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Abstract

The weak boson pair production at LHC is especially important for the study
of the electroweak symmetry breaking mechanism. A resonant diboson signature
could reveal the presence of a Standard Model Higgs boson. In this case, precise
predictions for the Higgs signal and for the non-resonant diboson background are
mandatory. In the absence of a Higgs scalar, the dynamics of the interactions
between weak bosons must reveal a new structure and some new physics should
contribute to the normalization of the diboson cross section in the TeV range.
In this work, two experimental aspects are discussed first. The knowledge of the
expected WW, WZ and ZZ rates at LHC is the starting point of each diboson
analysis. For this purpose, a method to measure parton luminosities and parton
distribution functions with unprecedented accuracy is proposed. The method is
especially valid as monitor for diboson events. At LHC, W and Z bosons will be
preferentially measured through their leptonic decays. Using test beam data and
GEANT simulations, the probability of 7% — e misidentification is evaluated to be
between 0.2% and 0.01% for pion momenta between 5 and 50 GeV.

Simulations of weak boson pair signatures, computed with a new parton level
Monte Carlo program, allow to investigate the effects of higher order (O(ay))
corrections on WW , W Z and ZZ kinematics. It is found that the implementation
of the NLO diagrams results in a huge increase of diboson events with high-p; jets,
leptons or missing transverse energy. Large corrections are therefore expected for
an analysis which uses theses observables to discriminate between signal and
background.

All these studies improve our understanding of weak boson pair signatures at
LHC. A Standard Model Higgs boson produced via gluon fusion should be visible
from 100 GeV up to 600 GeV, while the weak boson fusion production mode
provides signals in the 300 GeV to 1 TeV range. In this work, Higgs production
via the fusion of vector bosons is studied in detail also for masses between 110
and 300 GeV. It is shown that these signatures provide excellent signals. The
required luminosity to observe a 5o signal ranges from 3 fb~!, for a 170 GeV
Higgs, up to about 25 fb~!, for a Higgs mass of 125 or 300 GeV. Furthermore,
using both the vector boson fusion and the gg fusion production modes, the ratio
between the Higgs couplings to gauge bosons and fermions can be measured with
an accuracy of the order of 15% for an integrated luminosity of 100 fb~!.






Zusammenfassung

Die Paarproduktion von Vektorbosonen (V = W, Z) am LHC spielt eine wichtige
Rolle fiir das Studium des Mechanismus der elektroschwachen Symmetriebrechung.
Die Existenz des damit verbundenen Higgs Teilchens konnte mit Hilfe der res-
onanten V'V —Produktion nachgewiesen werden. Voraussetzung dafiir ist eine
genaue Vorhersage sowohl fiir das Higgs Signal als auch fiir den nicht-resonanten
V'V Untergrund. Falls kein skalares Higgs Teilchen existiert, sollte die Dynamik
der Wechselwirkung zwischen Vektorbosonen Riickschliisse iiber neue Strukturen
erlauben und somit Informationen iiber neue Physik im TeV-Energiebereich
ermoglichen.

In der vorliegenden Arbeit werden zuerst zwei experimentelle Aspekte disku-
tiert. Die Zahl der zu erwartenden WW, WZ und ZZ Ereignisse am LHC ist
ein wichtiger Input fiir jede Bosonpaar Analyse. Dazu wird eine neue Methode
vorgeschlagen, wie man Partonluminositdten und Partonverteilungsfunktionen
mit sehr guter Genauigkeit messen kann. Diese Methode eignet sich auch aus-
gezeichnet die Zahl der Bosonpaarereignisse zu bestimmen. Am LHC werden W
und Z Boson vorallem via dem leptonischen Zerfall nachgewiesen. Mit Hilfe von
Teststrahldaten und GEANT Monte Carlo Studien wird die Wahrscheinlichkeit der
7% — et Falschidentifikation ermittelt. Sie ergibt einen Beitrag im Bereich von
0.2% bis 0.01% fiir Pionimpulse zwischen 5 und 50 GeV.

Ein neues Parton-level Monte Carlo Programm fiir V'V —Produktion erlaubt
die Effekte héherer Ordnung (next-to-leading order (NLO), O(as)) in Bezug
auf WW, WZ und ZZ Kinematik zu studieren. Diese Simulationen zeigen,
dass Ereignisse mit sehr hohen transversalen Energien der Jets, Leptonen und
grosser fehlender transversaler Energie viel grossere Ereignisraten vorhersagen,
falls NLO Diagramme mitberiicksichtigt werden. Analysen, welche diese Observ-
able als diskriminierende Signaturen zwischen Signal und Untergrund verwenden,
erfahren daher grosse Korrekturen.

Diese durchgefithrten Studien verbessern somit unser Verstandnis der V'V Pro-
duktion am LHC. Friihere Studien zeigten, dass ein Standardmodell Higgs Signal
im Massenbereich von 100 bis 600 GeV via dem Gluon-Gluon Fusionsprozess
beobachtbar ist. Hingegen spielt der Vektorboson Fusionsprozess eine wichtige
Rolle fiir beobachtbare Higgs Signale im Massenbereich von 300 bis 1000 GeV.
In der vorliegenden Arbeit wird die Higgsproduktion via dem Vektorboson Fu-
sionsprozess im Detail auch fiir den Higgsmassenbereich zwischen 110 und 300
GeV studiert, und gezeigt, dass ein Signal beobachtbar ist. Um ein 50 Signal fiir
eine Higgsmasse von 170 GeV zu erhalten, ist eine integrierte Luminositat von
3 fb~! notwendig. Fiir eine Higgsmasse von 125 GeV oder 300 GeV hingegen
sind 25 fb=! notig. Zusatzlich, unter Verwendug von Vektorboson und Gluon-
Gluon Fusionsproduktion, kann man mit einer Genauigkeit von 15% (100 fb™')
die Kopplung des Higgs Teilchens zu Eichbosonen und Ferminonen messen.
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Chapter 1

Introduction

The Standard Model (SM) [1, 2] answers many of the questions about the struc-
ture and stability of matter at the smallest scales (107! m) and highest energies
(~200 GeV) accessible to current experiments. This quantum field theory de-
scribes the behavior of spin-1/2 point-like fermions, interacting through spin-1
gauge bosons. Within this representation, matter is seen as the result of the
interactions of six types of quarks and six types of leptons through three funda-
mental forces.

While the Standard Model provides a very good description of phenomena ob-
served by experiments, it is still an incomplete theory. One problem is that the
Standard Model can not explain why particles exist as they do. Within this the-
ory, some parameters, like the particle masses, are still free. For instance, given
that both the photon and the W bosons are force carrier particles: why is the
photon massless and the W massive? Furthermore, the electron mass (511 keV)
and the top quark mass (~175 GeV) differ by more than 5 orders of magnitude.
What is the origin of this mass scale? These problems arise because the Standard
Model lacks a mathematical model for finding a pattern for particle masses.

As a possible explanation of this mass hierarchy, the existence of the so-called
Higgs field was proposed [3]. Within the Electro Weak Symmetry Breaking mech-
anism, the presence of the Higgs field leads to the emergence of massive vector
bosons, which mediate the weak interactions, while the photon remains massless.
This hypothesis was supported by the experimental discovery of both W and Z
bosons (the carriers of the Electro Weak force) at masses of the order of 100 GeV.
Within this mechanism, the Higgs field interacts then with other particles to give
them mass. In the minimal scenario, the field should manifest itself as a neutral
scalar called “Higgs boson”.

Up to now, the Standard Model provided a very successful description of the
interactions of the components of matter. However something important is still
missing: the Higgs particle has not yet been observed! This leaves many open
questions about the exact way in which the symmetry breaking mechanism is
realized; i.e. how the field couples to fermions and gauge bosons, whether it will
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Chapter 1: Introduction

show up as a resonance and, within this last scenario, what is the mass of the
possible Higgs boson.

In fact, the Standard Model cannot predict the Higgs boson mass. Nevertheless,
the requirement for the Higgs couplings to remain finite and positive up to an
energy scale A put some constraints on the possible mass range [4]. For example,
according to the measurements of the top mass m; and of the strong coupling a;
and assuming the validity of the Standard Model up to Plank scale Ap; ~10
GeV, the Higgs mass should then lie in the range between 130 and 190 GeV [5].
On the contrary, for smaller or larger Higgs masses, there should be some new
physics which set in well below Ap;.

From the experimental side, direct searches at LEP [6, 7] set a lower bound on the
Higgs mass. The present limit is My > 114.1 GeV [8] at the 95% CL'. The mass
of the Higgs boson is also constrained by precise measurements of the electro-
weak data, which are sensitive to loop corrections. Assuming the overall validity
of the Standard Model, a global fit to all the present data leads to My = 88733
GeV [9], with an upper limit of 196 GeV at the 95% CL.

Other crucial considerations can be made without reference to the scale A. The
Higgs boson self couplings and its couplings to the W and Z bosons grow as the
Higgs mass increases [10]. Moreover, without the presence of an Higgs resonance,
also the amplitudes of the weak boson scatterings (VV — VV, with V = W=
or Z°) are expected to rise with growing diboson mass. These features have very
important consequences: either the Higgs mass lies below an upper limit of about
800 GeV or there should be some new mechanism which enters in the interactions
between weak boson pairs to control the cross-section behavior. Without a Higgs
scalar, the dynamics of the interactions between massive vector bosons must then
reveal a new structure and, to respect the unitarity limit, this should happen at
center-of-mass energies of the order of 1 TeV. The ability to reach this energy
scale and to detect diboson events ensures a valuable collection of informations
on the nature of the electroweak symmetry breaking.

The LHC [11] project has been developed with the aim not only to make a
significant step in the understanding of the Higgs mechanism but also in general
in the explanation of physics processes which occur at the smallest scales and
highest energies, allowing also to make further progress in the understanding of
the early universe.

This machine will be operational in the year 2006 at CERN in Geneva and it
will bring protons into head-on collisions at very high center-of-mass energies (14
TeV). As next research instruments in world’s particle physics domain, the LHC
detectors will allow to penetrate still further into the structure of matter and

I'These last combined results of the four LEP experiments show also an excess of events
which can be interpreted as production of a Standard Model Higgs boson with a mass (115.6
GeV) higher than the quoted limit. However the observed 2.1¢ deviation is not sufficient to
claim an “evidence”.



will recreate the conditions prevailing in the Universe just about 107! second
after the “Big Bang”, revealing the behavior of fundamental particles of matter
at distances/energies never studied before.

The aim of the project is to produce high center-of-mass energies combined with
high luminosity, which is designed to reach Lpesign = 10** cm™?s™'. The LHC
fulfills these requirements, but the high luminosity leads to difficult experimental
conditions. The total cross-section will be very large, 7.e. about 100 mb, which
results in about 20 interactions per crossing at the design luminosity. With a
crossing frequency of ~40 MHz, this is equivalent to an interaction rate of ~10°
Hz!

The detection of processes with signal to total cross-section ratios of about 10711,
as for example for a 150 GeV Higgs boson, will be a difficult experimental chal-
lenge.

In this work I present some aspects of the problems related to the Higgs search
at LHC. Particularly, I concentrate on the approach to the Higgs mechanism via
the detection of weak boson pairs. This is justified by the fact that, within the
diboson interactions, something must happen beyond the current knowledge of
the high energy physics. Consequently, these processes constitute the ideal start
point for a study of the electroweak symmetry breaking mechanism.

I discuss arguments which cover several aspects of this problems, starting from
topics concerning the cross section measurement and concluding with Monte
Carlo studies of Higgs discovery channels, treating also hardware related top-
ics like backgrounds arising from detector effects.

The work described in this paper can not give a complete coverage of all exper-
imental difficulties for a Higgs boson detection. The aim is however to give an
objective view, at different levels, of the possible problems related to the Higgs
discovery.

Topics overview

After a theoretical introduction to the Standard Model (chapter 2), the LHC
project, one of the general purpose detectors (CMS), as well as the simulation
set-up, are described in more details in chapter 3.

In chapter 4 problems related to the cross section measurements are discussed.
Before starting to study the production of vector bosons, some crucial input
parameters are needed. One of them is the effective amount of diboson events
which, according to the theory, are expected to be produced. The event rate
for a process results from the combination of the proton—proton luminosity of
the collider with the probability that this process occurs within a p — p collision.
However, by inelastic scattering of two 7 TeV protons, the interesting physics
processes arise from a direct interaction between the quasi-free quarks and gluons
within the proton. The interpretations of essentially all proposed measurements
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require thus a good knowledge of the parton distribution functions (PDF) at the
relevant Q2. With the help of the PDF’s, one can pass from the event cross
section given in a proton—proton collision to the one given in a parton—parton
collision.

In chapter 4 a new approach to determine the LHC luminosity is investigated [12,
13]: instead of employing the p—p luminosity measurement, a direct measurement
of the different parton—parton luminosities is suggested. In addition, the aim is
to study to what extent the single boson productions ¢ — W=, Z° are able to
constrain the parton distribution functions.

The goal is an accurate prediction of ¢g related scattering processes like ¢¢g —
WW WZ,ZZ. A precise estimate of these processes enables to better control
the background for a Standard Model Higgs in the WW or ZZ decay channels.
Moreover, in case that any light Higgs scalar would have been found, the Standard
Model diboson expectations would be the basis for further studies in the higher
masses domain.

One problem of today’s particle physics experiments lies in the ability to relate
the signatures left in the detector with the true physical process. The difficult
task is to reconstruct what happened at the interaction point, starting from the
different energy depositions within its dedicated parts.

In chapter 5 T study the interactions of electrons and pions with one of the
components of the CMS detector [14]. As the detection of vector bosons, with
subsequent decay into leptons W* — [Ty, Z® — [7]~, is a crucial point for my
analysis, an essentially background free identification of isolated, high-p; electrons
is mandatory. Given the huge amount of 7= produced at LHC, other sources of
background for the vector boson production could arise in case that a charged
pion is misidentified as an isolated electron.

