0.06

1.2 LHC physics

The main target of particle physics for the years to come will be the comprehension of
the electroweak simmetry breaking mechanism and the search for possible new physics.
These are the reasons that led the particle physics community to design and build a new
and more powerful accelator, the Large Hadron Collider (LHC); in this section the physics
requirements and feasibility will be reviewed.

In a circular collider of radius R, the energy loss per turn due to synchrotron radiation
is proportional to % . (%)4, where E and M are respectively the energy and mass of the

particles accelerated; it then follows that a circular electron collider would need enormous

dimensions to reach energies of the order of 500 GeV per beam, therefore the natural
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choice for a collider with current technologies is to use beams of protons, which are almost
2000 times heavier than electrons. In a proton-proton collider the interactions involve the
proton constituents (quarks, anti-quarks and gluons), which carry only a fraction of the
proton momentum. A drawback is that the centre-of-mass energy and the rest frame for
the hard scattering are unknown, but an advantage is that a wider range of energies can
be explored with respect to with fixed-energy beams.

The event rate R; of a physics channel ¢ occurring with cross section ¢; can be defined

as the number of events per unit of time:

dN;
dt

and it is proportional to cross section o; via the constant £, luminosity, which depends
only on the machine parameters. Assuming a small crossing angle between the beams and

gaussian-shaped beam bunches, the luminosity £ can be expressed as

. nleNQ

dro,oy

c (1.3)

where f is the revolution frequency of the n, bunches, N; and Ny number of protons
in the two colliding bunches, o, and o, the beam profiles in horizontal (bend) and vertical
directions at the interaction point.

In the Fig. [1.3] cross-sections for different processes are given as a function of the
centre of mass energy in pp collisions; in particular it can be noted how the inclusive
Higgs production cross-section steeply increases with the centre of mass energy while the
background, the total inelastic pp cross-section, remains approximatively constant over a
wide range of energies. Therefore, it can be argued that, to raise the Higgs statistics, the
highest possible centre of mass energy should be used (see Fig!1.3).

The other important characteristic to maximize the rate for a particular process is
the luminosity; this has the drawback, however, that the total event rate can become
so high that several interactions overlap in the same bunch crossing (pile up). The LHC

characteristics will be described in the following chapter.
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Figure 1.3: Cross section of different processes as a function of the center of mass energy
\/s in proton-proton collision. On the right vertical axis are reported the corresponding

event rate given theLHC| design luminosity.
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Figure 1.4: Feynamn diagram of prompt direct J/V production by gluon-gluon fusion.

The gluon emitted by the cc¢ state is due to C-parity conservation.

1.3 Theoretical interests in the J/VU study

The production mechanism of quarkonia (bound states of quark - antiquark) is still puz-
zling. None of the models for quarkonium production at hadron colliders explains suc-
cessfully both polarization and differential cross section measurements. [15]

Until 1995 the Color Singlet Model (CSM)) described successfully the J/¥ hadro-
production. In this model, the [QCD processes were factorized into two parts: the hard
parton-parton interaction producing the final partons and the hadronization process. The
former can be treated using a perturbative approach and the latter by non-perturbative
ones. The point of this model is that the partons produced by the hard scattering must
have the same quantum numbers of the initial state (QCD conserves the angular mo-
mentum, the parity and the charge conjugation quantum numbers). As the J/WU decay
requires a three gluon leg Feynman diagram in order to preserve the quantum numbers,
the same condition is required for its direct production (see Fig. 1.4). We will refer to
this mechanism as direct production of prompt J/W.

The C = +1 charmonia production requires instead only two gluons. Therefore one
might expect that the J/V is, to a good approximation, not produced directly in hadron-

hadron collisions, but arises from decay of charmed quarkonia with even charge conjuga-
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Figure 1.5: Feynamn diagram of prompt indirect J/V production by gluon-gluon fusion:
9+9—= Xes = J/¥ 4+

tion:
g+ 9= Xes = J/V +7 (1.4)

Process proceeds mostly via x. and we will refer to it as indirect prompt J/¥
production (see Fig.[1.5).

As shown by the inclusive quarkonium cross section data at the Tevatron ﬂl?i], the CSM
underestimates the cross section for prompt J/W¥ production in p— p collisions. The Color
Octet Mechanism (COM), part of the Non-Relativistic QCD approach [17], has
been able to explain the cross section measurements, but predicts a polarization, which
is in contrast with recent data at the Tevatron [18]. According to the[COM, the c¢ bound
state produced by the hard parton-parton scattering is not required to be directly in a
singlet colour state, but it can successively emit low pr gluons in order to reach such
a state. The requirement on color singlet and the co-linearity divergence of the low pr
gluon emission enhances the direct J/¥ production.

Thanks to the much higher collision energy and luminosity of the quarkonia can
be probed with transverse momenta much higher than currently studied at the Tevatron,
allowing us to better discriminate between theoretical models.

In summary, J/¥’s production at hadron colliders occurs in three ways: prompt J/WUs

produced directly, prompt J/Ws produced indirectly (via decay of heavier charmonium
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states such as x. ), and non-prompt J/Ws from the decay of a b-hadron.

1.4 Experimental interests in the J/V reconstruction

The J/W particle represents a very useful test for the detector performance. The Compact
Muon Solenoid (CMS) experiment is designed for the study of physics events with high
transverse energy final state particles. Thus, detector performances are not expected to be
optimal for the reconstruction of particles with low pr. Particularly, the reconstruction
of low pr electrons in [CMS| is a challenging task, though it could be a crucial point in
the discovery of the Higgs boson in the H — ZZ* — 4{ decay channel. We will give
more details in Chapter [5. The J/W¥ analysis can be a very useful test for the electron
reconstruction efficiencies and detector performances as well. Moreover, the measurement
of the peak position of the J/W¥ resonance will be used, combined with the 7% and the
Z boson ones, for the calibration of the [CMS electromagnetic calorimeter. The linear
response of the calorimeter is then provided in a wide energy range: from the MeV scale
of the ¥ to the hundred- GeV scale of the Z boson, through the GeV scale of the J/¥
0

particle. Thus, the J/WU peak is the intermediate point in the interpolation between 7
and Z.



Chapter 2

The Large Hadron Collider and the

Compact Muon Solenoid detector

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) construction was approved by the/CERN Council in 1994
and started in the late 2000, after the closure of the Large Electron Positron collider (LEP).

TheLHC [19] is a circular hadron accel-
erator designed to accelerate protons at the
energy of 7 TeV energy per beam (14 TeV
in the center of mass) and ions (Pb) at the
energy of 2.76 TeV per nucleon in the cen-
ter of mass. Up to now, the LHC is the
highest energy hadron collider ever con-
structed and also the biggest one. In order

to reach such a high energy, the[LHC needs

a very big radius tunnel in which particle
beams circulate. It is installed in the Figure 2.1: View of the LHC location
tunnel situated approximately 100 meters

underground between the French and Swiss territory in the Geneva area (see Fig. 2.1).

The tunnel is 27 km long. Prior to the injection in the the particles are prepared by

10
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Figure 2.2: Proton (ions) acceleration and injection system to the LHC: LINAC2, PSB,

PS, SPS and LHC

a series of injective systems that successively accelerate them: the LINAC2, the PSB, the
PS (from 1.4 to 26 GeV) and the SPS up to 450 GeV (see Fig.[2.2).

Low B (pp)
High Luminosity

(B physics)

Figure 2.3: View of the four LHC experi-

ments positions and LHC layout

The[LHClis organized in 8 octants host-
ing 1600 superconducting magnets operat-
ing at a temperature of 1.9 K that allow to
maintain the protons on the circular orbit
from the injection energy up to the 7 TeV
nominal energy and a few RF accelerating
sections that accelerate the particles to the
nominal energy. The protons in the accel-
erator are inserted in bunches. Up to 2800
bunches of 10'° protons can be inserted in
the machine.

The main accelerator characteristics
are summarized in Table

The experimental caverns are located in
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length 27 km
center mass energy 14 TeV
luminosity 1034 em 257!
bunches 16
proton per bunch 1010
collision rate 40 MHz
MAGNETS
number 1600
working temperature 19K
magnetic field 8T

Table 2.1: Summary table of design characteristics of the for proton-proton colli-

sions.

the four points where the two beam pipes intersect to prodce collisions. Four experiments
are installed there, with different designs and aims: [ALICE| for the study of quark-gluon

plasma in heavy ion collisions, LHCb for the study of the CP violation in heavy flavour

quarks physics (b-quark), [ATLAS and [CMS, which are two general purpose experiments.
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Figure 2.4: The|CMS detector

2.2 The Compact Muon Solenoid detector

The Compact Muon Solenoid (CMS E] experiment (shown in Figure 2.4) is made of a
large superconducting solenoid containing a full silicon tracker, a precise crystal electromagnetic
calorimeter (ECAL) and a hadron calorimeter (HCAL). Muon chambers are embedded in
the iron return yoke of the magnet. Overall the experiment measures 21.6 m in lenght,
14.6 m in height and weighs 12500 t.

As sketched in Fig. 2.5, the combined information from the different subdetectors
allows the discrimination of the final stable particles produced by the collision.

We will describe briefly all the subdetectors giving more details on the ones involved
in the electron reconstruction (the tracker system and ECAL). An electron releases a little
amount of energy in the tracker layers revealed as hits. Because of the bending power of
the magnetic field, the electron follows an helix trajectory until the It developes
in an electromagnetic shower that is almost completely contained in the [ECAL crystal
length. Thus, almost no signals are released in the HCAL and in the muon chambers.

At the design luminosity, a mean of about 20 inelastic collisions will be superimposed

on the event of interest. This implies that around 1000 charged particles will emerge from
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Electron \QXXS&{
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PARTICLES

Muon

Figure 2.5: Schematic description of the interaction of the final state particles produced
in the collision with the subdetectors. Charged particles are revealed by the
tracker as several hits in the different layers. The hits are used to define the particle
trajectory. Neutral particles are not seen in the tracker system. Electrons and photons
produce electromagnetic showers loosing almost all their energy in the[ECAL. Hadrons
interact producing hadron showers in[HCAL. Muons pass all the subdetectors releasing

energy as|MIPs.

the interaction region every 25 ns. The products of an interaction under study may be
confused with those from other interactions in the same bunch crossing. This problem
becomes more severe when the response time of a detector element and its electronic
signal is longer than 25 ns. The effect of this pile-up can be reduced by using high-
granularity detectors with good time resolution, resulting in low occupancy. This requires
a large number of detector channels. The resulting millions of detector electronic channels

require very good synchronization.

2.2.1 The coordinate system

The coordinate system has the origin centered at the nominal collision point inside the

experiment, the y-axis pointing vertically upward, and the x-axis pointing radially toward
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the center of the LHC. Thus, the z-axis points along the beam direction according to the
write-hand rule. The azimuthal angle ¢ is measured from the x-axis in the x-y plane and
the radial coordinate in this plane is denoted by r. The polar angle € is measured from the
z-axis. Pseudorapidity is defined as n = — log (tan g) Thus, the momentum and energy
transverse to the beam direction, denoted by pr and E7r respectively, are computed from
the x and y components. The imbalance of energy measured in the transverse plane is

called missing E7 and denoted by E'r.

2.2.2 The magnet

Magnetic length 12.5 m
Cold bore diameter 6 m

Central magnetic induction | 3.8 T

Nominal current 19.14 kA
Inductance 14.2 H
Stored energy 2.6 GJ

Operating temperature 1.8 K

Yoke magnetic induction | 1.8 T

Table 2.2: The principal characteristics of the[CMS solenoid magnet.

An important aspect driving the detector design and layout is the choice of the mag-
netic field configuration for the momentum measurement. Large bending power is needed
to measure precisely the momentum of high-energy charged particles since the momen-
tum resolution improves with a stronger magnetic field: the relative uncertainty on the

dp

momentum measurement is <= o £. This forces a choice of superconducting technology

for the magnets.

The|CMS magnet [21] is a superconducting solenoid providing a 3.8 T magnetic field at

the interaction point. The tracker system, ECAL and HCAL are hosted within the magnet.
The magnet return yoke of the barrel has 12-fold rotational symmetry and consist of

three sections along the z-axis; each is split into 4 layers (holding the muon chambers in
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the gaps). Most of the iron volume is saturated or nearly saturated, and the field in the

yoke is around 1.8 T.

2.2.3 Tracker system

The silicon tracker [22, 23] is the innermost part of the/CMS|detector. At design luminosity
about 1000 tracks/event are expected, therefore high detector granularity is needed.

Speed and radiation hardness are other two requirements for the tracker because of
the high intense flux of charged particle expected by the interactions at the LHC| design
luminosity. Moreover, the minimum material budget is required in order to keep lower
the multiple scattering, photon conversion and bremsstrahlung emission.

In the barrel region the tracking system consists of a cylindrical detector of 5.5 m in
length and 1.1 m in radius. It is equipped with 3 silicon pixel detector layers (66 million
channels) for the innermost part (for radii 4.4 cm < R < 10.2 cm and for |z| < 50 cm)
and 10 silicon strip detector layers (2.8 million channels) for the outer part (R < 110 cm,
|z| <275 cm).

The tracker silicon strip detector consists of four inner barrel (TIB) layers assembled
in shells with two inner endcaps (TID), each composed of three small discs. The outer
barrel (TOB) consists of six concentric layers. Finally two endcaps (TEC) close off the
tracker.The tracker system layout is schematically shown in Fig. 2.6.

The tracker system provides a very precise measurement of particle momentum and
is crucial for low pr electrons.

For high pr track (100 GeV) the pr resolution is about 1—2% in the central region and
a bit worse in the endcaps due to the lower lever arm. At this py the multiple scattering
contribution is about 20 — 30% and it increases for lower transverse momentum. The
efficiency is above 99% in most of the acceptance. There is a small drop at high 7 due to

the lack of coverage of the pixels.
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(a) Pixel detector layout (b) Trasversal view of the [CMS tracker

Figure 2.6: a) Layout of the pixel detector in|CMS| tracker. b) Layout of the barrel

tracker.

Pixel

The pixel system is the closest part of the detector to the interaction region and it’s
used to reconstruct the primary and secondary vertices. It contributes precise tracking
points in r — ¢ and z and therefore is responsible for a small impact parameter resolution
that is important for good secondary vertices reconstruction.

The pixel detectors provide in general 2 or 3 hits per track, each with a three-

dimensional resolution of about 10 pum in the transverse plane and 15 pm in z.

Strip detector

The silicon strip detectors can provide up to 14 hits per track, with a two-dimensional pre-
cision ranging from 10 pym to 60 pum in R. Some of the silicon strip layers are double-sided
to provide a longitudinal measurement with a similar accuracy. The tracker acceptance

for a minimum of 5 collected hits extends up to pseudorapidities n of about |n| < 2.5.
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Material budget

The material thickness in the tracker vol-

| Material Budget Tracker |

ume to be traversed by electrons and pho-

tons before reaching the ECAL strongly § 2; EE:’tt
varies with 7. It amounts to about 0.35 ::__ %%t.,l'g
radiation length (X,) at central pseudo- 14" '
rapidities (n = 0), increases towards the 1-2;
barrel /endcap transition, and falls 0-;__
back. 0.6
The simulation of the material budget 0.4;
in front of is of great importance 0.2-
%

for the estimation of the photon conversion
(photons interacting with the tracker ma-
terial producing an electron-positron pair) Figure 2.7: Material budget
both for photon analyses as lost signal and

for electron analysis as a background source.

High material budget also means an higher fraction of electron bremsstrahlung.

2.2.4 Electromagnetic Calorimeter

One of the driving criteria in the design of the electromagnetic calorimeter (ECAL) @, @]
was the capability to detect the decay into two photons of the postulated Higgs boson.
This capability is enhanced by the good energy resolution provided by a homogeneous
crystal calorimeter.

The[CMS|ECAL is made of approximately 75000 PbW0, crystals, a transparent scintil-
lating material denser (8.3 g/cm?) than iron with a short radiation length (X, = 0.89 cm)
and a small Moliere Radius ( Ry = 2.19 cm). This allowed to build a fine granularity and
a compact calorimeter such that an electro-magnetic shower is completely contained in
its 25 Xj.

The scintillation decay time of these crystals is of the same order of magnitude as

the bunch crossing time: about 80% of the light is emitted in 25 ns. In order to
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Figure 2.8: Schematic view of [ECAL| layout

compensate the low light yield (100 photons per MeV), the lead tungstate crystals are
coupled to photodetectors with a high gain: Avalanche Photo-Diodes (APDs) are used in
the barrel, characterized by a higher magnetic field, and vacuum phototriodes (VPTs) in
the endcaps because insensitive to the high hadron flux.

ThelCMSIECALIis a hermetic calorimeter consisting in a central cylindrical part (barrel)
placed between the tracker and the hadron calorimeter and closed by two endcaps. A
preshower detector is placed in front of the endcap crystals.

The ECATl layout is shown in Fig. [2.8!

The ECAL Barrel

The Barrel covers the region |n| < 1.479. The barrel is made of 61200 trapezoidal
and quasiprojective crystals of approximately 1 Moliere Radius (Ry) in lateral size and
about 25.8 X in depth. The barrel inner radius is of 124 cm.

Viewed from the nominal interaction vertex, the individual crystals appear tilted (off-
pointing) by about 3° both in polar (1) and azimuthal angles (¢). The barrel is divided

in two halves, each made of 18 supermodules containing 1700 crystals.
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ECAL (EE)

Figure 2.9: Schematic view of [ECAL| layout

The ECAL Endcap

The endcaps consist of two detectors, a preshower device followed by a PbW0, calorimeter
(Fig.[2.9). The preshower is made of silicon strips placed in a 19 cm sandwich of materials
including about 2.3 Xy of Pb absorber. It covers inner radii from 45 cm to 123 cm,
corresponding to the range 1.6 < || < 2.6. Each endcap calorimeter is made of 7324
rectangular and quasi-projective crystals of approximately 1.3 Ry in lateral size and
about 24.7 X in depth. The crystal front faces are aligned in the (x, y) plane but, as for
the barrel, the crystal axes are off-pointing from the nominal vertex in the polar angle by

about 3°.

ECAL energy resolution

The energy resolution of the [ECAL can be parametrized as follows:
2 2 2
) () ()
The stochastic term S depends on event to event fluctuations in lateral shower contain-
ment, photo-statistics and photodetector gain; N represents the noise term, which depends
on the level of electronic noise and event pile-up (additional particles causing signals that

overlap in time); and C represents the constant term, which depends mainly on inter-

calibration, temperature, high voltage stability and other system intrinsics and also on
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Figure 2.10: Energy resolution of barrel as a function of the energy for the 3 x 3

array of crystals centered on crystal 704.

non-uniformity of the longitudinal light collection and leakage of energy from the rear

face of the crystal. The constant term dominates the resolution at high energies.

The mean value of the stochastic and constant term in the barrel was measured in

test beam ]: S =2.8%, N =124 MeV and C = 0.3%.
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Figure 2.11: Longitudinal view of thelCMS hadron calorimeter. The HCAL covers up to

In| < 5.

2.2.5 Hadron Calorimeter

The hadron calorimeter (HCAL) [27] is used together with [ECAL to measure energy and
direction of jets, and the energy imbalance in the transverse plane Fr. It provides good

segmentation, moderate energy resolution and angular coverage up to |n| < 5. is
made of four subdetectors (Fig.[2.11):

e the Barrel Hadronic Calorimeter (HB) is placed inside the magnetic coil and it

covers the central pseudorapidity region, up to |n| = 1.3

e the Endcap Hadronic Calorimeter (HE) is inside the magnetic coil as well and it is

made of two endcaps extending the angular coverage up to |n| =3

e the Outer Hadronic Calorimeter (HO, or Tail Catcher) is placed in the barrel region,
outside the magnetic coil and is needed to enhance the depth of the calorimeter in

terms of nuclear interaction length A

e the Forward Hadronic Calorimeter (HF) consists of two units placed outside the
magnetic coil, at +11 m from the interaction point along the beams direction. It

extends the pseudorapidity coverage up to |n| = 5.

HB and HE are made with layers of 4 = 7.5 c¢m thick brass or stainless steel absorber
plates interleaved with 3.7 mm thick plastic scintillators. The signal is readout through

wavelengthshift fibres and hybrid photodiodes (HPD). The granularity (A¢ x An) is
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0.087 x 0.087 in the central part and 0.17 x 0.17 at high . The minimum depth is about
5.8 \. In order to increase the calorimeter depth in the barrel region a tail catcher (HO)
has been added outside the magnetic coil. HO is made of two scintillator layers, with the
same granularity as HB; the total depth in the central region is thus extended to about
11.8 A\, with an improvement in both linearity and energy resolution. HE has a minimum
depth of 10 A\. The two HFs are made of steel absorbers with embedded radiation hard
quartz fibers. The fast Cherenkov light produced is collected with photomultipliers. The
granularity is 0.175 x 0.175.