Using GEANT Monte Carlo simulations [15] and test-beam results, the amount of
"fake” W — ev and WW — lvev events can be estimated [16].

Besides the luminosity, the knowledge of the event cross section is necessary
to obtain the probability that a physics process occurs. This knowledge depends
on the accuracy of the theoretical calculations.

For the description of the weak boson pair productions WW~, W*20, 7070,
with their subsequent decays into leptons, two numerical parton-level Monte
Carlo programs have become available during 1999: MCFM[17] and DKS[18]. These
packages consider the hadronic diboson production by including the complete
next-to-leading-order (NLO, or O(qy)) corrections.

On the other hand, most of the physics studies carried out so far for LHC have
been made using the PYTHIA [19] Monte Carlo, which is a LO simulation tool for
the diboson production. In the search for massive, highly energetic and peculiar
diboson events, it is often suggested to optimize cuts which use large values of
the boson transverse momenta, p;(V'), and large values of the diboson invariant
mass Myy. The problem is that these kinematical regions might be affected by
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large O(ay) corrections and therefore the PYTHIA estimations might be wrong.
This topic is investigated in chapter 6, by comparing predictions from PYTHIA
with a NLO (DKS) Monte Carlo.

As the search for the origin of electroweak symmetry breaking is one of the
main tasks of LHC, many studies have been devoted to find methods which as-
sure a Higgs boson discovery over the entire allowed mass range. These analysis
have demonstrated the capability of this p — p collider to discover the SM Higgs.
More recent studies have concentrated on a larger variety of other Higgs produc-
tion and decay channels, with the aim to determine the Higgs boson couplings to
known fermions and gauge bosons [20]. The production mode via the annihilation
of vector bosons (the so-called Weak Boson Fusion V'V — H) promises to be a
copious source of Standard Model Higgs and, at the same time, it gives access to
another production mode compared to the dominant gluon-gluon fusion process
(99 — tt — H). Early studies [21] took the weak boson fusion into account only
for the high Higgs mass domain (i.e. My 2 800 GeV). During the past years,
other studies extended the analysis of these signatures down to about My ~ 300
GeV [22, 23, 24].

Recently, some new studies [25, 26] reconsidered this production mode, with sub-
sequent Higgs decay to pairs of W bosons, also for much lower Higgs masses (115
GeV < My < 200 GeV). In these publications, the signatures were analyzed at
“parton level”, namely, using directly the kinematics of the quarks involved in
the weak boson fusion process and of the different Higgs decay products. The
selection cuts were subsequently developed starting from these variables. The
authors of these studies estimated that these signatures are visible in the Higgs
mass range 115-200 GeV. Furthermore, it is concluded that such channels are
also competitive for a Higgs discovery.

In chapter 7 these parton level studies are reconsidered using PYTHIA. This pro-
gram allows us to take the full hadronization processes into account and, starting
from the “detectable” particles (i.e. those consistent with the CMS detector per-
formances), to reconstruct jets and isolated leptons. The gluon radiation pattern
from the initial state quarks is also considered, as well as the possible presence
of underlying events. In addition, the analysis is extended also to the mass range
200 GeV < My < 300 GeV.
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Chapter 2

Theoretical motivation

2.1 Mass generation within the Standard Model

One of the main challenges in high energy physics is the discovery of the last
important missing piece of the Standard Model: the Higgs boson. Its existence
is related to the generation of elementary particle masses.

The history of the Standard Model starts during the sixties, when Glashow,
Weinberg and Salam [27, 28] proposed a gauge theory unifying weak and electro-
magnetic interactions. In 1972 a similar theory for the strong interactions was
first suggested by Fritzsch and Gell-Mann [2]. Finally, in 1974, during a summary
talk for a conference in London, Iliopoulos presented for the first time in the same
report the new quantum field theory, unifying electroweak and strong interactions
within an single model, since then known under the name of “Standard Model”
(SM) of particle physics [29].

What emerges from this historical process is a new representation of matter,
now seen as the result of the interactions of spin-1/2 point-like fermions, whose
interactions are mediated by spin-1 gauge bosons. This theory describes the spin-
1 gauge bosons as a consequence of local gauge invariance applied to the fermion
fields, where they arise as a manifestation of the symmetry group of the theory,
i.e. SU(3)xSU(2)xU(1) [1, 2].

The fundamental spin-1/2 fermions are leptons and quarks, where the strong force
is a prerogative of the latter (i.e. leptons lack the ”strong charge”). The left-
handed states are doublets under the SU(2) “weak isospin” group I, while the
right-handed states are singlets under the U(1) group of “weak hyper-charge”
Y. The theory of strong interaction (QCD') resumes the structure of quantum
electrodynamics (QED). The spin-1/2 quarks are triplets under the SU(3) group
and thus carrying an additional color charge. Eight massless spin-1 gluons are
the quanta of the strong-interaction field. In contrast to the neutral photons of

1Since strong interaction deals with the so-called “color” charge this theory was named
quantum chromo-dynamics (QCD).
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2.1 Mass generation within the Standard Model

electromagnetism, the gluons carry color charges and are thus self-interacting.
The implication of this important difference is that the QCD coupling a; is small
for large momentum transfers but large for small momentum transfers. This is
the reason why quarks, unlike leptons, are not directly observed as free objects:
attempting to free a quark produces a jet of hadrons through the generation of
quark-antiquark pairs and gluons. In other words, the form of the strong potential
leads to the confinement of quarks inside color-neutral hadrons.

generations 18t ond 3rd

quarks (Z)

Ve)
leptons ( e

mass range for
charged fermions 0.5~5 MeV  0.1~1 GeV  2~200 GeV
(m, =0)

Table 2.1: Fermion families.

As table 2.1 shows, there are three generations of fermions, which can be dis-
tinguished only by the different mass. The leptons have either electrical charge
—1 or 0. The charged leptons are the electron e, the muon y and the 7 lepton.
These latters are paired to three neutrinos v, v, and v;. Similarly, there are
three quarks with electric charge 2/3, up u, charm ¢ and top ¢, paired with three
quarks with electric charge —1/3, down d, strange s and bottom b.

The presence of at least three generations had not only already been predicted
before the important discovery of the third and heaviest one, but even before the
discovery of the charm quark! After Christenson, Cronin, Fitch and Turlay in
1964 discovered that the CP-symmetry was broken in the decay of neutral kaons,
in 1972 Kobayashi and Maskawa showed that the Standard Model with three
families of fermions could explain the observed CP-violating phenomena. In fact,
between the three generations of quarks there is mixing, parameterized by the
so-called Cabibbo-Kobayashi-Maskawa (CKM) [30] matrix. This means that in
the quark sector there are couplings between different quark families, mediated
by the weak interactions.

Neither the existence of this mixing nor the huge mass difference between elec-
trons (511 keV) and top quarks (~175 GeV) is explained by the Standard Model.
Actually, the origin of the family structure remains a mystery.

For the three fundamental forces included in the Standard Model, table 2.2 sum-
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Chapter 2: Theoretical motivation

Force Gauge Bosons Symbol Strength
symmetry (Q* = M2)
Weak SU(2) vector bosons | W*, Z° | ayear ~ 0.03
Electromagnetic U(1) photons 0% Qem= 1/128
Strong SU(3) gluons g as= 0.118

Table 2.2: Fundamental forces, with their associated symmetry, bosons and
strength (at Q* = M32).

marizes the symmetry group, the carrier of the force and its strength.

To explain the observed mass spectrum of bosons and fermions, a theory called
“spontaneous symmetry breaking mechanism” or “Higgs mechanism”? was devel-
oped during the years 1967/68 by Weinberg and Salam [28], in parallel with the
unification of electromagnetic and weak interactions. Within the SU(2)xU(1)
symmetry group, the mechanism gives a mass to the gauge bosons W and 7,
keeps m, = 0 and at the same time makes the theory renormalizable. This
may be achieved with the help of fundamental scalar Higgs fields, which interact
with each other [31, 32] such that they acquire a nonzero vacuum expectation
value and the SU(2);,xU(1)y symmetry is spontaneously broken down to the
electromagnetic U(1)em symmetry. This leads to the emergence of massive vector
bosons, the W and Z, which mediate the weak interactions, while the photon of
electromagnetism remains massless. The fermions obtain their masses by inter-
acting with the vacuum Higgs field.

In the minimal version (é the Standard Model), the theory requires one Higgs
field doublet and predicts a single neutral Higgs boson. This scalar couples to the
weak bosons W and Z with strength ¢ (the coupling constant of the SU(2) gauge
theory) and to quarks and leptons of mass m; with the strength gm/2Myy,.
Therefore, the Higgs coupling to W, Z and to t-quarks is substantial, while the
coupling to light fermions is very small.

Up to now, the Standard Model provided a very good description of observed
high energy processes and obtained important successes with the discovery of the
massive weak bosons®. Nevertheless, the way in which the Higgs mechanism real-
izes itself remains a mystery and there is no direct evidence either for or against
the simplest scenario. New informations would come from the direct observation
of one or more Higgs bosons.

Its properties, decay widths and production mechanisms, can be predicted if the

2Often referred to as “Electro Weak Symmetry Breaking” (EWSB).

3C. Rubbia and S. van der Meer received the Nobel Prize for Physics for their work which
culminated in the discovery of the W boson and Z boson at CERN in 1983 (UA1 and UA2
experiments).
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2.1 Mass generation within the Standard Model

Higgs mass is given.

In the Standard Model, the Higgs mass My = V2w is proportional to the vac-
uum expectation value v of the Higgs field, which is fixed by the Fermi coupling,
while the quartic Higgs coupling A, and thus My, is not determined. The Higgs
width is Ty ~ GrM3,, where G is the Fermi constant which describes an ap-
parent four-fermion coupling Gp = ¢*/M3,. Tt is thus expected that the Higgs
width 'y becomes large for masses My above 150 GeV/c2. For example: at
Mg = 100 GeV one obtains only 'y ~ 2.5 MeV, while at My = 200 GeV this
width becomes already 1.5 GeV large. For My = 400 GeV its value increases
further to 30 GeV and would eventually reach ~ 450 GeV at Mz = 900 GeV,
which can be more likely considered as an “excess” than as a “peak”.
Nevertheless some constraints on the Higgs mass can be put using self-consistency
arguments [4]. Since the running coupling A rises as the energy grows, the theory
would eventually become non perturbative. The requirement that in the Stan-
dard Model this does not occur at a scale lower than A defines an upper bound
on Myg. In other words, assuming that the Standard Model is an effective theory
up to an energy scale A (i.e. that the Higgs boson is the only missing particle),
leads to an upper constraint on its mass. On the other hand, the requirement
that the electroweak minimum is an absolute minimum up the scale A yields a
“vacuum stability” condition which limits My from below.

800||||||||||||||

600 m, = 175 GeV = —
= |
G o (My) = 0.118 ]
. 400 —
= |
200 ]
03 6 9 n12 (a5 |18

103 106 109 101R 101® 10

A [GeV]

Figure 2.1: Assuming the validity of the Standard Model up to a scale A, the
allowed Higgs mass range reduces itself to the area between the two curves. [33]
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The so-obtained theoretical bounds depend strongly on the top quark mass
and are shown in figure 2.1. According to the current values for the top mass
(my = 175 GeV) and of the strong coupling constant (as(Mz) = 0.118), if one
requires the Standard Model to be valid up to the Plank scale Ap (i.e. ~ 101
GeV), then the above arguments tends to favor the 130 GeV < My < 190 GeV
mass range [5]. On the other hand, if the Higgs mass lies outside this range, then
some new physics should appear well below Ap;. In fact, figure 2.1 also shows
that, in case an Higgs would be found for example at 800 GeV, there should be
something new already in the TeV range.

In the Standard Model, as the Higgs mass grows, the couplings to itself and to
longitudinally polarized gauge bosons (W, Z) increase. This makes the reso-
nance wider and the interaction stronger, eventually leading to a violation of the
unitarity bound? at the order of 1 TeV. In case the Higgs scalar exists, it should
therefore appear within this mass scale.

Not only does the coupling of the Higgs field to W;, and Z;, grow, but also the
couplings between W and Z; themselves increase with growing diboson mass.
The presence of a regularizing resonance is not the only possible scenario. In
case that no fundamental scalar particle exists, some new phenomena must set
in to account for the breaking of electroweak symmetry, to control the vector
boson coupling and to generate fermion masses. Consequently, there is either a
Higgs boson with a mass less than about 1 TeV, or the dynamics of WW and Z7
interactions with center-of-mass energies of the order of 1 TeV will reveal new
structure. The so-called “no lose” strategy is based on these simple arguments:
the ability for the LHC collider to reach TeV energy scales and to detect dibo-
son events should ensure that the experiments will be able to provide valuable
informations on the nature of the electroweak symmetry breaking.

Despite the great success of the Standard Model in describing the strong, weak
and electromagnetic interactions, there is also an increasing attention among the
physics community about its limitations. For example, it makes ad hoc assump-
tions about the shape of the potential, responsible for the EWSB mechanism,
and provides no explanation for the values of the parameters. The instability of
the Higgs mass under radiative corrections at larger energy scales (for example
the Plank scale Ap) leads to the naturalness/hierarchy problem. Questions arise
also about the origin of the fermion generations or of the CKM matrix.

The model, in its simplest version, has 19 parameters:

- the 3 coupling constants,
- the masses of the 3 leptons and 6 quarks (m, = 0),

- the Z boson mass, which sets the scale of the weak interaction,

4Set by the condition that the scattered intensity cannot exceed the incident intensity in
any partial wave.
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- 3 mixing angles and 1 phase, describing the rotation from the weak to the
mass eigenstates of the charge —1/3 quarks (CKM matrix).