HB has an energy resolution for single pions of approximately 120%/vE.

The energy resolution of the ECALFHCAL combined system was evaluated with a com-

bined test beam with high energy pions [28] and it is given by:

AE  84.7
— = L ® 7.4%

E  VE

2.2.6 The muon system

The CMS muon system [29] is dedicated to the triggering, identification and momentum
measurement of high prmuons, the latter in combination with the tracker. The system is
placed outside the magnetic coil, embedded in the return yoke, to fully exploit the 1.8 T
return flux. The system consists of three independent subsystems (Fig. m:

e Drift Tubes (DT) are choosen for the barrel region, where the occupancy is relatively

low (< 10 Hz/cm?), the magnetic field uniform and the hadron flux low;

e Cathode Strip Chambers (CSC) are used in the endcaps, where the occupancy is
higher (> 100 Hz/cm?);

e Resistive Plate Chambers (RPC) are both in the barrel and in the endcaps.

The Drift Tube system is made of chambers consisting of twelve layers of drift tubes
each, packed in three independent substructures called super-layers, for a total of four
chambers with three super-layers per chamber. In each chamber two super-layers have
anode wires parallel to the beam axis, and one has perpendicular wires. Thus, each

chamber can provide two measurements along the » — ¢ coordinate and one measurement



The Compact Muon Solenoid detector 24

C.M.S.

Compact Muon Solenoid
Transversal View

MB/Z/4/4.
4

/4l
Wi

B/2/3/4
YBIZ/2/4]

Z=-2,-1,0,1, 2 according to the Barrel wheel concerned

Fig. 1.1.3(color): Transversal view of the CMS detector

(a) Longitudinal view (b) Trasversal view

Figure 2.12: Longitudinal and trasversal view of the[CMS muon system

along z. Each chamber is made of two parallel aluminium plates jointed with “I” shaped
spacer cathodes. Chambers are filled with a gas mixture of Ar(85%) and CO4(15%). The
position resolution is about 100 pym in both r — ¢ and rz.

Cathode Strip Chambers are multi-wire proportional chambers with segmented cath-
odes. Each chamber can provide both hit position coordinates. Chambers are filled with a
gas mixture of Ar(40%), COq (50%), CF4(10%). The chamber spatial resolution is about
80 — 85 pm.

Resistive Plate Chambers are made of parallel bakelite planes, with a bulk resistivity
of 101 +— 10" Qcm. They are operated in avalanche mode. These chambers have limited
spatial resolution, but they have excellent timing performances; they are used for bunch

crossing identification and for trigger purposes.
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2.3 The CMS Trigger

At design luminosity [LHC| will provide a bunch crossing every 25 ns corresponding to a
frequency of 40 MHz. It is not possible to store the huge amount of data coming from
the million electronic channels of the detector for all the interactions. Only 200 MB/s
of data can be stored on disks nowadays and since the typical [CMS event data size is
1 — 2 MB, approximately 100 — 200 Hz can be accepted. The largest part of events are
minimum bias events, which have a cross section of about 70 mb /s = 7 TeV, which has
to be highly suppressed. In order to do this, [CMS implements a two stage trigger: the
Level 1 (hardware) trigger (L1) and the Higher Level (software) Trigger (HLT). The L1
trigger consists of custom designed, largely programmable electronics, taking information
directly from subdetectors and provided a reduction of event rate of about 1000. The[HLT
is a software system implemented in a filter farm of about one thousand commercial pro-
cessors running a software event filter that is a faster version of the offline reconstruction
algorithms. The provides a reduction of the event rate to about 100 Hz.
The trigger flow is shown in Fig. 2.13|
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Figure 2.13: Workflow of the|CMS trigger system



Chapter 3

Electron reconstruction

3.1 Electron definition and reconstruction

Electrons can be reconstructed as energy deposit in with an associated track. The
direction of the electron is given by the tangent to the track at the vertex, while the
energy is a linear combination of the momentum estimated by the track and the energy
deposit in [ECAL (a detailed description is provided in Sec.[3.2).

The [CMS detector is equipped with a very accurate electromagnetic calorimeter and
silicon tracker. The reconstruction and identification of electrons is nevertheless a chal-
lenging task. Indeed, the large amount of tracker material (from 0.4 X, at n = 0 to a
maximum of 1.4 Xy at n = 1.5, as shown in Fig.[2.7) induces a significant bremsstrahlung
photon emission, which, because of the track curvature in the 3.8 T magnetic field, can
result in a calorimeter energy deposit widely spread in the azimuthal direction (¢).

In the [CMS|reconstruction software (CMSSW) the electron reconstruction procedure
is divided into steps [30]:

1) electron seeding
2) electron tracking
3) electron preselection (track - ECALI matching)

4) Bremsstrahlung recovery

27
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ECAL bremsstrahlung
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deposit

Figure 3.1: Schematical view of an electron reconstructed in|CMS. The track is recon-
structed by the|GSFlalgorithm taking into account the trajectory kinks due to energetic
bremsstrahlung photon emission. The energy deposits belonging to the emitted pho-

tons are collected together to the electron cluster by the clustering algorithm.

3.1.1 Track reconstruction

The Kalman Filter (KF) algorithm [31] is the standard track reconstruction algorithm in
CMS. It was developed for [MIP like muons and is the faster track algorithm. Because
of the bremsstrahlung emission, electron track reconstruction needs a dedicated tracking
algorithm that can take into account the kinks given by the bremsstrahlung energy loss

to the electron direction, this is the track algorithm [32] (see Fig.3.1).

3.1.2 Electron seeding

In [CMS there are two electron reconstruction algorithms which differ by the seeding pro-
cedure: EcalDriven electrons [33] (inward procedure starting from ECAL and associating
then a track) and TrackerDriven electrons [34] (outward procedure starting from a track

and searching energy deposits in [ECAL).
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The EcalDriven algorithm is the standard electron reconstruction, most suitable
for energetic and isolated electrons. Low-energy (below 10 GeV) and/or non-isolated
electrons, are reconstructed more efficiently by the TrackerDriven electron algorithm.

Electron seeds selected by both algorithms are collected together, keeping track of
the seeding algorithm originating them. In the following we will refer to TrackerDriven
and EcalDriven electrons as those seeded by the TrackerDriven and EcalDriven algorithm

respectively.

EcalDriven algorithm

The EcalDriven approach starts finding suitable energy deposits in the ECAL. The 97%
of the impinging electron energy is deposited in a cluster of 5 x 5 crystal matrix around
the most energetic one (called seed crystal). Such simple fixed size array of crystals has
been shown to allow for best energy resolution for electrons in test beam and unconverted
photons in situ.

To obtain a measurement of the electron energy at primary vertex and minimize the
cluster containment variations, it is essential to collect bremsstrahlung photons. This is
the purpose of the super-clustering algorithms. In the barrel Super Clusters (SCs) are
obtained grouping together “dominoes” of 3 or 5 crystals in n contiguous in ¢, until a
domino with less than 100 MeV is reached. In the endcaps they are obtained grouping
5x5 clusters along the ¢ direction.

Super Clusters are firstly preselected applying a threshold of 4 GeV on the deposited
tranverse energy and an hadronic veto. The veto is defined by the ratio between the
hadronic and the(SClenergy (H/E < 0.15). The hadronic energy is estimated by summing
[HCAL towers energy within a cone of AR = 0.15") behind the Super Cluster position.

Hit pairs and triplets in the pixel layers constitute a trajectory seed. The trajectory
seeds in a z and ¢ window along the electron helix trajectory starting from the [SC| are
selected as geometrically matching trajectory seeds. The ¢ matching is performed prop-

agating the[SC ¢ direction backward to the first pixel layers using both charge hypotesis.

DAR = /A2 + A¢?
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TrackerDriven algorithm

The TrackerDriven algorithm follows the so called “particle flow” procedure [35]. The
Particle Flow algorithm aims at reconstructing all the individual particles in jets by
making an optimal combination of the different sub-detectors. In the case of an electron,
it implies reconstructing the track up to the ECAL| entrance, associating this track with
the electron cluster, and identifying the clusters of the emitted photons.

The KF algorithm fails to reconstruct the track of highly bremsstrahlung emitting
electrons. On the other hand, the algorithm is about 10 times slower than the KF
one. Thus, in the particle-flow, the seeding efficiency is increased by a pre-identification

procedure [36] schematically shown in in Fig.[3.2.

Clusters (ECAL + PS)

Track-cluster matching

KF filtering

CGSF ref itting)

pre-identified electron |

Figure 3.2: Electron pre-identification strategy

The electron pre-identification starts from the tracks. A high tracking efficiency is
thus required, even for tracks with a small number of hits. An iterative-tracking strategy
was adopted to achieve both high efficiency and low fake rate [37].

The electron which do not loose too much energy by Bremsstrahlung are the easiest
to identify. Indeed the [KF can follow their trajectory from the interaction point to the
outermost layer of the tracker and they can be easily associated to a [ECAL cluster; for
this reason the first pre-identification criterion is based on track-cluster matching. The
track (with at least ten hits) is propagated to the internal surface of the ECAL. The

propagator used does not take into account possible energy losses and considers an uniform
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Figure 3.3: Distribution of the number of hits (left) and x2,/ndf (right) for electrons
(solid line) and pions (dottendd line).

magnetic field. After reaching the internal ECAL surface, the track is propagated with a

straight line to the depth where the electron shower maximum is expected. For all the

clusters verifying the condition % <

Eg

Py,

< 3, the most geometrically compatible one is

associated to the track. The compatibility is evaluated building a y? variable:

(2
o o
where A¢(n) is the distance in ¢(n) between the position of the cluster and the position
of the propagated track and oy, is the intrinsic cluster position resolution.

After finding the best matching, two variables are used to select the electrons for which
the photon emission is small: low y? and a not small ratio between the cluster energy and
the absolute value of the track momentum at the outermost layers (E./ |Py|).

All the tracks not selected by the first criterion are filtered using two criteria: a
little number of hits and a big value of the reduced x? of the track (see Fig. 3.3).