These parameters have been constrained and are known with varying errors. For
example Amyz/mz =~ 0.002%, while the strong coupling constant «,(mz) has
been measured within a 5% error. Two parameters are still missing:

- a C'P-violating parameter associated with the strong interaction (which
should be very small),

- a parameter related to the spontaneous symmetry breaking mechanism.

This last unknown quantity can be associated with the mass of the Higgs boson.
It has to be pointed out that, beyond the Standard Model, there are other possi-
bilities, which can explain the current data and in the same time solve part of the
problems quoted before. However, in addition, they also lead to a proliferation of
particles and parameters. For example, the introduction of supersymmetry cures
the mass divergence problems of the SM Higgs®, but at the expense of intro-
ducing supersymmetric partners to every known boson and fermion and at least
an additional Higgs super-multiplet [34]. This work is limited to the study of
the Standard Model, leaving to the interested reader the study of other possible
scenario (see for example [35]).

2.2 Standard Model 2001: status report

The precise measurements performed at LEP [6], SLC [36], Tevatron [37] and
elsewhere can be used to check the validity of the Standard Model and, in its
framework, to provide information about the Higgs mass and the missing funda-
mental parameters.

The Higgs boson mass My is sensitive to the electroweak parameters through
loop corrections. In particular, measurements of the weak boson masses mz and
my, the weak mixing angle sin? @y, together with the obtained values for the
top quark mass m; and the strong coupling ay, can be used to constrain the Higgs
mass.

The most stringent experimental limit on My in the Standard Model has been
set by LEP. During the 12 years of LEP operation (1989-2000), the 4 experimen-
tal collaborations [7] delivered an impressive amount of precise measurements for
various Standard Model parameters. These values have been completed by mea-
surements from the SLD experiment at SLC, from the pp experiments CDF and
DO at Tevatron and from the NuTev neutrino experiment. Figure 2.2 shows the

5All the diagrams, in which the Higgs boson dissociates into a virtual fermion-antifermion
pair, contribute to the Higgs boson’s own mass. There are infinitely many such diagrams, in-
volving more than one such fermion loops, and by trying to calculate the Higgs mass corrections,
one gets a value which diverges to infinity.
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Figure 2.2: The up-to-date status of the Standard Model precision measurements

[9]-

present combined values for a selected sample of electroweak observables. Most
of the data are consistent with the SM predictions. In general, the relative errors
are smaller than 1%. For example, the W boson mass has been constrained with
an error of about 40 MeV, i.e. with a precision of better than 1 per mil, while
the uncertainty for the Z mass is even smaller (about 2 MeV)!

A large number of improvements were made to the LEP collider during its
life, increasing the Higgs discovery potential and extending the sensitivity of the
direct search of a Standard Model Higgs up to approximately 115 GeV.

The combination of the last results of the four LEP experiments showed signs
for a possible 115.6 GeV Higgs boson [8]. An observed 2.1¢ deviation could be
related to the production of a Higgs boson with Standard Model like couplings.
However, the statistical significance of these results is not sufficient to claim an
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“evidence”. Nevertheless, such an excess of candidates can be an indication for
future experiments, like Tevatron [37] and LHC, which could have the last word
on this possible signal.

The present lower mass limit for the Higgs direct search delivered by the four
LEP collaborations corresponds to My > 114.1 GeV [8] at the 95% CL. This
limit is indicated in figure 2.3 as the excluded area on the left.

Moreover, through the sensitivity of electro-weak data to radiative corrections and
assuming the overall validity of the Standard Model, a global fit to the present
values (pp colliders and LEP 1I) leads to the mass expectation My = 88733 GeV
[9], with an upper limit of 196 GeV at the 95% CL. This is shown in figure 2.3,
where the minimal x? of the fit is given as a function of My.

—0.02761+0.00036
00273820 00020 T

Excluded 7 Preliminary

102
m,, [GeV]

Figure 2.3: Dependence of the x? of the data fit as a function of the unknown
Higgs boson mass My. The curve results from a combination of all data (pp
colliders and LEP II) [9]. The band represents an estimate of the theoretical
error due to missing higher order corrections. The vertical band shows the 95%
CL exclusion limit on Mg from the direct search. The dashed curve is the result
obtained using the evaluation of Aaffa)d(m%) from reference [38].
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2.3 The Challenge: finding the Standard Model
Higgs Boson at LHC

2.3.1 The “well known”

As pointed out in section 2.1, one of the main goal of the LHC Project is to assure
a Higgs discovery for the entire mass range allowed in the Standard Model. The
exploitable domain ranges from the highest mass excluded by the LEP experi-
ment (~115 GeV) up to about 1 TeV.

Within the Standard Model framework there are several Higgs production mech-
anisms which lead to detectable cross sections at LHC. Each of them exploits
the preference of the SM Higgs to couple to heavy particles: i.e. either massive
vector bosons (W and Z) or massive quarks (especially t-quarks).

The main production mechanisms at a 14 TeV pp-collider are then (see the feyn-
mann diagrams (a)-(d) in figure 2.4):

(a) The so called gluon—gluon fusion gg — H, where the coupling is mediated
primarily by heavy top quark loops [39]. In this case the cross section is
directly sensitive to the tH coupling.

(b) The Weak Boson Fusion mode q¢ — gqH, where two W /Z bosons are emit-
ted by incoming quarks and interact to create a Higgs [40]. This produc-
tion mode provides informations about the Higgs coupling to weak vector
bosons.

(c) The associated production of a Higgs together with a W or a Z boson [41].
Also in this case, the cross section depends on the WW H/ZZ H couplings.

(d) The associated production with ¢f pairs [42]. As for the gluon—gluon fusion
process, this mode is sensitive to the Higgs coupling to fermions.

Figure 2.5 shows the cross section related to these production modes as a function
of the Higgs mass. The gluon—gluon fusion g¢g — H dominates over the entire
Higgs mass range, followed by the WW  ZZ fusion, which becomes comparable in
magnitude to the gluon—gluon fusion for very large Higgs masses (~1 TeV). The
cross sections of the associated Higgs productions ¢¢' — W H, ZH and gg, q] —
ttH are much smaller: about a factor of 10 for My =~ 100 GeV and decreasing
to ~1/1000 for My ~ 1 TeV.
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Figure 2.4: Main Higgs production modes at LHC.
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Figure 2.5: Standard Model expectations for the Higgs production Cross Section
at LHC [43, 44].

The production cross section has then to be combined with the Branching Ratios
(BR) for the considered decay modes. For the mass range consistent with a
Standard Model Higgs, the various BR’s to pairs of fermions and gauge bosons
are shown in figure 2.6. Well below the WW threshold, the BR’s to pairs of
heavy fermions dominate, while the decays to gluon or photon pairs have smaller
probabilities. Above about 100 GeV, the Higgs Branching Ratios to pairs of
massive vector bosons ZZ*, WW™ increase rapidly, till they become the most
relevant ones at ~150 GeV. Above the {¢ threshold, the WW and ZZ decay
modes are then slightly reduced as the H — ¢ decay starts to contribute.

One has then to add the Branching Ratios which lead to detectable products. The
vector bosons decay either hadronically: Z — ¢;¢;, W — ¢;q;, with branching
ratios of about 70%, or leptonically: Z — Itl~, Z — v, W — [*v, with
branching ratios, respectively, of about 10%, 20% and 30% (7 leptons included).
However, at the LHC, the presence of a huge irreducible hadronic background
turns out to be a handicap to the decays to quark pairs. In the middle-low
Higgs mass range (i.e. for < 300 GeV), this favors the full leptonic channels
Z7Z% — 41* and WW® — [*vl=p (I = e, p), despite the smaller branching
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M, [GeV]

Figure 2.6: Higgs Branching Ratios as a function of the mass of a Standard Model
Higgs [45].

ratios of, respectively, < 0.5% and < 5%. These channels are characterized by
isolated, high-p, leptons and, for the WW, by large missing energy. For larger
Higgs masses, also the Z decays to neutrinos and the W, Z decays to quark pairs
are considered.

For the most promising Higgs search modes, the detectable o x BR are shown
in figure 2.7. The two decays H — vy and H — ZZ®) — 4]* can be seen as
narrow mass peaks. On the other hand, these signatures have a much smaller
detectable cross section compared to the H — WW®) — [*1]~7, which however
can not be fully reconstructed because of the presence of two neutrinos.

By performing a full visibility study, that is by taking into account the different
specific backgrounds, one obtains then the significance values for each of the
above modes. The so-obtained ”discovery channels” can be seen in figure 2.8,
where the required luminosity for a 5o significance is shown as a function of My.
In the 80 < My < 140 GeV mass domain, the H — v decay mode provides the
best significance. Despite its low branching ratio, the vy channel profits from
the small width of a low mass Higgs. The possibility to precisely measure the
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Figure 2.7: Expected o x BR for the detectable SM Higgs decay modes, which
offer the best significance [46].

photon energy, associated to a good vertex recognition, will allow to reconstruct
a Higgs peak, giving to the vy mode a better discovery potential than all other
decay channels in this mass range. On the contrary, the bb, c¢ and gg decay
modes are believed to be hidden in the huge hadronic background and despite
the much larger BR’s (see figure 2.6) do not offer an useful signal (the H — bb
decay channel, associated with the ttH production mode, could give eventually
significance for My < 115 GeV).

For a Higgs mass between 130 and 180 GeV, the H — WW®) — [*vi~ 7 has a
substantial cross section. Its large event rate, together with the exploitation of
the WV spin correlations [47], compensate the absence of a narrow mass peak.
In case of an Higgs with mass 2 x my; < My < 400 GeV, the H — Z7 — 4IF
decay mode profits of the presence of four isolated high-p; leptons. By means
of the so-obtained mass peak, this channel should provide the easiest discovery
signature in this mass range.

In addition, if the Standard Model Higgs mass lies above 400 GeV, also the decay
channel H — Z7 — IT1~vp, involving an invisible Z decay, could give a good
significance.
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Figure 2.8: Required luminosity for a 5o discovery of a SM Higgs through the
most promising channels at LHC [46].

2.3.2 Additional signatures: towards a better determina-
tion of the Standard Model Higgs couplings

Additional informations on the Higgs parameters (mass, width, production rates,
branching ratios) could be obtained by means of other production and/or de-
cay modes. Such measurements should give further insights into the electroweak
symmetry breaking mechanism and into the way the Higgs couples to fermions
and bosons.

In fact, as was already said before, the Weak Boson Fusion mode qq¢ — qqH,
which is directly sensitive to the Higgs coupling to vector bosons, has also an
important production cross section (see figure 2.5), from the lowest Higgs masses
up to the highest domain covered by the LHC experiment. Moreover, the re-
lated Feynmann diagram (figure 2.4b) put in evidence the presence of the two
scattered quarks, which give rise to two very energetic forward jets. By tagging
these two jets and reconstructing the Higgs decay products, one obtains a very
distinctive signature, which should be exploitable to eliminate most of the back-
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ground. These channels have already been proposed for the higher mass domain
(Mg > 300 GeV), where the existing well-established studies [21, 22, 23] con-
cluded that good signatures are the ones where both vector bosons decay either
to charged leptons (only electrons and muons are considered) or the mixed ones
with one W or Z decaying to leptons and the other one to hadrons. Recently,
new studies [25, 26] proposed to use this production mode with the fully leptonic
decay H — WW — ¢tuf~ 0 also in the mass range 110 < My < 200 GeV.
Finally, figure 2.5 shows that, in the lower Higgs mass domain, the associated
productions of an Higgs boson together with a vector boson q¢ — WH,ZH
(figure 2.4c¢) or with a pair of top quarks gg, ¢q7 — ttH (figure 2.4d) have a com-
petitive cross section. These signatures could play an important role in presence
of an Higgs with mass below 120 GeV, while at larger My, as said before, the
cross sections drop dramatically. For the WH, ZH,ttH (H — ~~) processes, the
additional presence of the decay products of the associated W /Z or ¢t pair could
enhance the visibility.

To summarize, for the detection of a Standard Model Higgs, the established sig-
natures which should give clean signals at the LHC are the following;:

H — for 80 GeV < My < 140 GeV
H — Z7%) — 40* for 130 GeV < My < 700 GeV
H—WWY S 0tuip for  140GeV < My < 200 GeV
H— ZZ -t vp for  400GeV <My <1TeV

In addition, in the low Higgs mass domain, the H — 77 channel could be inte-
grated by the associated productions:

qf — WH,ZH

09,47 — {TH } with H —~yy for 80GeV S My S 120GeV

The H — bb could give significance up to 115 GeV:
99,qq — ttH with H — bb for 80GeV <My < 115GeV

Furthermore, for a high-mass Higgs, well visible signatures should also be pro-
vided by the fusion of longitudinally polarized vector bosons:

H— WW — tvjj for 300GeV < My S 1TeV

qq — qqH  with {H—>ZZ—>£+€_jj for 700GeV < My S 1TeV

Finally, this same production mode should also give some sensitivity for an in-
termediate mass Higgs:

qq — qqH with H —-WW — (Tvt~p  for 110GeV < My < 300 GeV

This last scenario will be the topic of chapter 7.
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Experimental aspects of a 14 TeV
pp-collider experiment

The proposed Large Hadron Collider (LHC) [11] at CERN will provide proton—
proton collisions at a center-of-mass energy of \/s = 14 TeV with a design lumi-
nosity of £ =10* ecm™2 s~%.

For a multi-purpose LHC detector, the ability to explore the entire SM Higgs
mass range plays a central role among the design criteria. Such a detector should
have enough flexibility to take the large variety of expected Higgs signatures into
account. In addition, the detector should also be sensitive to the other possible

signatures as predicted by physics processes beyond the Standard Model.

High /s and high luminosity are the key to reach higher mass domains and
to allow the discovery of processes with very rare signatures. However, these
requirements lead also to difficult experimental conditions. At LHC, the protons
will be set into ~3000 bunches, producing a pp crossing every 25 ns at each of
the 4 interaction points. Moreover, the very large non-diffractive inelastic cross-
section of about 70 mb results in an average of ~20 minimum bias interactions
per beam crossing interval. Combined with the 40 MHz, this corresponds to a
total of ~10” events per second, while the important physics signals have much
smaller rates. For example, about one H — v event per day is expected for
My = 100 GeV. In other words, the interesting signatures have to be found
among a huge background!

To achieve this goal, the online event selection must first reduce the 40 MHz
to about 100 events/s (the maximal rate which can be accepted for the data
storage and subsequent analysis). One has also to take into account that at de-
sign luminosity every signal will be superimposed with the ~20 minimum bias
events produced in parallel, resulting in a large amount of “unwanted” particles
within the interesting kinematical regions. These huge event sizes (=1 MByte),
combined with the very selective acquisition, require enormous efforts in the do-
mains of data storage, data handling and in the development of algorithms to
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select the interesting physics events. High particle densities will make the pattern
recognition difficult and the application of selection algorithms based on track re-
construction will not be trivial.

The high particle fluxes coming from the interaction region will also lead to high
radiation levels in the experimental area. Therefore, radiation-hard detectors and
front-end electronics are required.

All the above problems will not be directly treated in this work, where the avail-
ability of a detector according to the design performances is assumed. However
the reader should keep in mind the huge effort required to make interesting signals
measurable at LHC.

Signatures for new physics can show up in a number of final states of isolated

leptons, jets and missing energy. For a multi-purpose detector the following re-
quirements are mandatory: good particle identification, good energy, momentum
and angle resolutions for charged leptons, jets, photons and missing transverse
energy and this over a large solid angle. All these requirements are also valid to
fully exploit the production of weak bosons.
In this chapter, T first introduce the LHC collider and the 4 forseen detectors,
with a more detailed discussion of CMS. Then I discuss the simulation frames
that will be used for the different studies reported in this work and describe the
algorithms for the selection of isolated leptons and gammas, as well as for the
reconstruction of jets.

3.1 The LHC project

3.1.1 The pp collider

The effective parton—parton center-of-mass energies available in the pp collisions
will reach the TeV range, about 5 times more than LEP and ~7 times more
than Tevatron. In order to maintain an equally effective physics program at a
higher energy E, the luminosity of a collider should increase in proportion to E?2.
The reason lies in the 1/F decrease of the De Broglie wavelength associated to
a particle, giving a 1/E? reduction in cross section. The foreseen luminosity at
LHC is L = 10** ¢cm~2 s=%. This will be achieved by filling each of the two rings
with 2835 bunches of 10! particles each.

The LHC is designed to use the 27 kmm LEP tunnel and will be fed by existing
CERN particle sources and pre-accelerators. Having a fixed tunnel radius, large
magnetic bending fields are needed to achieve highest possible energies. Conse-
quently, to run 7 TeV protons around the ring, the LHC dipoles must be able
to produce fields of 8.36 T, over five times those used a few years ago at the
SPS proton—antiproton collider. Superconductivity makes this possible. LHC
magnets will be operated at 1.9 K above absolute zero. This low temperature
puts new demands on cable quality and coil assembly.
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LHC superconducting magnets will sit at atmospheric pressure in a 1.9 K bath
of superfluid helium, which has very efficient heat transfer properties, allowing
kilowatts of refrigeration to be transported over more than a kilometer with a
temperature drop of less than 0.1 K.

In electron—positron colliders, particles loose energy through synchrotron radia-
tion'. This phenomenon limits the attainable energy. Given the larger proton
mass, in the LHC these effects are less important and the energy radiated by a
proton during the same time corresponds only to a tiny fraction of its energy.
However the power emitted, about 3.7 kW, cannot be neglected as it has to be
absorbed by the beam pipe at cryogenic temperature. A challenging task will be
to manage a machine made of delicate superconducting magnets, operating at
cryogenic temperatures and at the resulting large beam current (I, = 0.53 A).
The LHC will consist of two "colliding” synchrotrons installed in the 27 km LEP
tunnel. They will be filled with protons delivered from the SPS at 0.45 TeV. Two
superconducting magnetic channels will then accelerate the protons to 7 TeV,
after which the beams will counter-rotate for several hours with colliding points
at the experiments.

The LHC is a versatile accelerator and, besides protons, can also collide beams
of heavy ions (like lead) with a total collision energy pro nucleon in excess of 5.5
TeV.

Two luminosity regimes are planned: an initial phase at “low” luminosity £ =
103 cm~2 s7!, where the experiments should provide evidence for the Higgs in
certain mass ranges. In addition, experiments may access new physics, as well
as act also as factories for QCD processes, heavy flavor and gauge bosons. Dur-
ing a second phase at the design luminosity £ = 103* cm=2 s7!, the full physics
performances of LHC will be then exploited.

3.1.2 ATLAS, LHC-b and ALICE

The four forseen detectors are ATLAS [48], CMS [14], LHC-b [49] and ALICE
[50]. The first two will be so-called “general purpose” detectors, while the others
two are more dedicated projects.

Figure 3.1 offers a general view of the existing and future LHC facilities, indicating
the position on the LEP/LHC ring of the four detectors and the status of the
civil engineering works.

The central feature of ATLAS (A Toroidal Lhe ApparatuS) is a large air-core
toroidal magnet muon spectrometer, consisting of an 8-coils barrel toroid with
0.8 T average field and two end-cap toroids. Each coil measures 26 m in length
and is 4.7 m wide, defining the overall dimensions of the ATLAS detector, with
a total radius of about 11 m. Using the external muon system alone, this set-up
will allow precise measurements of p’s even at the highest luminosities.

'With a rate proportional to 1/m?.
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Figure 3.1: Layout of the LEP/LHC tunnel including present and future LHC
infrastructures.
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The measurements are done in the chambers behind the calorimeters that have
absorbed all hadrons. The electromagnetic calorimeter is filled with liquid argon
and provides excellent performances in terms of energy and position resolution.
A 2 T solenoid is placed in front of the EM calorimeter to allow momentum mea-
surements for the charged ”stable” particles in the inner tracker.

LHC-b is a dedicated B-physics detector and will be a single arm spectrometer.
B mesons are most likely to emerge from collisions close to the beam direction, so
the detector is designed to catch low-angle particles, covering the angular range
from ~10 mrad to ~400 mrad with respect to the beam line. The key elements
of LHC-b will be a vertex detector, which will measure charged particle tracks,
and Ring-Imaging Cherenkov (RICH) detectors, that will identify the different
kinds of particles.

Part of the LHC physics program will be devoted to heavy ion collisions. The
aim is to study the physics of strongly interacting matter at extreme energy den-
sities, where the formation of a new phase of matter, the quark-gluon plasma, is
expected. The forseen luminosities range from 10?7 cm=2 s~! in 2*8Pb —2%8Pb col-
lisions to 3x10%" em=2 s™% in %0 ~1%0 collisions, with a nucleon-nucleon center-
of-mass of about 5.5 TeV. The purpose of the ALICE (A Large Ion Collider
Experiment) project is to detect a broad range of possible signatures of quark-
gluon plasma formation and thus to carry out a comprehensive study of the
hadrons, electrons, muons and photons produced in the collision of heavy nuclei.
The central part, which covers +45° over the full azimuth, is embedded in a large
magnet with a weak solenoidal field. Outside of the inner tracking system, there
are a cylindrical time projection chamber and a large area particle identification
array of time-of-flight counters. In addition, there are two small-area single-arm
detectors: an electromagnetic calorimeter and an array of RICH counters, opti-
mized for high-momentum inclusive particle identification.

3.1.3 CMS: the "Compact” Muon Solenoid

CMS (Compact Muon Solenoid) [14] will be one of two general purpose detectors
at the CERN Large Hadron Collider. The collaboration consists of ~2000 scien-
tists from more than 150 institutions in 31 countries. Within the project, ETH
Ziirich plays an important role in the design and construction of the detector.
Like ATLAS, CMS will be operational at the startup and therefore, in order to
fully exploit the physics potential offered by LHC, it is also well adapted for
studies at the initial lower luminosities.

Given the broad range of possible Higgs signatures, the largest flexibility is re-
quired. Other important goals are the detailed studies of beauty and top quark
decays, as well as searches for super-symmetry and compositeness.

One of the design goals for the CMS detector is the ability to identify and measure
isolated muons, photons and electrons with high precision.
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Figure 3.2: Perspective view of the CMS detector.
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Figure 3.3: Longitudinal one quarter view of the CMS detector, with the pseu-
dorapidity ranges 7 covered by the different calorimeters.

The energy resolution for the above particles should be 1% or better at 100 GeV.
Also jets and missing energy should be measured with good accuracy, leading to
an overall tight design within the rapidity region with |y| < 3 (for a definition of
rapidity and pseudorapidity see equations 3.3-3.4 in section 3.2.2).

To achieve these objectives, the following sub-detectors are foreseen: a high per-
formance and redundant muon system, a high resolution electromagnetic calorime-
ter, a high quality central tracking system and full calorimetric coverage.

The overall dimensions of the so-called ”Compact Muon Solenoid” (a length of
21.6 m and a diameter of 14.6 m, resulting in a total weight of 14500 tones) are
especially impressive, when one compares it with the dimensions of ~ 107 m
one wants to exploit. That means a difference of about 20 orders of magnitude,
which is about the ratio between the size of an elephant and the size of the milky
way!

Figure 3.2 offers a three dimensional view of CMS, with a description of its main
parts, the involved countries and some overall dimensions. Figures 3.3 gives a lon-
gitudinal one quarter view, indicating the initials of the different detector parts
and the covered pseudorapidity regions. Figure 3.4 shows the transverse view.
Starting from the center, the tracking system, the electro-magnetic- (EB,EF) and
hadron- (HB,HF) calorimeters are located inside the coil, while the layers of the
muon system, alternated with the plates of the return joke of the magnet, make
up the external part of the detector.
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Figure 3.4: Transverse view of the CMS detector.

The superconducting magnet

The CMS detector is built around a large, 13 m long, 6 m diameter, high field
superconducting solenoid [51] (COIL1 and COIL2 on figure 3.3), leading to a
compact design for the muon spectrometer (hence the name Compact Muon
Solenoid). The magnetic flux is returned through 1.8 m thick saturated iron joke
(1.8 T), which is split into five barrel rings and two end-cap disks housing the
muon chambers. The magnet is in fact the main component of CMS in terms
of size, weight and structural rigidity and plays a structural role by supporting
all the other components of the detector. It generates an uniform magnetic field
of 4 T and provides the bending power for precise tracking, assuring a good
momentum measurement of charged particles up to rapidities of 2.5.
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The muon system

The ability for the detector to measure high-p, muons provides an important in-
strument to analyze diboson events. The ZZ mass resolution, for Z decays to
1’s, depends directly on the achievable energy and momentum resolution.

The objectives for the muon system [52] can be sub-divided into three basic tasks:
(i) p-identification, (ii) p-momentum measurement and (iii) triggering of physics
events. Given the enormous event rate in hadron collider experiments, the latter
will be very challenging. The 4 T solenoidal field leads to an excellent momen-
tum resolution and facilitates the momentum thresholds at the trigger level. The
possibility to identify p’s also inside jets allows an utilization of these particles as
b-tagging (b — u + X) as well as, with the help of the calorimeters, for measur-
ing the energy flow around leptons inside jets (and thus permit to evaluate the
efficiency of isolation cuts).

Starting from the primary vertex, muons are first measured in the inner tracker,
then traverse the calorimeters, the coil and the return jokes. They are identified
and measured in the four muon stations, inserted in the return jokes over most of
the solid angle. In the barrel, each station (MS1 to MS4 in figure 3.4) consists of
twelve planes of aluminum drift tubes (DTBX) arranged in twelve azimuthal sec-
tors, such that there are no cracks pointing to the primary vertex. It is designed
to have a bunch crossing identification capability and to give a muon vector in
space with 100 pm precision in position and better than 1 mrad in direction. The
end-cap muon system consists also of four muon station MF1 to MF4, where each
one is made of sectors of cathode strip chambers (CSC) overlapping in azimuth to
maintain full coverage. Two stations MF1A and MF1B are added to ensure that
all muons traverse four stations at all rapidities, including the transition region
between the barrel and the end-caps (1 < |n| < 1.5). Resistive Plate Chambers
(RPC) are used in both the barrel and the end-cap. The last muon stations are
placed after a total of more than 20 interaction lengths of absorber, so that only
muons with p, 2 4 GeV can reach them.

The DTBX and CSC detectors are used to obtain precise measurements of the
position and thus of the muon momenta, whereas the RPC chambers, with their
excellent time resolution of ~2 ns, will provide fast information for the level-1
trigger.

Efficient muon detection is guaranteed up to |n| = 2.5, for p; > 4 GeV/c. Fig-
ure 3.5 shows, for the muon system alone, the expected transversal momentum
resolution Ap,/p; for 10, 100 and 1000 GeV muons as a function of their pseudora-
pidity. After matching with the central tracker, the global momentum resolution
should improve to about 1-1.5% at 10 GeV, and 6-17% at 1 TeV.
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Figure 3.5: Muon system resolution vs pseudorapidity (given by the muon sys-

tem alone). The two curves represent the values given in the CMS “Technical
Proposal” and “Letter of Intent”.

The hadron calorimeter

The hadron calorimeter (HCAL) [53], combined with the electromagnetic one
(ECAL), will measure jets, which are crucial for the discovery of many physics
processes (including the detection of high mass vector boson pairs and of weak
boson fusion processes).