This filter is expected to be fully efficient for electrons and to reduce, at least, by a
factor two the hadrons. The main reason of this stage is to reduce the number of charged
hadrons for the following analysis which is the most time-consuming. The filtered [KF
tracks are then refitted using a /GSF model in order to improve the discriminating power
of the pure-tracker variables used in a MultiVariate Analysis based on a Boosted Decision
Trees (BDT). A decision tree is a sequence of binary splits of the data. To train the tree

a set of known training events is used. The results are measured using a separate set



Electron definition and reconstruction 32

Output of Boosted decision trees Output of Boosted decision trees
«0.06 «0.06
S - < -
o - [=] -
5 r Zz r
S0.05) Z0.05F
w - w -
0.04F 0.04f
0.03 0.03
002 f 0.02F
0.0 § 001l
C . CooF
0 bmszt L A TP T B - L I O Eimtnad’s PP PR EPEPP IR IR o T L
-1 -08 -06 -04 -02 -0 02 04 06 08 1 -1 -08 -06 -04 -02 -0 02 04 06 08 1
BDT BOT

Figure 3.4: output normalized distribution for electrons (solid line) and pions
(dotted line) for single particles (left) with 2 GeV /c < pr < 50 GeV /¢, for particles in

jet (right) in the same pr range.

of known testing events. Consider all of the data to be on one node. The best variable

value to split the data into separate signal and background is found. There are then two

nodes. The process is repeated on these new nodes and is continued until a given number

of final nodes (called “leaves”) are obtained, or until all leaves are pure or until a node

has too few events. [38]. The input variables used in the BDT are: E/p, x2q,., Number
out

of hits per track, [p3 — pi| /P, Xisr, Xir/X5sr, pr and . The output of the [BDT/is

one variable (Oppr) that permits to discriminate electrons and hadrons (see Fig.[3.4).

3.1.3 Electron tracking

The seeds obtained with the TrackerDriven and EcalDriven procedures are merged in
order to provide a unique collection of seeds keeping track of the seed origin. Electron
seeds are then used to initiate a dedicated electron track building and fitting procedure
in order to best handle the effect of bremsstrahlung energy loss. The track finding is
based on a combinatorial requiring a very loose x? compatibility. The combinatorics
is limited by requiring at most 5 candidate trajectory at each layer and at most one layer
with a missing hit. The hits collected by the track finding are then fitted by the [GSF!
When an EcalDriven seed, with N hits, and a TrackerDriven seed share at least N-1

tracker hits, only the former is kept and the provenance is assigned to both algorithms.
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3.1.4 Electron preselection
EcalDriven

As far as EcalDriven electrons, the
track{ECAL matching requires:

o |Anin| = |nsc — 0S| < 0.02

o |Agin| = |dhse — ¢52| < 0.15

where ngg and @gc are the energy weighted
position of [SC in n and ¢ respectively and
where ¢ and ¢S are the n and ¢ co-
ordinate position of the closest approach
to the [SC position, extrapolating from the

innermost track position and direction.
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Figure 3.5: Normalized to unity A¢ shapes

for J/W¥ and|QCD|MC|samples. The double
peak is due to the charge hypotesis.

A [GSF track is linked to a given cluster if the extrapolated position from the outermost

tracker measurement in the calorimeter is within the boundaries of one of the cells con-

stituting the cluster.

For TrackerDriven electrons, a further
step is the electron identification. It con-
sists of a multivariate analysis based on the
BDT on variables different respect to the
pre-identification phase. The multivari-
ate analysis takes into account variables
related to the bremstralung emission, the
electromagnetic shower shape, the number
of hits, the x? of the |GSF and KF track
fit in order to maximize the electron pre-

identification efficiency and the hadron re-

jection.
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The output is the so called MV A (MultiVariate Analysis) variable.
Electron candidates with MV A > —0.4 are selected. Fig.[3.6/shows the distribution

of the MV A variable for electrons and pions.

3.1.5 Removal of Conversions from Bremsstrahlung Photons

Once preselected, a further selection step is applied to remove ambiguous electron can-
didates that arise from the reconstruction of conversion legs from photon(s) radiated by
primary electrons. In the case of an emitted photon taking more than half of the orig-
inal electron pr, the predicted position in the next layer is closer to the photon than
to the electron after emission. If the photon converts, the hits from its conversion legs
will likely be efficiently found by the electron track reconstruction algorithm. In such
bremsstrahlung conversion patterns, the reconstruction often leads to electron candidates
constituted by closeby tracks associated to the same or closeby superclusters, hereafter
defined as ambiguous candidates.

The ambiguity solving algorithm firstly identifies electron candidates having super-
clusters “in common”. Therefore, two superclusters are considered “in common” if a
minimum energy is shared. Having identified candidates with common supercluster, the
ambiguity resolution algorithm keep the electron candidate satisfying the first of the fol-

lowing creteria:
1) the innermost first hit

2) the best E/p ratio

3.2 Energy measurement and resolution

The electron energy is obtained from the combination of the ECAL and the tracker mea-
surements, so to take advantage of the better resolution of the at high energies
and the better resolution of the tracker momentum estimation at low energies. Indeed,

the electron pr resolution, as estimated from the trajectory curvature in the tracker, get
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worse with the increasing electron transverse momentum:
- x pr (3.1)

The relative resolution of the electron energy as estimated by [ECAL, instead, increases
with the electron energy as in Eq. 2.1

So the combination of the two measurements takes advantage of the track momentum
estimate in particular in the low energy region and/or in the [ECAL crack regions.

The single and combined energy resolution in[ECALBarrel (EB) is shown in Fig.|3.7(a);
the combined pr resolution for barrel and endcaps is shown in Fig. 3.7(b).
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Figure 3.7: Performances of the combined momentum estimate: (a) effective energy
resolution for the[ECAL, the tracker and the combined momentum estimates as a func-
tion of the electron generated energy for electrons in the[ECAL Barrel and (b) effective
transverse momentum resolution for electrons in the [ECAL Barrel and electrons in
the [EE. Electrons are from a sample of di-electron events with uniformly distributed

transverse momentum between 2 and 150 GeV /c.



Chapter 4

Selection of J/U — eTe~ events

This chapter illustrates in details the selection to extract a clean sample of J/¥ — ete”
events.

We will follow all the analysis steps starting from a study of simulated signal and
background events until the definition of the best J/W selection procedure.

The study of events with the first data of the [CMS experiment is complicated by
the increasing luminosity provided by the and the consequently changing trigger

configuration.

4.1 MC events simulation

In modern high energy physics experiments, a key role is played by Monte Carlo (MC)
simulations. They are used especially to better understand the collision dynamics and
the detector response to final state particles. In this way, any New Physics (NP) evidence
can be disentangled from known physics and detector effects. In fact, the whole event
is simulated starting from the parton-parton fundamental interaction (generation step)
up to the interaction of final state particles with the matter of the detector (simulation
step). The simulated detector information is then processed by the [CMS| reconstruction
framework (CMSSW) as the real data are.

The generation step may be performed by different event generators which use different

algorithms and theorical informations. The one used in this analysis is PYTHIA [39].

36
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The simulation step is performed using a full simulation of the detector based on
GEANT4 [40, 41]. Since the simulation step is the most time consuming, after the
generation step the events are passed through an event filter rejecting unuseful or un-
detecteble events. Only the events passing the event filter are then simulated.

In this work, we will use the samples to choose an adequate selection for the
interesting events (signal) able to reject as much as possible background events. Given
the non perfect simulation of low pr processes and the reduced knowledge of the detector
conditions in this early data-taking era, we will try to rely as less as possible on MC

simulations, using data-driven methods.

MC normalization

In order to get an estimation with good precision of the expected number of events in
an integrated luminosity L;,;, the MC sample must contain a large number of simulated
events, corresponding at least to the same order of magnitude of the analyzed data.

The equivalent integrated luminosity of the sample is defined by

where N is the number of events generated and simulated for that sample, o is the process

cross-section and € is the filter efficiency.

4.1.1 Signal MC sample

The signal MC sample is generated by PYTHIA 6 requiring events with prompt J/¥
decaying into electrons according to the combination of the CSM and the COM (see
Sec.[1.3).

Two signal MC datasets were produced. The first one (we will refer to it as signal 1)
requires looser conditions on the decay electrons and it was used in order to choose the
J/W selection cuts. It was produced simulating the older J/W¥ trigger. The second one
(we will refer to it as signal 2) was produced simulating the last J/W¥ dedicated trigger
adopted in [CMS] (it will be described in Sec. [4.3.3). In Sec.[5.4 we will present the cross

section measurement of the prompt J/W¥ production in proton-proton collisions for J/W¥
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with rapidityE ly| < 1.4 and pr > 4 GeV. These requirements are choosen for the
comparison of the measurement with the muon channel decay performed in [CMS. The
signal 2 sample was produced with those cuts at generator level on the J/W rapidity and
transverse momentum. It will be used for data-MC|comparisons and efficiency studies for
the J/W cross section measurement (Sec. :

The event filter selection on generated quantities is:
1) signal_1

e two electrons with opposite charge
e both J/V electrons with pr > 1.5 GeV/c

e both J/V electrons with |n| < 2.5 (in the detector geometrical acceptance)
2) signal 2

e two electron with opposite charge
e J/W¥ with transverse momentum pr >4 GeV/c

e J/U with rapidity |y| < 1.4

The MCl sample characteristics are reported in Tab. 4.1.

4.1.2 Background Monte Carlo sample

Signal events with electrons in the final state are contaminated by a background stemming
mainly from [QCD di-jets in which at least one of the jets has been revealed as a well-
isolated single electromagnetic (EM) cluster. The cluster is caused mainly by energetic
(single or multiple) 7% 7, K? mesons decaying into photons in the final state (with
following possible conversion of the photon to an eTe™ pair) as well as by 7* and K=.

As a rule these background particles are accompanied by soft hadrons whose energy is

DRapidity is defined as:

1 E+p.c
yzilog

E—p.c
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Signal_1
Prompt J/¥ — eTe™ cross section (o) | 12.5458 ub
Filter efficiency (éyc) 0.0352
Effective cross section (o - éyc) 4.4-10° pb

Equivalent integrated luminosity (L.,) | 1.4 pb~!

Signal 2
Prompt J/¥ — eTe™ cross section (o) | 12.5458 ub
Filter efficiency (6yc) 0.024
Effective cross section (o - éyc) 3.0-10° pb

Equivalent integrated luminosity (Le,) | 3.3 pb™*

Table 4.1: Main characteristics of signal MCl samples

mostly deposited around the one of the fake electron. In most cases it is not possible to
completely suppress all background events, and the fraction of the remaining events has
to be evalueted.

In order to generate a sufficiently large sample of [QCD di-jets in a pr range which
is representative of the background for a di-electron selection in a reasonable time, a
generator-level preselection algorithm is needed to “enrich” the [QCD sample with elec-
trons.