The performances of the hadron calorimeter can be characterized by the jet—jet
mass resolution, which depends also on fragmentation, energy pile-up and on the
algorithms for the jet reconstruction. A calorimetry granularity of An x A¢ ~
0.09 x 0.09 has been chosen so that highly boosted di-jets from W, Z decays can
still be distinguished. A good EM™Ss resolution and the detection of forward jets
require an hermetic calorimeter coverage up to || = 5. This will improve the
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detection capability of weak boson fusion processes, characterized by the presence
of two forward jets, and for signatures with missing transverse energy.

The barrel and end-cap parts of the HCAL (HB and HF) are sampling calorime-
ters made of copper absorber plates, interleaved with 4 mm thick plastic scintil-
lator tiles. The produced blue scintillation light is captured and shifted towards
green in wavelength shifting fibers embedded in the scintillator and then trans-
ported through clear fibers to hybrid photodiodes that can operate in high axial
magnetic fields. The active depth of the HCAL is everywhere larger than 9 in-
teraction lengths A.

The VF very forward calorimeter (3 < |n| < 5), which has to withstand high
radiation doses, uses steel absorbers with quartz fibers, as active medium parallel
to the beam. Charged particles produce Cherenkov light as they cross the quartz,
some of which are captured in the fibers and channeled to photomultipliers.
The hadron calorimeter is insensitive to low energy neutrons, is extremely fast
and yields narrow showers. The combined ECAL-HCAL single pion energy res-
olution is expected to be 0/F ~ 110%/VE @ 3.6% (F in GeV). For a W — ¢,
event, the obtained dijet mass resolution should be about 12 GeV with pile-up
and 8 GeV without.

The electromagnetic calorimeter

The main function of the electromagnetic calorimeter (ECAL) [54] is to measure
precisely the energy of electrons and photons. In addition, combined with the
hadron calorimeter, it contributes to the measurement of jets. Both calorimeters
will ensure a good detector hermeticity for the missing transverse energy mea-
surements. This is particularly important for processes where the missing F; is
on the order of few tens of GeV, like for example H — 77, H > WW , W — lv
decays.

The design choices for the ECAL are to a large extent determined by the require-
ments imposed by the H — ~v channel. As is shown in the last chapter, the
most promising channel for the search of a Standard Model Higgs in the 80-140
GeV mass range is the vy decay mode. This signature profits of the very small
natural width (few MeV) of a low mass Higgs. Therefore, the expected signal
width is entirely dominated by the experimental vy mass resolution. This width,
together with the level of the irreducible vy background, determine the signal
significance and thus the detector capabilities to discover a Higgs in this mass
range.

In order to achieve a high mass resolution, an excellent electromagnetic energy
resolution o/FE is required. For the energy range of about 25 to 500 GeV, the
energy resolution can be parameterized as (@ are quadratic sums):

Q

®—=dc, (3.1)

E

=
S
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Figure 3.6: Simulated signal by a H — ~~ event, for My = 130 GeV (100 fb~!
collected at high luminosity). (a) before, and (b) after background subtraction
[54].

where a is the stochastic term, o, the noise and ¢ the constant term. The expected
values for the barrel (end-cap) are: a = 2.7% (5.7%), 0, = 155 MeV (205 MeV)
at low luminosity, o, = 210 MeV (245 MeV) at high luminosity and ¢ = 0.55%
(0.55%) [54].

In addition, the vy mass resolution o/M depends also on the two-photons
angular separation 6:

M 2

oy 1 <0E1 O, o )
— =l =09
Ey Ey tang

(3.2)

At the low luminosity regime (£ = 103 ¢m™2 s7') the event vertex will be in-
dicated by other tracks in the event and the angular resolution will have only
a minor effect on the vy mass resolution. At high £ = 10** ¢m=2 s~!, about
20 minimum bias events are superimposed to the triggered vy event and one
expects the vertex definition to be much more difficult. Some precision can be
obtained from the shower position measurements in the calorimeter. Depending
on the luminosity, a mass resolution of 650 to 700 MeV is expected from detailed
simulations of a 100 GeV H — ~v [55]. Figure 3.6 shows the two-photon signal
from a 130 GeV Higgs, after collecting 100 fb~" at high luminosity (before and

after background subtraction).
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Figure 3.7: Different contributions to the e, v energy resolution of the PbWOQO,
calorimeter [54].

Figure 3.7 summarizes the different contributions expected for the energy resolu-
tion. The noise term contains the contributions from electronic noise (important
at low energy) and pile-up energy (negligible at low luminosity). The “intrinsic”
term includes the shower containment and a constant term. The curve labeled
“Photo” gives the stochastic term of PbWO,.

The ECAL has a geometrical coverage up to |n| = 3 and consists of ~76’°000
scintillating lead tungstate (PbWQO,) crystals with a thickness of more than 25
radiation length and a front face size of 2.2 x 2.2 cm?. PbWO, has been chosen
because of its short radiation length, its small Moliére radius and short light de-
cay time, allowing for a compact ECAL design with narrow and fast-recovering
showers. The scintillating light is detected using avalanche photodiodes (APD)
in the barrel region and vacuum photo-triodes (VPT) in the end-cap region.

A scheme of the PbWO, crystals, together with the APD’s and the readout chain,
is shown in figure 3.8.

For a detector facing an enormous hadronic background, an excellent electron
identification is particularly important if one wants to exploit the various signa-
tures associated to electrons. Problems could arise in case that charged pions
will be misidentified as electrons within the ECAL. This problem is studied in
chapter 5.
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Figure 3.8: The ECAL readout chain [54].

Inner tracking detectors

The inner tracking system of CMS [56], consisting of silicon pixel and silicon strip
detectors, is designed to reconstruct high-p, muons, isolated electrons and hadrons
in the range |n| < 1.6 with a momentum resolution of dp;/p; &~ (15-p; & 0.5)%
(py in TeV /c), gradually degrading to ép;/p; ~ (60-p; @ 0.5)% as || approaches
2.5 [56]. An important design goal is the ability to tag and reconstruct b-jets,
using the secondary vertex from b-decays, as well as to identify tau leptons. The
tracker should also have a fast response (reducing pile-up effects) and all this
without putting a too large amount of material in front of the calorimeters.

In total, the CMS tracker will implement 24328 silicon sensors, which cover an
area of 206 m?.

The current layout is schematized in figure 3.9. Starting from the inner part
and moving outwards, the tracker will be composed by silicon pixel and silicon
micro-strip devices, distributed in a cylindrical volume of 6 m length and with
an outer diameter of 2.4 m. In the central rapidity region (n < 1.2) the detectors
are arranged in a barrel geometry, while in the forward regions they are arranged
as disks, segmented into radial petals.

Data acquisition and trigger

The LHC pp collision rate will be 40 MHz. A total amount of ~16 million read-
out channels will have to be processed, producing events containing an average
of 1 MByte of data (most of the information being provided by the tracker).
A challenge will be the reduction of the events rate (to be written in a storage
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Figure 3.9: A transversal view of the tracker.

medium) to a frequency of ~100 Hz.

The trigger and data acquisition [57] consists of four parts: the front-end detector
electronics, the calorimeter and muon first level trigger processors, the readout
network and an on-line event filter system.

The level-1 trigger decision is based on the presence of physics objects such as
high-p, muons, photons, electrons and jets, as well as global sums of E; and
missing F;. Fach of these physics objects is required to pass a series of p; or F
thresholds, giving an output rate of 100 kHz. At this stage the data will be stored
in 500 readout memories. The event builder is a large switching network with a
total throughput of about 500 Gbit per second. The following event filter consists
of a set of high performance commercial processors organized into many farms
convenient for on-line and off-line applications. One event will be processed by
a single CPU. The farms replace the traditional second and higher level triggers
and will reduce the level-1 trigger rate from 100 kHz to a final event rate of about
100 Hz.

3.1.4 Time schedule

The choice of using a surface hall rather than the underground area, allows the
construction and installation of the detectors in parallel with the civil engineering
works. For example the assembly and testing of the CMS magnet take place in
a large surface hall before lowering it into the underground experimental cavern.
The present plans for the LHC collider, foresee the first beam injection and a
sector test in 2005. For the detectors, the installation should be completed by
January 2006, followed by the LHC beam commissioning (February-March 2006).
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According to this time schedule, the first collisions and pilot run should take place
in April 2006 at an initial luminosity of £ = 5 x 1032 cm=2 s~!. After about 4
weeks at this regime, the first physics run will start in August 2006 at a luminosity
L 22 x10% cm™2 s7! and will last about 7 months [58].

3.2 Event simulation and reconstruction

Before introducing the simulation set-up, I start with a description of the general
characteristics of an high-energy physics event.

As its name indicates, the output of an event generator should be in the form of
an “event”, with the “same” average behavior and the same fluctuations as the
data. This randomness can be simulated by the use of Monte Carlo techniques
[59].

3.2.1 The complexity of high-energy processes

From the detector point of view, a pp-event can be subdivided in following pro-
cesses:

a. hard scattering processes between partons, like for example:

ud =W+ =1y or
gg—>H—>ZZ—>l+l_q(j,

which constitute the “key” of the event;

b. the underlying event from the debris of the proton, resulting in many low
pe particles;

c. multiple proton—proton interactions, relevant especially at the highest lu-
minosities.

In point a the hard physics process was given in its simplest form, that is, as
an interaction between fundamental objects of nature, i.e. quarks, leptons and
gauge bosons. This is valid only as a first approximation. Corrections to this
picture can be subdivided into three main classes:

i. Bremsstrahlung-type modifications, i.e. the emission of additional final-
state particles by branchings such as ¢ — ¢g. Because of the largeness of
the strong coupling constant ag, and because of the presence of the triple
gluon vertex, emissions of quarks and gluons are especially prolific. These
are simulated using so called “parton shower” techniques.

ii. Higher order corrections, which involve a combination of loop graphs with
the soft bremsstrahlung parts.
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iii. For quarks and gluons this must be complemented with a picture for the
hadronization process (fragmentation and decay), wherein the colored par-
tons are transformed into jets of colorless hadrons, photons and leptons.

The simple structure that we started with has now become considerably more
complex. The original physics is not gone, but the skeleton process has been
dressed and a comparison between theory and experiment has become more com-
plicated.

It is at this point that event generators give their most important contribution.
In order to analyze complex event structures, experimentalists can use computer
simulations to generate events as detailed as can be modeled from the known
theory.

Given the different levels one can reach in the description of high-energy pro-
cesses, different Monte Carlo generators, with different simulation targets, are
available. For example there are event generators dedicated to the simulation of
only few hard scattering processes at parton level (point a). To this class belong
the DKS generator [18], which is specialized in the simulation of the production of
electroweak boson pairs. An interesting characteristic of this program is that it
includes also complete next-to-leading-order (NLO, or O(ay)) corrections (point
ii). Other event generators offer a broader choice of different production mecha-
nisms and subsequent decay modes. The PYTHIA Monte Carlo [19] is one of these
simulation programs. It includes also hard and soft interactions, parton distribu-
tions, initial and final state parton showers, multiple interactions, fragmentation
and decays, i.e. essentially all the points listed before. Nevertheless, for the
production of weak boson pairs, it lacks the full NLO corrections. This makes a
comparison of the PYTHIA and DKS generators interesting. In chapter 6 I proceed
then to an analysis of the two program outputs. Finally there are generators
dedicated to the simulation of the interactions between high-energy particles and
stable matter. These programs find their application in the description of the
signatures left by the different particles in the different detector parts. GEANT
[15] belongs to this class of simulation tools, and will be applied in chapter 5 for
the study about 7% — e confusion in the CMS ECAL.

In general, by combining several types of event generators, one can reach a com-
plete description of the physics processes which occur in the detectors, allowing
a full comparison between data and expectations.

3.2.2 Reconstruction parameters

Multi-particle production is a characteristic feature of current high-energy physics.
Depending on the center-of-mass energy and on the involved particles, the ob-
served multiplicities range typically between two (as for example by an eTe™ —
pTp~ event at LEP) and a hundred (like for a pp — ¢ event at Tevatron). With
future machine (e.g. LHC) this range will be extended upwards.
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Figure 3.10: Acceptance polar angle A© as a function of the pseudorapidity n
and for different values of the acceptance R.

One goal for a multi-purpose detector is the ability to reconstruct jets present
in the event: the parton shower has to be subdivided in the jet-constituents. As
mentioned before, besides the jets, the detector should also detect isolated high-p;
e, ;v and 7.

In order to identify a jet or a lepton as isolated, some selection conditions are
required.

A widely used variable is the cone-size R = /An? + A¢?, where ¢ is the angle
in the transverse plane and 7 is the pseudorapidity. The rapidity y of a scattered

particle is defined by:
1 E+p,
=1 3.3

y=a <E —p. )’ (3:3)
where IV and p, are respectively the particle energy and the momentum in the

beam direction. For p > m the rapidity can be substituted with the so called
pseudorapidity n:

n=—Inftan(0/2)] ~ y , (3.4)
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Figure 3.11: Average number of charged tracks (which consist in e*, %, 7%, K* p
and p with p; > 0.5 GeV) expected in every q¢ — gqqH event as a function of the
pseudorapidity |n| (left) and of the polar angle © (right). Typically one observes
between 1 and 4 charged tracks in every interval An = 0.2. For small scattering
angles ©, this corresponds to an average of 5 charged tracks within a polar angle
AO = 2° while only about 1 charged track is expected in the same interval in
the barrel region of the detector.

where cos © = p,/p is the scattering angle with respect to the beam direction.
In order to belong to a jet, a particle is required to have a distance in ¢ and 7
in comparison to the jet direction, which is consistent with the maximal value of
R. In the same way, an isolated lepton should not have too many particles inside
the cone defined by the acceptance R, besides eventually bremsstrahlung ~’s.

A consequence of the utilization of the variable R is that, for the cone defined by
VAR? + A¢?, the acceptance AO in the polar angle © depends on the pseudora-
pidity. Figure 3.10 shows A© as a function of 7, for different acceptance values
R. As can be observed, at larger n values (that is by smaller scattering angles)
the ”polar” acceptance AO is smaller than by centrally emitted jets, leptons or
photons. This choice is consistent with the topology of an high-energy collision:
at small angles with respect to the beam direction, the decaying partons or lep-
tons are normally boosted in the beam direction, giving rise to narrow jets or
very close decay products. Moreover, at LHC these space regions are typically
filled by large amounts of scattered particles (see figure 3.11). In general, for the
number n; of scattered particles, it is observed that:

dn; . dn;
% # const. while d_7:7 A const. (3.5)
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Therefore, for smaller angle ©, the selection requires smaller acceptance angles
A©, while the number of accepted particles in the cone defined by R remains
about constant. The highest detector granularity is then needed to separate the
different energy depositions.

The case is different for a high energy process produced almost "at rest”: if its
invariant mass is not too large, in the laboratory frame its decay products are
less boosted and therefore spread in all directions, eventually entering the small
rapidity region. For this reason, for large angles © (i.e. for n ~ 0), one normally
observes broader jets and larger opening angles between decay products. Larger
acceptance angles A© are thus needed.

A typical value for R is 0.5. As shown in figure 3.10, this value corresponds to
an acceptance angle A© ~ 30° at n = 0 and to A© =~ 5% at n = 2.5.

3.3 The simulation frame

As mentioned in the previous section, in this work Monte Carlo generators are
used to simulate processes at two different levels: at detector level, where the
goal is to describe the signature given by charged pions and electrons within the
CMS electromagnetic calorimeter, and at the interaction level, with the purpose
of studying high-energy physics processes. For these two specific applications,
different kind of event generators, as well as two simulation set-ups, are used.

3.3.1 CMS detector simulations

Once a particle track has been reconstructed and once this track has been cor-
related to an energy deposition, the next experimental question is then to relate
these signatures with the right particle. In other words this particle has to be
identified correctly, otherwise the physics meaning of the whole event could be
lost.

In chapter 5 I investigate the case where charged 7’s leave a large fraction of
their energy in the crystals of the Electromagnetic Calorimeter (ECAL). The
effect could then be enhanced if several charged particles cross the Avalanche
Photo Diodes (APD). These devices are supposed to measure the light produced
in the crystals, but a signal can also be produced by a charged particle which
cross their layers.

The combination of these two effects could give rise to an observed large en-
ergy deposition in the ECAL. This would be associated with the momentum of
a charged particle measured in the tracker. The obtained signature is consistent
with the one expected from an electron and therefore could lead to a possible
particle misidentification.

A 7% — e confusion would be especially dangerous, because of the enormous
amount of 7=’s produced at each pp collision.
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In order to perform this study, a simplified ECAL simulation set-up is used.
High-energy 7%’s and e’s are first produced by PYTHIA and then inserted in the
calorimeter, which is described with the help of GEANT. Since this simulation
frame is only used in chapter 5, it will be described there in more detail.

3.3.2 Physics simulations

After having identified particles, together with their kinematics, the physics anal-
ysis can begin.

The studies carried out in this work are mostly done by means of the PYTHIA
Monte Carlo. In the following I describe the methods employed to select iso-
lated leptons, photons and jets, which will then be used as starting variables
for the physics studies. This is done by first selecting the ”detectable” particles
(i.e. compatible with the CMS detector performances) among those produced by
PYTHIA and then by applying different selection algorithms.

pp events generated with the PYTHIA Monte Carlo program

The PYTHIA program has been developed in order to generate complete events, in
as much detail as experimentally observed ones, within the bounds of our current
understanding of the underlying physics.

The output of the program is in the form of a list of the involved particles, includ-
ing all their kinematical structure. The event can be analyzed at different stages:
right after the hard-scattering process, before the full hadronization/decay pro-
cess or starting from the “stable” particles given at the end. This allows to
perform the analysis starting from different levels and also to check the validity
of the reconstruction algorithms.

Moreover, the user has the full choice on the processes to be simulated: colliding
particles, production and decay mechanisms, models and so on, allowing a broad
range of possible analysis.

Table 3.1 shows an example of the PYTHIA output for the production of a Stan-
dard Model Higgs via the fusion of two vector bosons. The related feynmann
diagram is shown in figure 3.12.

The first column gives simply the position of the particle in the tree. The label
“status” is used to express the current condition of the parton/particle stored in
the line. The entries labeled with “status = 2” corresponds for example to par-
ticles which have subsequently decayed or fragmented. “ID” is an identity code
according to the PDG standard (e.g. “11” are electrons). “parent” and “child”
are pointers to the positions where, respectively, the first “mother” and “daugh-
ter” of the particle are stored. Finally, in the last five columns, the kinematics of
the particle are given. Clearly all the 4-momentum components can be accessed
and this table represents only one output option.
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-0.42
-0.22
-0.31
-0.29
-1.2
1.4
3.4
1.4

d

0

0
90.3
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112
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0

0
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0.48
4.14
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32.5
14.6
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25.8
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14.6
42
36.3
26.2
25.8
26.8
2.57
9.6
4.62
3.61
4.44
2.57
37.8
9.23
2.51
2.7
3.7
2.87

0.938
0.938
-0
-0

0.33
0.33
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81.9
80
5-10~%
0
5-10~%
0
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81.9
80
5-10~%
0
5-10~*
0
0.14
0.14
0.14
0.94
0.14
0.14
0.94
0.14
0.14
0.14
0.938
0

Pz

7-10%
-7-103
298
217
213
-129
86
-22.9
21.2
7.68
16.4
31.6
-23.9
45.5
-29.1
24
7.68
16.4
31.6
-23.9
45.5
-29.1
1.4
-2.6
-3.85
-1.12
-1.92
-0.578
-11.9
2.7
-3.66
5.38
60
5.32

Table 3.1: Example of PYTHIA output by a q¢ — q¢H — q¢WW — jjevev

event (Higgs production via weak boson fusion, My = 170 GeV).
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Figure 3.12: Feynmann diagram of the weak boson fusion q¢ — qqH —
qq WW — jjever event listed in table 3.1.

To reduce the size of the list, I put two cuts on the “stable” particles (status =
1) by requiring a p; larger than 2.5 GeV and a pseudorapidity |n| smaller than 5.
Starting from the diagram of figure 3.12, one can then find at the beginning of
the list (status = 3) all the involved particles, namely: the two colliding protons
(1 and 2 in the tree), the two quarks which give rise to the hard scattering process
(5-6 before and 7-8 after the W, Z emission), the produced Higgs (9) with the two
W boson daughters (10-11) and the decayed leptons (12-15). This first part of
the list gives a documentation of the event at parton level, allowing an analysis
restricted to the hard scattering process.

Particles labeled with “status = 1”7 remain undecayed or unfragmented and repre-
sent the “final state” given by the generator. Starting from this part of the event
list, one can select the “detectable particles”, that is the “stable” (7; = 1079 s)
hadrons, leptons and photons which are consistent with the detector acceptance
and resolution. Isolated e, p, v, as well as jets, are subsequently selected starting
from this list of detectable particles.

Selection algorithms for isolated leptons and +’s

An important feature of the PYTHIA-level analysis are the algorithms which define
isolated leptons, isolated photons, 7 decay products and which reconstruct jets
originating from gluons and quarks.

I first select particles which fall within the CMS acceptance, taking all e, p, v,
n, p, 7=, K*, K¢ with a minimal p; of 500 MeV and pseudorapidities |n| smaller
than 4.5 into account. These detectable particles are then used for the different
reconstruction algorithms.

Starting with electrons or muons which have a p; larger than 10 GeV and which
are consistent with the ECAL/muon system acceptance (i.e. |n| < 2.5), the
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Figure 3.13: q¢ — qqH with H — WW — [viv: number of selected leptons at
parton-level (left columns), after the hadronization/decay (middle columns) and
after the application of the isolation algorithm (right columns).

energy of all the detectable particles with p, > 1 GeV, lying within a cone of
radius R = \/An? + A¢? = 0.5, is added. A lepton is assumed to be isolated if
the following conditions are fulfilled:

e its energy is at least 90% of the total cone energy,
e the total mass of this cone is smaller than 2 GeV,

e there is no other detectable particle within a smaller cone of R = 0.15
around the lepton.

The weak boson fusion process qq — gqH, with the subsequent Higgs decay
H - WW — lvlv (I = e, p), is used to test the isolation algorithm. At parton-
level (i.e. by the hard scattering process), the total amount of events where
both leptons are consistent with the rapidity and minimal transverse momentum
cuts (|n] < 2.5, pr > 10 GeV) is about 79%, as shown in the figure 3.13 (left
columns). About the same percentage of events is accepted after the the full
hadronization/decay process (columns in the middle). Once the isolation algo-
rithm is applied for these leptons, one obtains two isolated leptons in about 47%
of the events (right columns). By comparing this value with the previous one
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Figure 3.14: Same as figure 3.13, but for the background process tt —
PWT oW~ — jjlviv.

(events with two “detectable” leptons), one obtains:

0.47

— =~ 0.6
0.79 ’

which gives the probability that both detectable e’s or p’s are isolated. From this
value one can extract the probability for a single detectable electron or muon to
be isolated in a H — WW — lvlv event, which is v/0.6 ~ 77% (before any other
selection cut and assuming an absence of correlations between the isolation of the
two leptons).

Figure 3.14 gives the number of accepted leptons per event for the process ¢t —
bWHbW~, with W — Iv (I = e, ). At parton level, one observes a similar
percentage of events with 2 selectable leptons as in the q¢ — gqH — jjlviv
processes: ~79%. If the n- and p;-acceptance cuts are applied on the “detectable”
particles, two or more leptons are observed in about 82% of the events. The
increase is due to the presence of other leptons produced during the hadronization
process. After the application of the isolation algorithm, this percentage falls
then to only ~32%. By comparing events with at least two detectable leptons
and events with two isolated leptons, one obtains:

0.32

— =~ 04.
0.79
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The probability that both detectable e/p are isolated is thus of the order of 40%.
Therefore, the probability for a muon or an electron to be isolated in a t{-event
is found to be V0.4 ~ 63%, which is a little lower compared to 77% for a lepton
ina H— WW — [viv event.

In order to find isolated photons, the same criteria as for leptons are used,
where in addition also other ’s close to the tested one are accepted (more pre-
cisely, the +’s should be found within 2 neighboring crystals).

Regarding the 7 leptons, I first eliminate from the list of detectable particles
all the leptons and photons, which have already been identified as isolated. As
“build axis” for the reconstruction of the tau event, I look for a charged pion,
kaon or proton with p; > 5 GeV and |n| < 2.5. Other particles are then added
to this axis if they fall within a inner cone of radius R = 0.15 around it. The
mass of the obtained vector should be smaller than 2 GeV and its p, larger than
20 GeV. Moreover, the multiplicity of its constituents should be less than six
and among them, one or three should be charged (7, K= or protons). If these
requests are fulfilled, then the total energy of all particles lying in a outer cone
of R = 0.5 around the vector is collected. In order to identify this vector as a
7-jet, the energy in the inner cone should constitute more than 95% of the total
energy in the outer cone.

Jet reconstruction

If we are interested in the measurements of quarks and gluons, we cannot access
the information about them directly. We have to extract the ¢/g properties from
the properties of jets. Unfortunately, in most cases, the energy of a jet is not
the same as the ¢/g energy. It depends strongly on the definition of jet. In case
of a jet reconstruction via cone algorithm, the reconstruction fidelity depends on
the cone size in which the energy of the jet is collected (and also a little on the
splitting or merging parameters for jet candidate pairs). If the cone size is too
large and thus a lot of additional energy not coming from the ¢/g is included,
then the energy resolution is bad. On the other hand, a small cone has the
disadvantage of leaving a fraction of the ¢/g energy outside the cone.

The real reconstruction algorithms, which will be used in the data analysis, are
developed with full detector simulations. For the fast PYTHIA simulations used
in this work, some aspects of the problems are ignored. In particular, those
affecting the particle momentum resolution and the particle identification (like
magnetic field effects, electronic noise, particle separation in the tracker and so
on). However, we take into account the spatial coverage of the sub-detectors and,
to some extent, also the granularity of the calorimeters.

Similarly to isolated leptons and gammas, jets are reconstructed starting from
all detectable particles. From this list, isolated e,z and v as well as 7-jets are
eliminated. At the end of the reconstruction process, the obtained jets should be
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consistent with the following transverse momentum and rapidity values:

pi® > 20 GeV
Iniet < 4.5 .

In this report, two different algorithms for the jet reconstruction are investigated.
After having ordered the detectable particles by their transverse momentum, the
first one starts from the particle with largest p;, to which the momentum vectors
of particles lying within a cone of R < 0.5 are added. The reference vector
obtained from this first iteration is assumed to be about in the center of the jet.
Therefore, to obtain the final jet, a second iteration is performed by adding all
particles found in R < 0.5 with respect to this reference axis.

In the second algorithm, with the same aim to start the jet reconstruction from
its center, I look for particles (p; i, > 5 GeV), which have the maximal amount
of other particles within a cone of R < 0.4 around themselves. Starting from this
“central particle”, all other members of the jet are then added in two iterations:
the first one using a cone of R < 0.3 and the second one of R < 0.5. The
second iteration is done in order to avoid the mis-inclusion of particles, due to
the movement of the jet direction during the reconstruction.