Thus, the more realistic [QCD| background [MC sample available for the J/U — ete”

study is represented by the QCD Double Electro Magnetic Enriched (QCDDoubleEMEnriched)
sample. The specific filter before the simulation requires the presence in the event of at
least two particles that can produce an energy deposit in the ECAL sufficient to mimic an
electron (i.e. “fake electrons”) or QCD jets containing b and ¢ quark decaying into real

electrons.

The [QCDDoubleEMEnriched sample requirements at generator level are:

e at least two particles with E7 > 4 GeV/c in the detector acceptance |n| < 2.5

At the moment of the writing QCDDoubleEMEnriched samples for a complete J/W¥ study

are not yet available.
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This sample has been used only for a preliminary study on the possible selection
strategy, but no selection optimization and efficiency study was possible because of the
lack of statistics and the requirements at generation level that make the sample not very

representative of the full background.

The |QCDDoubleEMEnriched MC| sample was produced separately for two pr ranges as
reported in Tab. 4.2.

At the moment of writing there were no/QCDDoubleEMEnriched samples simulated with

the final trigger described (see Sec. :

QCD EMDoubleEnriched pr 6 = 20

QCD cross section (o) 2.08 - 10 pb
Filter efficiency (6yc) 0.02
Effective cross section (o - 6yc¢) 4.16 - 108 pb

Equivalent integrated luminosity (Le,) | 0.021 pb™!

QCD EMDoubleEnriched pr 20 + oo

QCD cross section (o) 2.97-10% pb
Filter efficiency (éyc) 0.24
Effective cross section (o - éyc) 7.1-107 pb

Equivalent integrated luminosity (L.,) | 0.154 pb™!

Table 4.2: Main characteristics of the[QCD [MC| samples

4.2 Low pp electron physics

The|CMS experiment is designed for the best performances in the study of high pr physics,
i.e. the processes with a hard parton parton scattering resulting in final state particles
with high transverse energy.

As shown in Fig. M the prompt J/WU particle has, a low pr spectrum, reflected
also by the decay electrons (see Fig. .

One of the main difficulties of this analysis is triggering low pr electrons from J/W¥

decays in high luminosity conditions, due to the high rate of background processes. This is
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Figure 4.1: Transverse momentum distribution of prompt J/V particle produced at the
LHC (left) pr spectrum of the J/W’s decay electrons fromMC truth (right). The cut-off
at 2 GeV in the electron pr distribution is due to the cut at generator level applied for

the signal_1 sample production.

described in Sec.[4.3.3. Futhermore, also the electron reconstruction and identification is
more difficult than the high py electron case. Different techniques, devoted to this physics
case, have been developed. The background coming from fake electrons reconstructed in
QCD di-jets is very large, due to the very high cross section of this process. This requires

a dedicated optimization of electron identification.
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4.3 Event selection

4.3.1 Strategy

In order to keep the background contamination as low as possible without loosing too
many signal events, we apply a selection procedure to each electron in the event.

The selection procedure consists of several requests on reconstructed electrons aimed
to reject the “fake” electrons (coming from mis-identified hadrons, mainly charged pions
or charged hadrons, or neutral pions within the jet with a wrongly-associated track).

The event selection steps are the following:

1) good run (on data only)

2) dedicated [HLT trigger path fired

3) number of reconstructed electrons > 2
4) selection cuts applied on each electron

1) kinematic selection
2) electron identification

3) electron isolation
5) oppositly charged electron pair selection

6) if more then two electrons pass the previous criteria, the highest pr electron pair is

choosen

The number of signal 2 MC]| events passing the selection criteria of step 1) - 4) is the
41% of the total. Since the 0.07% of them has at least 2 electron pairs, the criterium
choosen for step 5) is not relevant. Also in data, it represents a negligible fraction of

events (0.4%).

4.3.2 Good runs

In the data taking is divided in runs, which last typically 1-10 hours, depending on
the detector conditions and [LHCI fill duration. Not all runs taken by [CMS can be used
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for this analysis, we choose the ones where all the subdetectors involved in the electron
reconstruction were up and running in good conditions during the data taking. Up to the

end of August the [CMS| experiment collected 1.8 pb™! of good run data.

4.3.3 J/V dedicated trigger description and performance

The first limitation for the J/W¥ analysis comes from the trigger. Trigger menus are
designed to retain events interesting for the LHC physics program, which is selecting
high pr particles on a huge amount of low pr ones. As already pointed out in Sec. 4.2,
leptons from J/W decays are characterized by a low pr spectrum, with most of them
below 10 GeV.

Thus, a dedicated trigger has been implemented with the lowest p threshold and other
specific requirements in order to keep the highest efficiency according to the bandwidth
limits.

From its start up, the[LHC increased its instantaneous luminosity of about four orders
of magnitude. This means that the amount of interactions arising from the collisions
increased considerably. So, different J/W triggers were adopted during different luminosity
phases.

For this reason trigger studies were performed choosing the lowest py threshold com-
bined with specific selection cuts in order to reject most of the background. These dedi-
cated J/W triggers changed with the increasing of luminosity because of the limited event
rate dedicated to this channel by the trigger system.

The J/V triggers implemented up to now are:

HLT _DoublePhoton4_JPsi requires two energy deposits in [ECAL with E7 > 4 GeV,
with a cluster shape compatible with a electro-magnetic shower (details in Sec./4.3.5)

and invariant mass between 2 and 15 GeV

HLT _DoubleEle_4 requires two energy deposit in ECAL with ET > 4 GeV, a track
associated to each energy deposit, with a cluster shape compatible with a electro-

magnetic shower (details in Sec. 4.3.5) and invariant mass between 2 and 15 GeV



Event selection 44

The list of J/W¥ dedicated triggers with the reference of integrated luminosity is illus-
trated in Tab. 4.3.

trigger name integrated rate [Hz|
luminosity

HLT _DoublePhoton4_JPsi 73.5nb"1 78

HLT _DoublePhoton4_JPsi prescaled (by factor 20) 96.6 nb™1 4

HLT _DoubleEle 4 1.8 pb™1 1

Table 4.3: J/V trigger table indicating the corresponding integrated luminosity of data

collected and the rate expected for an instantaneous luminosity of 2 - 103 em=2s71.

In an intermediate period, because of the higher event rate due to the increasing of
luminosity, the HLT_DoublePhoton4 _JPsi trigger was prescaled by a factor of 20, i.e. only
5% of events firing the trigger were recorder.

In this work we will use the first dataset for the selection optimization described in
Sec.|4.5.2. The last dataset was splitted into two parts, one used for the selection efficiency
measurement described in Sec.[5.4.2 and the other used for the cross section measurement.

Within a good run we select only the events firing the trigger path chosen for this

analysis.
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4.3.4 Kinematic selection

As described in Sec.[4.3.3| the HLT requests two energy deposits in the[ECAL with trasverse
energy FEr > 4 GeV. Because of this request, we will apply offline the same request
pr > 4 GeV/c on each single electron.

Fig. 4.2/ shows the contribution of the different electron reconstruction algorithms
to the electron pr distributions of signal and background. A very large fraction of the
signal events are reconstructed by the TrackerDriven algorithm (described in Sec. 3.1.2).
The EcalDriven algorithm (described in Sec. starts reconstructing electrons with
pr > 4 GeV/c. The double peak visible in Fig. M is due to both the EcalDriven
reconstruction threshold and the generator level cuts of the background sample (Er >
4 GeV).

The electron energy distribution for the signal is well below the HLT threshold and
consequently most of the signal events are not even triggered. On the other hand, also

the background (Fig. 4.2(b)) shows a large fraction of events at low pr and this is the

MC si gnal MC backgr ound
0 F V77 . @ F T ;
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c C 770000 c L V2
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Figure 4.2: Electron pr distribution for the signal 1|MC sample (4.2(a)) and the back-
ground [MC sample (4.2(b)). The contributions from the different electron reconstruc-
tion algorithms are shown: TrackerDriven only electron (pattern fill), EcalDriven only

electrons (black solid fill), electrons reconstructed by both algorithms (white solid fill).
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J/U events
EB-{EB 82%
[EB-EE] 4%

EE{EE 14%

Table 4.4: Fraction of reconstructed J/WV events from signal_1MC sample requiring only
thelHLT and pr > 4 GeV /c. The number of J/W events is divided into three categories:
two electrons in the|[ECAL Barrel (EB-EB), two electrons in the[ECAL Endcap (EE-EE),
one electron in [ECAL Barrel and one in the [ ECAL Endcap (EB-EE).

main reason of such a request at trigger level.

As shown in Tab. 4.4 there is a little fraction of signal events with both electrons
reconstructed in the endcap region. The tight criteria used to reject the higher amount
of background make this fraction negligible. Thus, the following analysis and plots are

related to events with two electrons in the barrel region.
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4.3.5 Electron identification selection

The electron identification exploits the characteristics of the electron interaction with the
detector.

In the following a list of the variables with a brief description and their distribution for
the [MC signal and the MC background samples are reported (Fig. 4.3, Fig.[4.4] Fig.[4.5,
Fig. 4.6, Fig.[4.7). Tight criteria on electron identification variables allow a considerable

reduction of “fake” electrons.

H/E It is the ratio of the energy deposit in

the HCAL and in the[ECALL The ECAL S
g 1! S signal
energy is the energy of the seed; the % o
5 10?
8

HCAL energy is estimated in a cone
of radious R = 0.15 centered to the

ECAL seed. Electrons are electromag- 10°

netic objects and, as described in 2.5, 104

B R

loose almost all their energy in the 10

ECAL. In order to reject hadrons, a

o
o
o
o
of
N
o
=
o
o
N

low value of the H/E variable is re-

quired. In our analysis the H/E cut Figure 4.3: Normalized to unity H/E
(H/E < 0.1) is applied to both Track- shapes for signal and background MC
erDriven and EcalDriven electrons. samples

The cut-off at 0.15 shown in Fig. 4.3

is due to the EcalDriven reconstruction algorithm pre-selection cut. The bin at

0 is due to the HCAL|readout threshold.
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E/p EcalDriven electron variable. It is

the ratio between the energy deposit 8 | —_ signal
in the seed cluster of [ECAL and the %0'07; QCD
momentum of the associated track es- 80'06?
timated at the end of the track. Be- Z.Zj
cause of this choice, the E/p vari- o:oaé
able is almost insensitive to possi- o.ozé
ble bremsstrahlung emission along the 0_01;
trajectory. 364 as FRERT AT

Eged /P ot

The E/p distribution for electrons is
expected to peak at 1 and presents Figure 4.4: Normalized to unity E/p

long tails due to the not perfect elec- distributions for signal and back-
tromagnetic shower containment in ground MC samples

the seed cluster on the left side and
to the possible under-estimation of the track momentum for the right tail. Fake
electrons, as pions starting their hadronic shower in[ECAL, loose only a little part

of their energy in [ECAL| so a value less than 1 is expected.