The two algorithms produce very similar results in the central detector region
(i.e. for |n| smaller than 2.5), while in the forward pseudorapidity range 2.5 <
|n| < 4.5 the first one tends to identify also isolated electrons and v as jets®.
The reason of this mis-identification is simple: in these |n|-regions the isolation
algorithms have not been used. In fact, without the help of ECAL, HCAL and
Tracker, it is not possible to apply the isolation cuts and one is left with only
the information about the energy deposition in the Very Forward Calorimeters.
Above |n| ~ 3, jets will be identified as “clusters” of energy depositions and about
the same signature is expected from e, 7 and . From this point of view the second
algorithm is “cheating”, since for every particle it uses also in this |n| domain the
information about the number of surrounding particles. The first jet algorithm is
thus more realistic than the second one. However, for the investigated processes,
this difference has practically no effect: for the signals all the leptons are always
required to lie within the ECAL acceptance (|n| < 2.5). Moreover, the amount
of new backgrounds arising from the identification of a lepton or a photon as a
jet is very small. For example, for the weak boson fusion process q¢ — qqH with
H — WW — lviv, both leptons must have || < 2.5, and thus should not be
identified as jets. In addition, the signatures with two isolated leptons, missing
energy, a forward jet and another high-p; e, u or v, which is misidentified as jet
and matches the selection cuts, are very rare compared to other backgrounds, as
for example the ¢t production.

As mentioned, in this work the reconstruction of jets is especially important

2In contrast to electrons and photons, p’s with || > 2.5 will not be measured and should
thus not contribute to the observable particles.
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Figure 3.15: Example of the efficiency of the jet reconstruction algorithm applied
on the weak boson fusion process ¢ — qqH — qqWW — jjlviv. After some
simple selection cuts (2 jets with |p**] < 4.5, p}** > 20 GeV, 2 isolated leptons
with '] < 2.5, p. > 20 GeV), the histogram shows the obtained number of
tagging quarks (left columns), reconstructed jets before (middle columns) and
after the hadronization (right columns).

for the study of the weak boson fusion processes. The selection of these events
requires the presence of two tagging jets, arising from the two scattered quarks
(see for example figure 3.12). Therefore, as applied examples for the jet algorithm,
in this section I make use mostly of the signature q¢ — qqH — qq 77 — 2j4v,
which is not affected by the Higgs decay products, or directly of the signal process
qq — qqH — qqWW — 55 lviv.

To analyze the effectiveness of the algorithm through the different reconstruction
steps, the jet selection is performed at different levels. Following the arguments
introduced in section 3.3.2, one can either directly select the scattered quarks
involved in the weak boson fusion process (tagging quarks), or use the fully
reconstructed jets. Inbetween, I add also an “hybrid” solution, whose result is
labeled "parton jets”. These latters are generated by simply applying the jet
algorithm to the quarks and gluons before the full hadronization process, instead
of using the detectable particles. The motivation behind this choice is to see if,
after having selected both tagging quarks, the parton jets are still consistent with
the jet selection criteria and it is possible to reconstruct them after hadronization.
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The left columns of figure 3.15 show the number of tagging quarks per ¢q¢ —
qqH — qq WW event, which fulfill simple selection cuts (2 quarks with |n?| < 4.5,
pi > 20 GeV and 2 isolated leptons with |'| < 2.5, pl > 20 GeV). In about 72%
of the events, both tagging quarks are consistent with these acceptance criteria.
Starting instead from the quarks and gluons before the hadronization, the amount
of events with 2 or more parton jets drops to about 54% (46% have exactly 2
parton jets), as shown in the middle columns. There are at least two reasons
which contribute to this loss: (1) the splitting of the tagging quarks into two or
more jets (i.e. a large opening angle between the produced quarks and gluons)
and (2) the presence of ¢/g outside the 1 and/or p; acceptance. In both cases,
the obtained parton jets could be then rejected by the selection criteria. Finally,
after the full hadronization, 63% of the events possess 2 or more reconstructed
jets (52% have 2 jets). The increase in the final state is due to several reasons.
The first one is related to the fact that the parton jets are reconstructed starting
only from quarks and gluons but not leptons. Furthermore, the reconstructed jets
gain some contributions from the presence of other particles which “push” the
jets above the p;-threshold. These “intruder” particles can come from underlying
events (mostly at high rapidities). Finally there could be some other jets arising
from minimum bias events or from the products of the rest of the two involved
protons.
In the following, when I speak about a “tagging quark”, a “parton jet” or a
“reconstructed jet”, it always means that this ¢/jet is compatible with the 1 and
pe selection (i.e. || < 4.5, p; > 20 GeV). In order to obtain an impression about
the efficiency of the jet algorithm, I proceed in the following way: T count the
number of q¢ — gqH events with two or more reconstructed jets (~63%) and
I compare it with the number of events with two tagging quarks (~72%). This
means that about 0.63

o 87%
of the selected parton level events are still compatible with the cuts also after the
hadronization. Following these simple arguments, the selection efficiency per jet
would be of v/87% =~ 94%.
The number of jets is only a first indication of the efficiency of the reconstruction
algorithm. To learn something more about its “quality”, figure 3.16 shows the
pseudorapidity distributions of, respectively, tagging quarks, parton jets and re-
constructed jets. The n-distributions of the reconstructed jets (before and after
the hadronization) show very similar shapes. However, compared to the original
tagging quarks, they tend to have a slightly smaller rapidity. This difference arises
from the fact that, at large pseudorapidities, more particles belonging to the jets
are outside the detectable n-region and below the p;-threshold. Therefore, these
jets will be either reconstructed with a smaller pseudorapidity compared to the
original quark or could fall below the p;-cut.
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Figure 3.16: qq — qqH: pseudorapidity distributions of tagging quarks and
reconstructed jets (before and after the hadronization).
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Figure 3.17: For weak boson fusion processes q¢ — gqH, the histograms show the
spatial distances (AR) between reconstructed jets and tagging quarks or between
reconstructed jets and parton jets (with or without stronger selection cuts).
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Another parameter one can check is the direction of the jet. If one takes the vector
of every tagging quark or parton jet and, in order to find its detectable product,
one looks for the closest reconstructed jet (by minimizing AR = \/An? + A¢?),
the histograms shown in figure 3.17 is obtained. The result of these comparisons
are summarized in table 3.2.

For about 45% of the tagging quarks, a reconstructed jet can be found in a cone
of AR = 0.1 (corresponding to roughly 5.7° or 100 mrad at 7 = 0). The remain-
ing 55% cases include either events where the tagging quark is at the limit of
the acceptance and after the hadronization it was not compatible with the n/p,
cuts, or mostly events where the quark splits into two or more jets. In fact at
least this latter effect is no longer present, if instead of the tagging quarks, one
starts from the parton jet and compares it with the closest reconstructed jet (in
AR). In this case, after the hadronization, 49% of the parton jets can still be
found within a AR of 0.025 and 88% in a AR of 0.1. If stronger selection criteria
(|nt| < 3.5, pj** > 50 GeV) are used, a further efficiency improvement (see table
3.2) can be observed: 71% of the initial parton jets lie in a cone of AR = 0.025
with respect to the closest reconstructed jet and 97% within AR = 0.1! From
these results, one can conclude that the largest difference in direction between
the tagging quarks involved in the hard scattering process and the reconstructed
jets arises by the first step, that is as the quarks are subdivided into other quarks
and gluons. Starting from this level (i.e. from the parton jets), a much better
compatibility with the final state jets is instead observed.

As third criterion to judge the reconstruction algorithm, T use the transverse
momentum of the jets. For this purpose, figure 3.18 shows the relative Ap;/p;
difference between every tagging quark/parton jet and the closest reconstructed
jet (in AR). Table 3.3 shows the percentages of tagging quarks/parton jets,
whose p; is compatible with those of the final reconstructed jets.

) % of reconstructed jet found within:
Starting from a:
AR < 0.025 AR < 0.1

tagging quark 18 % 45 %

parton jet 49 % 88 %
arton jet with

_paron et 1% 97 %

|niet] < 3.5, pi* > 50 GeV

Table 3.2: According to the simulations shown in figure 3.17: percentage of
tagging quarks or of parton jet, for which a reconstructed jet is found within a
cone of R < 0.025 (first column) or of R < 0.1 (second column).
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Figure 3.18: Relative transverse momentum difference Ap;/p; between recon-

structed jets, the quarks originating from qq¢ — q¢H — ¢qZ7Z and the jets at
parton level.

% of reconstructed jet found within:
Apy/pe < 0.1 Apy/pe < 0.25
tagging quark 44 % 70 %

parton jet 38 % 63 %
parton jet with
Iniet| < 3.5, pi > 50 GeV

Starting from a:

48 % 78 %

Table 3.3: According to the simulations shown in figure 3.18: percentage of
tagging quarks or of parton jet, for which a reconstructed jet is found within a
Apy/py < 0.1 (first column) or of Ap;/p; < 0.25 (second column).
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Figure 3.19: Relative transverse momentum difference Ap;/p; between recon-
structed jets, the quarks originating from qq¢ — qqH — qqZ 7 and the so-called
“parton jets”. The comparison is made only for high-p,; jets, which have already
been found to be collinear (see text).

As a result one finds that 44% of the tagging quarks are reconstructed within
a Apy/p; = 0.1. Allowing a larger difference Ap;/p, = 0.25, a reconstructed jet
is found for 70% of the tagging quarks. As shown in the figure 3.18, generally
the reconstructed jets have smaller transverse momenta as the original tagging
quarks.

This is probably due to the presence of undetectable particles, to the splitting of
the quark into two or more jets and to the acceptance cuts, which eliminate the
soft part. That’s not the case if one compares the parton jets with the closest re-
constructed jet. As said before, reconstructed jets have normally larger momenta
than parton jets.

Of course the transverse momentum difference should be smaller if one compares
the p; of jets, which we know to have been reconstructed with the correct di-
rection. If the same comparison is repeated, but by requiring the collinearity
between the tagging quark/parton jet and the reconstructed jet (i.e. they should
not be separated by a AR larger than 0.05), one obtains the histograms shown in
figure 3.19 (for central, high-p; jets). Table 3.4 summarizes these results. Starting
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Starting from a % of reconstructed jet found within:
collinear (AR < 0.05): Apy/p: < 0.1 Ap;/py < 0.25
tagging quark 80 % 94 %
parton jet 53 % 83 %

Table 3.4: Same as table 3.3, but by requiring the collinearity between the tag-
ging quark/parton jet and the reconstructed jet (AR < 0.05) and only for more

energetic and central jets (|| < 3.5, pi > 50 GeV).

from the tagging quarks, about 94% of the reconstructed jets lie within a Ap,/p,
difference of 0.25! This means that, if the reconstructed jet matches the direc-
tion of the tagging quark, then also its momentum is in very good agreement.
Another interesting fact is that the relative p,-difference between parton jets and
reconstructed jet does not show a similar improvement as for the tagging quarks
(cf. tables 3.3 and 3.4). This result confirms the previous arguments: a precise
reconstruction of a tagging quark is hindered by its possible splitting into several
jets and by edge-effects.
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Figure 3.20: qq¢ — qqH — qqZZ: starting from a tagging quark, how many
reconstructed jets are compatible with it after the hadronization?
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Figure 3.21: qq — qqH — qqZ7Z: when a jet is reconstructed at parton level,
how many jets are compatible with it after the hadronization?

Finally, for the q¢ — qqH — qq Z7Z — jj vvvv process, the efficiency of the jet
reconstruction algorithm can be extracted from figures 3.20 and 3.21. Starting
from every tagging quark (fig. 3.20) or parton jet (fig. 3.21), the amount of
compatible reconstructed jets are shown. What I do is the following: I take every
tagging quark/parton jet and then I look for a reconstructed jet that matches
its direction and transverse momentum. If any candidate is found, T look for a
pair of reconstructed jets, and so forth. This means that the original tagging
quark/parton jet can either evolve in a single reconstructed jet or in a combina-
tion of several jets, which reproduce its kinematics. The “compatibility” is judged
with the help of two criteria: a “hard” one, where original and reconstructed jets
should not be separated by more than AR = 0.025 and Ap,/p; = 0.1, and a
“soft” one, where the maximal AR and Ap;/p; are respectively 0.1 and 0.25. In
other words, I combine the same criteria regarding the direction and the trans-
verse momentum precision as before and I summarize the results in a single table
(3.5).

Starting from a tagging quark and by using the so-called “hard criteria” only for
about 15% of the ¢’s a matching reconstructed jet can be found (see table 3.5).
This must affect the selection of q¢ — qqH events and result in a different accep-
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% of reconstructed jets Starting from a:

compatible with: tagging quark || parton jet

AR < 0.025, Ap;/p: < 0.1 15 % 28 %

AR < 0.1, Ap/p; < 0.25 R Ll

1, < 0.
be/ e 0% 5% ’
. : 1:1 =>2:1
+( || < 3.5, pj* > 50 GeV - 80 %

Table 3.5: According to the histograms shown in figures 3.20 and 3.21: percent-
ages of “well reconstructed” tagging ¢/parton jets. The tagging quarks, for which
a compatible reconstructed jet is found, are labeled as “1:1”. The label ”>2:1”
means instead that the tagging ¢’s split into a combination of at least 2 jets.

tance between the PYTHIA analysis and the parton level studies [25, 26]. Using
the “soft criteria” about 40% of the tagging quarks result in a single compatible
reconstructed jet and slightly more than 5% split into two or more jets. However,
in case of a splitting, the >2 reconstructed jets possess different kinematics in
comparison with the original tagging quark (mostly less p;) and add a new jet
into the event, compromising its possibility to get through the selection cuts?.
As table 3.5 shows, for “harder” jets (p, > 50 GeV, |n| < 3.5), the efficiency
increases slightly: for example for about 52% of the tagging quarks, a single
matching reconstructed jet is found.