An EcalDriven electron variable. It

is the difference between the pseudo- 50.07?
rapidity measured from the track and %0'06?
the one measured by the [ECAL| both 80'05?
extrapolated at the interaction point. 0'04§
Real electrons are expected to have An 0'03§
close to 0. This variable is not influ- 0'025
enced by the bremsstrahlung photon 0'01?
emission because the electron bending 00 00 0.01 0'022;]

occurs in the ¢ direction. The cut-

. Figure 4.5: Normalized to unity An
off at |An| = 0.02 is due to cuts ap-

o ' ' distributions for signal and back-
plied in the reconstruction algorithm.

(see 3.1.2).

ground [MC samples
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O EcalDriven electron variable.

This variable represents the second %om

V7
7
Lz
7
77

L

o
moment of the cluster shape along  Zo.0s

38
the n direction, not affected by the 0.05

bremsstrahlung emission. The seed of 0.04

the Super Cluster is considered here. 0.03
. o 0.02
An hadronic shower starting in [ECAL
shows a distribution larger than the o<’
o) — (004040000404
electromagnetic one. 0 0005 001 0015 002

Figure 4.6: Normalized to unity oy,

distributions for signal and back-

ground samples
MVA TrackerDriven electron variable.
It is a non linear combination of %
the above mentioned observables and % Oll;
other ones that makes optimal usage 0'08;
of the correlation between the elec- 0.06
tron identification variables (which in 0_04:, 2
pratice are highly non linear). In the 0.0257 W%
TrackerDriven electron reconstruction i

a pre-selection cut at —0.4 is applied.

Figure 4.7: Normalized to unity MVA
distributions for signal and back-

ground [MC samples
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4.3.6 Isolation selection

In this analysis we request isolated electrons in order to reduce the amount of “fake”
electrons coming from hadronic jets. Being in jets this kind of clusters are however not
isolated. So isolation criteria enhance the prompt J/¥ contribution.

Isolation criteria can be applied in every subdetector related to the electron recon-

struction: tracker, ECAL, [HCAL.

Isolation definition:

The isolation variable for an electron in a subdetector can be defined as the flux of energy
in a defined cone surrounding it in which we have subtracted the electron contribution.

For the considered electron, we define

two concentric cones of radius R1 and Ry TN
-~ \
. -7 - // \ Rl
(Ry > Ry) respectively, both centered on T ! \
-7 p——
] : -7 =TT 7 i l R
the electron direction. The smaller cone __--""___------ R j 2
S e e iy == -4- - - - .
S 11 cone axis
I
I

is called veto-cone and we make use of it R
instead of removing just the energy flux

contribution of the electron to deal with
bremsstrahlung photons as well.

Figure 4.8: Schematic draw of the isoTk
Most of the transverse energy measured

) . ) cones.

in the inner cone is due to the electron

transverse energy and the transverse en-

ergy difference (AEL ) between the two cones is due to other particles surrounding

the electron.

The three isolation criteria applied in this analysis are:

tracker isolation (isoTk): We define the electron direction as the one estimated at
vertex by the track. The outer and inner cone are choosen with radius R; = 0.3
and Ry = 0.015 respectively according to optimization studies reported in [42]. The

energy flux is the sum of the py of particles between the two cones;

Q)R: /A,,IQ +A¢2

electron
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we make use of the fine granularity of [ECAL selecting the

ECAL isolation (isoECAL)

0.3 and the inner

cones on a RecHit basis: we define the outer cone of radius R;

cone of radius Ry corresponding to 3 crystals around the seed of theSCL A threshold

to the RecHit energy of 80 MeV is also applied in order to remove noise contribution

to the E7 sum in the isolation variable. In the isoFC AL definition, in addition to

the inner veto-cone removal, there is a a narrow strip in the ¢ direction veto-region

that takes into account the spread in the ¢ direction due to the bremsstrahlung

emission and to the electrons produced by photon conversions;

for isolation in [HCAL we sum the transverse hadronic en-

.
.

HCAL isolation (isoECAL)

ergy deposited in towers surrounding the electrons candidate without any threshold,

but with a veto-cone around the [ECAL position of the electron. The inner cone ra-

dius Ry is fixed to 0.15 in order to make the [HCAL isolation variable indipendent

to the H/E cut imposed during the electron reconstruction and identification (see

Sec.[3.1.2).

The isolation variable distributions are shown for MC/signal and background in Figg.|4.9|

and 4.10
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Figure 4.11: The invariant mass resolution as a function of the J/V pp is shown
with the energy and angular contribution. The resolution is defined as the Root Mean

Square of the invariant mass distribution.

4.4 Invariant Mass Resolution

The invariant mass of two electrons, in the approximation that their energy E. > m,, is

myw = \/2 - E1Eq(1 — cosa) (4.1)

where F o is the energy of the 1-st and 2-nd electron and « is the angle formed by
the two electrons.

An unstable particle presents an experimental invariant mass distribution represented
by the convolution of two distributions: a Breit-Wigner distribution due to the finite
lifetime of the particle and a distribution due to the experimental resolution. The former
is characterized by an intrinsic width (T') proportional to £ where 7 is it is mean lifetime.
The J/V is a very narrow resonance (I' = 79 keV), thus the width of the invariant mass
distribution is completely dominated by the experimental resolution. This depends on
the energy and the angular resolutions. In order to show the different contributions of the
two terms, we estimated the invariant mass resolution as the Root Mean Square (RMS)

of the distribution. The invariant mass was calculated using:
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* the truth energy of the electrons (E gen) and the recontructed angle between

the electron directions (angle reco),
o the reconstructed energy (E reco) and the truth angle (angle gen),
A the reconstructed energy (E reco) and angle (angle reco)

In Fig. [4.11 the invariant mass resolution is shown as a function of the transverse mo-

mentum. It results dominated by the energy resolution.
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4.5 Selection cut optimization

In this section we describe the optimization of the selection cuts which will be used to

enhance the statistical power of the signal.

4.5.1 General considerations

There are several ways to choose selection cut values: choosing a set of cuts for a given
selection efficiency or purity or, as adopted in this work, maximizing a defined merit
factor.

An unbiased procedure requires to optimize selection cuts on samples performing
a “blind” analysis and then to look at the data with the chosen optimized selection.

For an optimization study we need both large statistics and good data representing MC
samples. Unfortunately, none of the MC samples (especially the background one) fulfills
these requirements.

In fact, we found differences between

MC simulations (for the signal) and data 5

data SS

variable distributions expecially in isola-

25 —— data OS
tion variables. For these reasons we have
. L : 20 ]
not done a blind optimization using MC, eft 1 fight
. . sideband sideband
but we always used data. Doing this, we  1°

have to assure we do not introduce any bias

enhancing a statistical fluctuation of the

background instead of a real signal yield.

2 297 7
. . . . 05 2 25 3 35 4 45 5
The main possible bias induced is the Mee [GeV/ch2]

background shape modification in the peak

‘ o o Figure 4.12: Invariant mass distribution of
region. The criteria that we optimized are

) same sign and opposite sign data.
not related to the charge of the single elec-
tron, so shapes of same sign and opposite
sign background events are expected to be the same. Assuming that the charge mis-

identification at these energies is very low, same-sign sample is almost signal-free. The
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selection cut observables chosen for the optimization are not correlated to the invariant
mass distribution so we do not expect that selection cut values can raise the background
in the peak region. This is confirmed by the comparison of the invariant mass distribution
of the same sign and opposite sign events showed in Fig. In fact, in the sideband re-
gion (external to the peak region) the distributions of same sign and opposite sign events
are in a good agreement and we could expect, for the above considerations, that this is
true also in the peak region.

The optimization was performed on the HLT DoublePhoton4 dataset (73 nb™!).

4.5.2 The optimization procedure

We define “optimal” selection cut values those that maximize the statistical significance:

S

Vs+b
mass peak region.

where s and b are, respectively, the signal and the background yield in the invariant

In the following we describe the estimation of the signal and background yields. We
estimate the background extrapolating the number of events from the sidebands to the
peak region. We estimate the signal yield as the number of events in the peak region
minus the extrapolated background events.

We find that the same-sign invariant mass distribution is flat in a wide range (1.5 —
5 GeV) and we define a peak region in the range £600 MeV around the peak estimated by
the signal MClsample in order to have free signal sidebands for the background estimation.
We estimate the number of background events in the peak region (NN,) as:

N, Nside L Nside
= —— - peakrange = ———
*7 side range P J 2.3 GeV

1.2 GeV
and the number of signal in the peak region (Ny) as:
Ns = Npeak - Nb

The optimization is multidimensional, varying all the selection cut values in a reason-
able range In Tab. [4.5 the list of variables optimized with the variation range, the step
and the optimal value found are reported.

Fig.[4.13 shows the the statistical significance as a function of the E/p cut. The graphs

are reasonably smooth, to rely on the optimization process.
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Selection cut range variation step | optimal cut

E/p 0.82 - 0.92 0.01 > (.88

An 0.005 - 0.0095 0.0005 < 0.009

O 0.015 - 0.020 0.0005 < 0.016
MVA -0.4 - 0.6 0.1 > 0.1
isoTk 0.5-4 0.5 < 3.5
isoECAL 1-10 1 <4
isoHCAL 1-4 1 <2

Table 4.5: Summary table of the optimized cuts with variation range and variation step.

The cut efficiencies of the optimized selection were estimated from the signal 2 MC

sample. The selection efficiency at one step was computed as the number of electron pairs

passing the step divided by the number of electron pairs at the previous step. They are

reported in Tab. 4.6.

selection step

efficiency

electron pairs with pr > 4 GeV/c

electrons oppositely charged

electron identification selection

isolation selection

88%
94%
1%
73%

Table 4.6: Selection efficiencies estimated using the signal 2[MC sample. The efficiencies

are calculated as the number of electron pairs passing the selection creteria respect to

the previous step.



The Signal Extraction 58

G aph

10.2

10.1

10

9.9

9.8

9.7

9.6 L L L L L L L L L L ‘ L L L ‘ L L L
0.82 0.84 0.86 0.88 0.9
eSeedOver PoutEle

Figure 4.13: Statistical significance as a function of the E/p cut.

4.6 The Signal Extraction

4.6.1 The unbinned extended maximum likelihood fit

In a x? minimization fitting the uncertainties in the data are expected to be normally
distributed, but this is not the case for low statistics. Thus, an unbinned maximum
likelihood fit was preferred [43].

The fit was used to extract the signal yield from the invariant mass distribution and
the J/WU peak position.

We define the extended likelihood function as:

N/)Ne—N’ N

(
LO,N) = —F— ] f@ile, N (4.2)
i=1
where N is the number of indipendent measurement of the z variable (the invariant mass),
z; is its value at the i measurement and f is the probability density function (pdf)
depending on a set of parameters that we condense in the vector ©. In this case, the total
has two contributions, one from the signal pdf and one from the background pdf

Nsig : fs(x|®) + ka’gfb(m|@)
N/

f(z]|©,N) = (4.3)

where Ny, and Ny, are the expected number of signal and background events respec-
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tively. The normalization of the total W‘ is taken into account by the poissonian term
in front of the productorial where N’ represents the expected total number of events.
The set of parameters © that maximizes the likelihood function are estimators of the
unknown real parameters © we are looking for with this fit.
In our case, © consist of the three parameters Ny, Ny, and m (the position of the

peak of the J/V invariant mass distribution).

4.6.2 Signal and background shapes

In order to correctly describe the signal invariant mass shape, in particular the tails in the
distribution caused by the mis-recontruction of the energy of the electrons due to possible
leakage in the calorimeter or to the large bremsstrahlung emission in the tracker material,
we modelled it with an asymmetric gaussian with asymmetric exponential tails:

(z —m)?
20’%3 + CtL,R<£IZ' — m)2

fs(x —m) = Ny X exp (4.4)

where Ny, is the signal yield, m is the peak position, oy, and «f correspond to the
resolution and tail parameters of the distribution for x —m < 0 and oz and ag otherwise.

The signal shape a and ¢ parameters are taken from MC|with a fit in the signal-only
hypothesis. The background shape was modelled by a second order polynomial.

The signal shape is fixed to the MC|in order to reduce the number of @s degree of
freedom in the data fit; the background shape parameters are left as free parameters as

the the J/¥ peak position, the signal and background yields (Ng;, and Nyy,).

4.7 Signal_2 validation

In order to use the signal 2 MC sample in the cross section measurement for the trigger
and the electron reconstruction efficiencies, we checked if its requirements at generator
level could be compatible with our selection. We used the signal 1 as a check sample
comparing the rapidity and pr distributions after the selection of the two samples.

The J/W rapidity and the pr distributions before selection for the signal 1 sample are
shown in Fig. The rapidity was calculated from the selected electrons without the
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request because the signal 1 sample was simulated only with the old J/WU trigger
(DoublePhoton4). The J/W rapidity and pr distributions after selection for the two [MC
samples are compared in Fig. [4.15 and Fig. [4.16. According to the sample_1 rapidity
distribution, there are no selected events with J/WU rapidity |y| > 1.4. Because of the pr
cut of our selection (pr > 4 GeV), the J/VU pr distribution calculated from the selected
electrons shows a cut off at 8 GeV. The signal 2 is therefore a representative J/¥ sample.

In the following analysis the only [MC|sample used is signal 2.

Signal _1 Signal _1
— r < L
<) C e 5
[%2] L L
23000 £000r
o C g L
o L o =
25001~ 4000}~
2000 L
g 3000~
1500( L
F 2000~
1000~ :
sooF- 1000
0: L oFC L e b b L o L T
-3 3 0 2 4 6 8 10 12 14 16 18 20
J/W rapidity JIW pT [GeVic]
(a) signal_1 rapidity (b) signal_1 pp

Figure 4.14: J/V rapidity and transverse momentum calculated from the electrons of

signal_1 before the selection procedure.
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Figure 4.15: J/V rapidity calculated from the selected electrons of signal 1 (on the

left) and signal 2 (on the right).
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Figure 4.16: J/V transverse momentum calculated from the selected electrons of

signal 1 (on the left) and signal 2 (on the right).
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4.8 Selection result

Fig. [4.17 shows the invariant mass distribution obtained using the optimized selection
and fitted as described in previous paragraph. The plot on top (Fig. [4.17(a)) is the fitted
invariant mass distribution of the signal MC distribution; the one on bottom (Fig. ’W}
is the data invariant mass distribution. The J/W yield estimated by a data integrated
lumosity of 1.8 pb~! in the barrel region is 1257 & 41.

The fit parameters are reported in Tab.

Signal shape (MC) fit

value  statistical uncertainty

o[ GeV] 0.066971 0.0047

or| GeV]  0.0401 0.0029

ar 0.206 0.010

aR 0.1567 0.0058
Data fit

value  statistical uncertainty

Ny, 1257 41
Ny 959 39
m[ GeV]  3.0977 0.0023

Table 4.7: The table shows the signal and background fit parameters given by the
unbinned maximum likelihood fit. The signal shape parameter are evaluated fitting
the signal [MC invariant mass distribution. The background shape parameters, the

vields and the signal peak position are left floating in the data fit.
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Figure 4.17: Invariant mass distribution of the selected electron pairs showing the J /¥
peak with 1.8 pb™. The J/W¥ yield, given by the unbinned maximum likelihood fit, is
1257 J/Ws. The signal shape was modelled on the MC sample and is well described by

a Cruijff function; for the background a second order polynomial function was used.



Chapter 5

Study of low pr electrons

As already pointed out, the reconstruction of low pr electrons is a challenging task, but it

could be crucial in the discovery of the Higgs boson. In fact, for the Higgs discovery, one

of the most important physics channels is H — ZZ* — 4¢. The pr distribution of the four

electrons of a low mass Higgs boson is shown in Fig.!5.1. The lowest pr electron presents

a transverse momentum distribution peaked in the very low transverse momentum region,

the same of the J/W electrons. Thus, a good reconstruction efficiency of low pr electrons

becomes crucial and the J/W¥ channel a very useful test. In this chapter we will measure

the electron reconstruction

and selection efficiencies and we will show the comparison

between data and IMCJof the selection variables.
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Figure 5.1: Transverse momentum distributions of the four electrons of the H — ZZ* —

4¢ decay channel.
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5.1 Electron selection efficiency

We used the Tag&Probe (T&P)) method to measure the efficiency of the optimized electron
selection directly on data.

The aim of a[T&P is to produce a pure electron sample using a di-electron resonance.
The method consists of requiring very tight criteria on one of the two electrons (named
“tag”) and using the other one (named “probe”) to study its properties.

Since both the J/W¥ yield and the selection efficiency will be used for the cross sec-
tion measurement, we used two indipendent datasets: 0.6 pb~! were used for the signal
yield measurement and the remaining 1.2 pb~! for the efficiency measurement. Since the
square value of electron efficiency is used in the cross section measurement, we used a
double statistics sample for this measurement respect to the yield one. In such a way the
statistical errors are expected to be of the same order of magnitude.

The tag is defined as an electron satisfying the optimized selection criteria described

in the previous chapter. The probe is an electron required to have:

o pr >4 GeV/e

e opposite charge with respect to the tag electron

We define the “denominator sample” as the set of all the[T&P|pairs and the “numerator
sample” as the set of T&P| pairs in which the probe electron satisfy our selection criteria.
The single electron selection efficiency €, is thus the ratio between the signal yield of

the numerator (N5) and the denominator (N[%) samples:

c _ sig sig sig (5 1)
sel = "Njtot = Ntot Vsel Ntot :

sig stg s1g sig

Nt Nsel\/err(Njf;) err(Ntet)

where the signal yields are extracted with the unbinned fit following the procedure
described in Sec. (4.6l err(N3) and err(N{) are the numerator and denominator sample
yield errors given by the fit.

The fitted invariant mass distributions for the numerator and denominator sample are

shown in Fig. 5.2(a) and Fig. 5.2(b) respectively.
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Figure 5.2: The plots show the invariant mass distribution for electron - electron

pair for the denominator sample (on the left) and for the numerator sample (on

the right). The “denominator sample” is defined as the set of all the T&P pairs and

the “numerator sample” as the set of [T&P pairs in which the probe electron satisfy

the selection criteria. The signal shape parameter are evaluated fitting the signal MC

invariant mass distribution. The background shape parameters, the yields and the

signal peak position are left floating in the data fit.
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(a) denominator sample

(b) numerator sample

Fit signal shape

Fit signal shape

value  stat uncertainty

value stat uncertainty

m [GeV]  3.1066 0.0081 m [GeV] 3.1098 0.0043
or [GeV] 0.07071 0.00079 or, [GeV] 0.0658 0.0045
or [GeV] 0.0439 0.0058 or [GeV] 0.0402 0.0029
ar 0.2191 0.0078 ar 0.216 0.010
QR 0.1637 0.0057 QR 0.1583 0.0057
Nsig 1522 39 Nsig 1205 35
Data fit Data fit

value  stat uncertainty

Nug 1220 46
Nikg 2601 59
m [GeV]  3.0993 0.0028

value stat uncertainty

Nag 821 34
Nikg 625 31
m [GeV]  3.0962 0.0030

Table 5.1: The left table shows the fit parameters of the denominator sample, the

one on the right side shows the fit parameters of the numerator sample. The signal

shape parameters are evaluated fitting the signal invariant mass distribution. The

background shape parameters, the yields and the signal peak position are left floating

in the data fit.
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We report in Tab. the fit results. The single electron selection efficiency is
€sel = 67.3% £ 3.7%

the efficiency estimated on the MC sample is €, = 79.2% =+ 2.6%.

The difference between data and is almost due to the different isolation variable
distributions as will be shown in the next section.

The efficiency estimated by the [T&P method on the MC sample results 7% larger than
the efficiency estimated in the previous Chapter in Tab. [4.6. This can be due to the
fact that the selection efficiency is not completely indipendent on the request of the tag

electron.

5.2 Electron identification commissioning

In this section we will present the comparison of the J/W¥ electron distributions between
data and MC in order to investigate the differences between them and validate the MC
simulation for low pr electrons.

The [T&P method illustrated in the previous section provides an electron sample not
biased by our selection criteria, but it is still background contaminated. Hence, we di-
vided the sample into a peak region defined in a £100 MeV range around the J/W¥ mass
and a sideband region in the range 3.5 + 5 GeV/c? (signal-free). Such a small peak re-
gion is a compromise between the need of statistics and the need to keep the background
contamination low. The sideband probe electron distribution was normalized to the ex-
pected number of background events in the peak region (N,f’,f;k) as given by the fit to the

invariant mass distribution performed in the previous section:
NER = 275 Ngide = 1293
bkg bkg —

Thus, we subtracted the variable distribution of the signal-free probe electron sample
(sideband) from the signal (peak) distribution. The obtained variable distribution is
representative of a pure signal sample.

Fig. 5.3 and Fig. show the electron identification variable distributions used in our

selection for the signal 2 MC|sample and data. The electron isolation variables are shown



FElectron identification commissioning 69

in Fig. Fig. 5.6. There is a good agreement between data and in the electron
identification variables. The disagreement in the isolation variables is probably do to the
pile-up that is not simulated. The same behaviour was experienced in W analysis, the

study is in progress.

Figure 5.3: Electron identification variable distributions for[MC/ (histograms) and data

(d) oy

(points). The distributions are obtained by a|T&P| procedure.
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Figure 5.4: MVA variable distributions for TrackerDriven and EcalDriven electrons for

IMC (histograms) and data (points). The distributions are obtained by a/T&Pi procedure.
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5.3 absolute scale calibration with the J/¥
peak

The J/WU can be also used to check the absolute scale of [ECAL.

The energy scale factor GG is the conversion factor between the ADC counts
registered by the electronics and the corresponding energy value ( GeV). It was measured
at the test beam using a 5 x 5 crystal matrix!.

Since no scale factor is used in the [MC| simulation where all the hits are directly
expressed in energy units, the energy scale factor can be checked by the comparison
between the J/W¥ peak position in data and MCl If we consider Gy the correct scale

a

factor, we can define g = G,—- The electron energy will be ' = Ej.. - g and consequently

the J/W invariant mass peak will be found shifted of a factor g:

Mdata = \/2 -gEy - gEs - (1 —cos(a)) = g-myw

The relative correction of the absolute scale is estimated by the relative shift of the

peak position Am_ _ Mdata—MNMC| — g—1
my/w mj/w

For this measurement, we have used the whole statistics available at the moment of

writing, 1.8 pb™! (see Tab. 4.3).

5.3.1 Measurement procedure

We used the optimized selection procedure described in the previous chapter. The invari-
ant mass of the selected J/W electrons was computed using the direction estimated by
the track extrapolated at the vertex and the corrected energy estimated by the[SC (Egc).

The peak position (m) was estimated by the unbinned maximum likelihood described
in Sec.4.6. The fit of the MC invariant mass distribution was performed in the signal-only
hypothesis leaving all the fit function parameters free. The number of degree of freedom of
the Ws was reduced for the fit of the invariant mass distribution in the data. The signal
shape parameters were fixed at the MC fit values; the background shape parameters, the

peak position and signal and background normalizations are free parameters of the fit.

DThe motivation of this cluster size was already mentioned in Sec. [3.1.2.
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Figure 5.7: Invariant mass distribution for MC! (on the left) and for data (on the right)
calculated using the direction estimated by the track at the vertex and the corrected
energy of thelSC associated to the electrons. In the data fit, the signal shape parameter
are fixed at the[MC fit values. The background shape parameters, the yields (Ny;,, Npkg)

and the peak position (m) are left floating in the data fit.

In Fig.[5.7 are shown the invariant mass distribution of signal MC| on the left and of
data on the right side. The unbinned fit is superimposed as a continuos line. The fit
parameters are shown in Tab. 5.2.

The peak position from the signal M/ fit is:
muyc = 3.130 £ 0.014 GeV
and the J/WU peak measured from data is:
Mdata = 3.102 £ 0.006 GeV

The relative correction factor is estimated by the peak position shift between MC and

data as:

Am  Maata —
m my/w

(5.2)
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Fit signal shape

value statistical uncertainty

m [ GeV] 3.130 0.014
Ny, 1107 34
or [ GeV] 0.179 0.013
or | GeV] 0.128 0.010
o, 0.095 0.022
OR 0.140 0.012

Data fit

value statistical uncertainty

m [ GeV] 3.102 0.006
Ny, 1319 45
Nig 897 40

Table 5.2: Invariant mass fit parameters. The values of o, and o result larger than the
those obtained using the combination of the track-momentum and|/ECAL| energy for the
electron energy estimation. The energy resolution of the combined method provides a

narrower peak (the width of the J/V is due only to the experimental resolution).

where m /g is the J/¥ mass given by the Particle Data Group (PDG) and reported in
Sec. [1.1.

The statistical uncertainty is:

- (Am> _ Verr(mie) & err(Maata) (5.3)
m mj/v

The relative absolute scale correction is —0.89% 4-0.49% (stat), in agreement with the
7% measurement [44]: % = —0.7% £+ 0.02% (stat) £ 0.9% (syst) in barrel.

™
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5.4 J/VU cross section measurement

The cross section for prompt J/W¥ production with rapidity !y‘] / ‘I’| < l4andpr >4 GeV/c

is defined as:

Nsi
O'(J/\I]—>€+€_) = £_g
c €

(5.4)
where Ny, is the number of J/WU events in the ECAL barrel measured in £ integrated
luminosity of data and e is the total efficiency.

The cross section measurement error is thus given by

err(o) =

ivﬁii\/w%i[;ig) o 67"725) o 67’7;(6) (5.5)

In Sec. [4.8 we have described the signal yield (Ny;,) extraction procedure. N, will
be measured in the next section for an integrated luminosity of 0.6 pb~!. The luminosity
is known with an uncertainty of 11% [45]. This error is expected to be reduced at 5% at
the end of this year.

As far as the the global efficiency (€), we have factorized it into three main parts:

€ = €mr1* €rECOM@ELT” (esel|RECO)2 (5.6)

where e is the trigger efficiency, €zpcompr is the electron reconstruction efficiency
given the trigger and €y rpco is the single electron selection efficiency given a recon-

structed electron.

5.4.1 Signal yield

The J/W¥ yield measured by the procedure described in Sec. [4.6 on a data integrated
lumosity of 0.6 pb~! in the barrel region is 389 4= 23. The invariant mass distribution is

shown Fig.5.8.
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Figure 5.8: Invariant mass distribution of the selected electron pairs showing the J/¥
peak with 0.6 pb~!. The J/V yield, given by the unbinned maximum likelihood fit, is
389 +23 J/Ws. The signal shape was modelled on the[MC sample and is well described

by a Cruijff function; for the background a second order polynomial function was used.

5.4.2 Efficiencies

Trigger efficiency

As already pointed out in Sec.|4.3.3/the J/W¥ dedicated triggers are the unprescaled triggers
with the lowest pr request. At the moment of writing, there were no indipendent triggers
that could be used to measure the J/W trigger efficiency on data. Thus, we have estimated
the trigger efficiency from the signal 2 MC sample.

We defined the trigger efficiency gy as the ratio between the number of J/WU events
firing the trigger and the number of events in the MC|sample passing the MC event filter
of signal 2.
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The trigger efficiency term is thus estimated as:

Ny 4418
Nue 235603

e = 1.875- 1072 (5.7)

and the statistical uncertainty is given by:
— €ar)

éxr - (1
err(6mr) = N
Mc

The trigger efficiency is then 1.875% + 0.028%.

=28-107* (5.8)

Electron reconstruction efficiency

The electron recontruction efficiency €ggcopmr Was evaluated from the simulation as:
Nbarrel 2854

€ = =
FECO Npr 4418

= 0.646 (5.9)

where NJ%Tl is the number of events firing the trigger path with at least 2 reconstructed
electrons in the barrel.

The statistical uncertainty is given by:

e’]"r(eRECO) _ \/ﬁREC’O ](V ERECO) =79. 10—3 (510)
[HLT

The efficiency of reconstructing two electrons in [ECAL barrel in events firing the [HLT
path is 64.60% =+ 0.72%.

Global efficiency

The electron selection efficiency was measured in Sec. 5.1: €, = 67.3% £+ 3.7%

The global efficiency € is then:

e = 0.549% =+ 0.036% (5.11)

5.5 J/VU — eTe” cross section

The cross section of un-polarized prompt J/W¥ production decaying into electrons in the
barrel region (|n| < 1.479) is measured in 0.6 pb~! with a 9% of statistical uncertainty

and 11% of uncertainty on the luminosity measurement:

o(J/U — ete™) = (122 £+ 11 (stat) & 13 (lumi)) nb (5.12)
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This value is in agreement with the statistically more accurate measurement performed
by the|CMS|experiment in the muonic decay channel (132.2 nb) with 100 nb~! of integrated

luminosity and presented in [46].



Conclusions

The Large Hadron Collider (LHC) started to collide proton beams at the center of mass
energy of 7 TeV in April 2010. In this work we have analyzed the first 1.8 pb™! of
data collected until the end of August by the Compact Muon Solenoid (CMS) experiment
studying the J/W events decaying into an electron positron pair (J/¥ — ete™).

A J/W event selection procedure, optimization and the signal extraction were devel-
oped and described in Chapter

The resulting J/W¥ sample was used for the study of electrons with low transverse
momentum (pr < 10 GeV). The improvement in their reconstruction efficiency will be
crucial in the Higgs boson hunting in the H — ZZ* — 4¢. This is a very clean decay
channel and it is particularly suitable for a high mass Higgs boson. The lowest pr lepton,
in fact, is shown to have a transverse momentum spectrum in the low pr region (below
10 GeV).

In Chapter 5/ we have shown the comparison between data and Monte Carlo (MC)
electron distributions and we found a good agreement in the electron identification vari-
ables and some discrepancies in the isolation variables, probably due to the not simulated
pile-up.

The challenges of the low pr electron reconstruction are visible in the electron recon-
struction efficiency measured from data (es; = 67.3% =+ 3.7%).

The J/W¥ sample was also used in order to check the energy scale of the/CMS electromagnetic
calorimeter (ECAL) looking at the shift of the J/¥ peak position between data and MC.
The relative absolute scale correction is —0.89% =+ 0.49% (stat). It is in agreement with
recent measurements performed using the 7°. The J/¥ will be used for the ECAL|calibra-

tion together with the 7° and the Z boson providing an intermediate point in the energy

79
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scale between them.

Finally, the cross section of prompt J/¥ with p;/ ¥ > 4 GeV and rapidity ly| < 1.4 was
measured: o(J/VU — ete™) = (122 &+ 11 (stat) £ 13 (lumi)) nb. It is in agreement with
the measurement in the muonic decay channel. This is the first measurement of prompt

J/W cross section in the electronic decay channel performed in [CMS.
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