Further improvements are expected starting from a parton jet: in fact, with the
“hard criteria”, for 28% of them a compatible reconstructed jet can be found,
while with softer criteria more than 60% of the parton jets have a matching
reconstructed jet (~80% if only the “hard” jets are taken into account).

In conclusion, the algorithm reconstructs more than 60% of the “parton jets”
with good precision. However, it has to be taken into account that the correla-
tion between tagging quarks and gluon/quarks before the hadronization is not
always straightforward: frequently the “parton jets” do not reproduce exactly
the kinematics of the original tagging quark. On the other hand, the fact that
the reconstructed jet does not have precisely the same momentum and direction
as the tagging quark does not mean that the event will not get through the selec-
tion cuts. For examples, for the selection of q¢ — gqH events, besides the |mpet|
and pft cuts, a cut on the dijet mass is also used. The M;; distributions of, re-
spectively, tagging quarks, parton jets and reconstructed jets, are shown in figure

3The selection cuts for the Higgs production via the fusion of weak boson pairs will be
discussed in detail in chapter 7.
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3.22. The choice to use, in the analysis, the tagging quarks or the reconstructed
jets does not give rise to large differences in the M;;-cut efficiency.

Finally, it has to be pointed out that the goal of this section was not to give a
full efficiency study of the jet selection, depending for instance on the jet p; and
1, but rather to introduce the reconstruction algorithm and to investigate the
specific case of a jet selection in a q¢ — qqH event.
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Figure 3.22: q¢ — qqH — qqgWW — jjlviv: dijet mass M;; reconstructed
starting either from 2 tagging quarks, from 2 parton jets or from 2 reconstructed
jets. Some simple selection criteria have been used, requiring well separated and
isolated leptons and jets.
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Chapter 4

A parton luminosity monitor and
applications for the diboson SM
cross section prediction

Interpretations of essentially all proposed measurements at the LHC require a
good knowledge of the parton distribution functions at the relevant Q? and the
collected integrated luminosity. Both omni-purpose experiments, ATLAS [48]
and CMS [14], consider a luminosity accuracy of £5% as their goal [60].

The aim of this chapter is to show that the electron and muon pseudorapidity
distributions, originating from the decay of W+, W~ and Z° bosons, can constrain
the internal momentum distributions of quarks and antiquarks within the protons,
at a scale Q? of about 10* GeV2 The fractional momentum z ranges from
~ 3x 107" up to ~ 107! and covers most of the high-Q? LHC processes. One can
then relate the rate of I events from W/Z decays to the quark and antiquark
luminosity at the LHC. Furthermore, using the improved information about the
quark momentum distributions and the information about the quark luminosity,
other ¢g related scattering processes like ¢ — WHW = W=*2° Z°7° should then
be predicted more accurately. A good knowledge of these diboson event rates
is a first step towards the understanding of the electroweak symmetry breaking
mechanism: it enhances the discovery potential for the Standard Model Higgs in
the W+W ™ decay channel for 120 GeV < My < 500 GeV and, in case that any
light Higgs scalar would have been found, it will be the basis for further studies
in the higher mass domain.

4.1 The internal structure of the proton

Nucleons are composed of fundamental spin—% fermion constituents, the quarks,
and these constituents interact by exchange of spin-1 gluons.
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4.1 The internal structure of the proton

As regards to the proton, its struc-

ture can be illustrated as follows (see P

figure 4.1): three valence quarks (two m

up- and one down-quark), interacting u >

through gluons, constitute the “skele- g g E

ton” of the nucleon; besides these par-

tons, there are other slow debris con- u >
sisting of quarks-antiquarks pairs and g g
their associated gluons (the so-called

“Sea”). d >

All these components contribute to q
the creation of a “model” of the pro- & ~
ton which takes into account the mo- q
mentum distributions of the quarks

and gluons. More precisely, the struc- Figure 4.1: Scheme of the internal
ture function f;(x;, Q?) gives, at the composition of the proton, where the
scale 2, the probability density to three valence quarks u, u, d interact via
find a parton ¢ with a fraction of the exchange of gluons. In addition, some
proton momentum x; = |p;|/Fheam q, ¢-loops produce other low momen-
(in a frame where this momentum is tum quarks.

large). The variable z is also known

under the name of “Bjorken z”.

The knowledge of the parton distribution function (PDF) is of fundamental im-
portance for physics processes at pp-colliders, because it determines, together
with the pp-luminosity, the interaction rate between the different quarks and glu-
ons. The cross sections of processes produced at the interaction point are then
strongly related to this function.

There is currently no theory which can calculate the parton distribution function
and the only solutions today are QCD interpretations of experimental data com-
bined with sum rules. Perturbative QCD does not predict the absolute value of
the parton densities within the proton but determines their Q*-evolution. For an
initial distribution, given at a particular scale Q3, the so-called Altarelli-Parisi
evolution [61] enables the distributions at higher Q? to be determined.

These “global fitting” of current high-energy data are performed by different re-
search collaborations. New experimental inputs improve continually the knowl-
edge of the parton densities and new sets replace the older ones. Most of the new
sets are next-to-leading order (NLL) evolutions of the Altarelli-Parisi equations.
Among the research groups which produce the most up to date sets, we find:

- Martin, Roberts and Stirling (MRS) [62],
- The CTEQ collaboration [63],
- Gliick, Reya and Vogt (GRV) [64].
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Figure 4.2: Probability densities f;(z;, @*) for the different partons ¢ to carry
fractions x; of the total proton momentum (Q* ~ m7%), parameterized by the
MRS group [62].

66



4.2 Luminosities and event rates at the LHC

These parton distributions are currently determined from experimental observ-
ables in lepton—hadron scattering (DIS processes from fixed target and HERA
experiments), Drell-Yan lepton pair production processes (¢/g-distributions) and
~v-jet rates (for the g-contribution) at hadron colliders [65].

The results, obtained at different )2, have then to be extrapolated to the relevant
(Q)? scale of the studied process by means of the Altarelli-Parisi evolution. Figure
4.2 gives a quantitative example of the parton distributions for quark and gluons
within protons at the scale @* ~ m?%. The u and d quarks are mostly valence
quarks for large x and mostly sea quarks for small z. Therefore, for x > 1072,
the difference between u and d comes from the 2:1 ratio of the valence quarks.
All the other quarks belong to the proton sea and have mostly smaller x. The
figure put also in evidence the large dominance of gluons in these low-z regions.

4.2 Luminosities and event rates at the LHC

The luminosity, together with the cross section, defines the expected event rate
le

Nx = opposx - Lpp (4.1)

where o0,,_,x is the cross-section for a given product X, starting from a pp colli-
sion, and L,, is the proton—proton luminosity. This latter is defined as:

_ N’kfy

PP e, B

(4.2)

where N is the number of protons in each of the k circulating bunches, f is the
revolution frequency, S* is the value of the betatron function at the crossing point
and ¢, is the emittance corresponding to the 1 ¢ contour of the beam, normalized
by multiplying by the Lorentz factor v = (E/mc?).

In order to determine the pp luminosity at the LHC, preliminary estimates had
been made by members of the CERN AT group using the Van der Meer method
[66] (i.e. size and intensity measurements of the beams at the interaction point).
The ATLAS [48] and CMS [14] collaborations have investigated physics processes,
to obtain the relative and absolute luminosity. They considered mainly:

- elastic pp-scattering: simultaneous measurement of the differential cross-
section do/dd of elastic scatterings at small angles [67]. Such an experiment

has been proposed by the TOTEM collaboration [68].

- QED processes like pp — pp eTe™ can be calculated with good precision.
The measurement of such reactions has therefore been suggested [69].
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Accurate measurements of the above processes, especially at the high luminosity
phase of LHC, appear to be very difficult and it is not obvious that the proton—
proton luminosity can be measured even with a 5% accuracy.

To obtain the event cross section at LHC, one has to combine all the possi-
bilities in which a 14 TeV pp-collision, through the combination of the partons ¢
and j, can give rise to the product X:

Opp—sX = Z // iz, Q2) ) fj(%a@g) : Uij—>X($i,$j> Oés(QQ)) dr;dx; (4.3)

Y Ti X

Therefore, the knowledge of the event rate Ny depends on the knowledge of the
parton density functions f;(z;, @*), of the proton—proton luminosity £,, and of
the point cross section oy, x(x;, 25, as(Q?)).

While the z distributions of the valence quarks are now quite well constrained,
uncertainties for the z distributions of sea quarks and antiquarks and gluons re-
main more important. As a result of this approximate knowledge of the structure
function, total cross section uncertainties for the W+, W~ and Z° boson produc-
tion at 14 TeV pp collisions are currently of the order of 5% [70]. Even though
the experimental errors are expected to decrease during the next years, cross
section uncertainties related to structure functions will remain important. Older
estimates of the PDF uncertainties, combined with the unknown contributions
from higher order QCD corrections, in the past were usually considered to limit
the use of the reaction pp — W=(Z%) as an absolute proton—proton luminosity
monitor at very high center of mass energies [71].

Cross-section measurements would therefore be limited to +5%. This is some-
what depressing, when these uncertainties are compared with the possible small
statistical errors for many LHC measurements.

Even though the LHC is a proton—proton collider, experiments will mostly
study the interactions between their fundamental constituents, the quarks and
gluons, at energies where these partons can be considered as quasi free. Ideally
[72], it would thus be better to start directly from the parton—parton luminosities
L;i(pi, P;) dp;dp;, which give the luminosity for a collision between two partons
i and j at the center-of-mass energy v/s' = /(p; + p;)?. The rate for a pp — X
event would then be given by:

1

Nx =23 > // Li(Pi, Pj) - 04 x (Pis Py @5 (Q%)) dpidp; (4.4)
beam Z]

Y Pi Pj

where one has to integrate over the possible partons ¢, j and their momenta p; ;.
Assuming a head-on collision between the two partons (i.e. p;; || Pbeam, Which is
well justified for 7 TeV protons), L;;(p;, p;) can be obtained from L, through:

Lij(Pi, Pj) dDidp; = B - Loy - fils, Q%) - f(25, Q) daidr; (4.5)
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with Vs' & /57 7;-2; [s = (14 TeV)?].
Clearly, if the parton—parton luminosities £;;(p;, p;) have to be extracted using
equation 4.5, they would keep exactly the same uncertainties related to the PDF’s
and to L, as before. The challenge is then to find a method, which allows a direct
measurement of the different L;;(p;, pj)-

In the following sections, we want to show that the rapidity distributions of
the weak bosons are directly related to the fractional momenta x of the quarks
and antiquarks. Consequently, the observable pseudorapidity distributions of the
charged leptons from the decays of W= and Z° bosons are also related to the
x distributions of quarks and antiquarks. Therefore, the shape of the lepton
n-distributions provide actually the key to precisely constrain the quark and an-
tiquark structure functions, while the lepton rates would then allow a monitoring
of the corresponding ¢/g-luminosities.

In addition to the previous listed methods to measure the LHC pp-luminosity
and the parton distribution functions, there is thus a promising alternative:

- the production of W and Z bosons can be used to measure the ¢-, g-density
functions and the effective ¢-, g-luminosities [12].

A similar strategy can be imagined also for gluons:

- gluon dominated scattering processes, as for example gqg — v(Z%)q, can
constrain the g-density function and the corresponding luminosity [13, 73].

Moreover, a recent paper [74] proposed a equivalent approach for measuring
specifically the density functions and luminosity of heavy quarks.

The importance of such measurements is enormous: in order to find the Higgs or
other new physics phenomena with small signal to background ratios, the event
rate of the background reactions should be known as accurately as possible. With
these methods, uncertainties of perhaps 1% can be imagined.

4.3 Rates of pp — W, W~ and 7" events

The expected initial pp-luminosity at LHC of 10* ¢cm™2 s™! will result in an

integrated luminosity of about 10 fb=! per year. It is worth pointing out, that
already at this initial luminosity the event rate of weak bosons is huge: about
108 W=+ — ¢*v and about 500 WTW~ — (tuvl~ 7 per day are expected'! The
non-resonant W1tW = production is especially important as it is the dominant
background for the Standard Model Higgs search in the H — WTW~ decay
channel [47].

The production of pp — WT, W~ and Z° and their identification using the lep-
tonic decays have been discussed extensively in the literature [75]. Assuming colli-
sions of essentially free partons, the production of weak bosons, ud — W+ — (v,

!The about 10° seconds in a day result in Lqay & 100 pb~1.
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o X BR
Process
MRS(R1) | CTEQ 4L | CTEQ 4M | GRV 94HO
74q; — W+ = ¢ty 19.65 nb 20.21 nb 21.05 nb 21.55 nb
T A 14.11 nb 14.43 nb 15.42 nb 15.27 nb
q;G — 7% — et 3.188 nb 3.279 nb 3.479 nb 3.481 nb

@3 — WTW~- = (tul~p || 3.378 pb | 3.323 pb 3.677 pb 3.606 pb
¢iq; — WEZ° — (v07¢~ || 0.4027 pb | 0.3908 pb | 0.4347 pb 0.428 pb
@ — Z°7° — (0t 46.8 tb 45.93 tb 51.15 tb 49.76 fb

Table 4.1: Examples of estimated weak boson production cross sections at the
LHC for three different sets of structure functions using PDFLIB and PYTHIA
programs [76, 19]. In all cases, the leptonic branching ratios into electrons and
muons are included.

di — W~ — £~v and ut(dd) — Z° — (T4~ are in lowest order understood to
at least a percent level. Moreover it is a well known fact that the W= and Z°
production rates at the LHC, including their leptonic branching ratios into elec-
trons and muons, are huge and provide clean and well measurable signals with
isolated, high-p, electrons or muons. These signature are therefore often consid-
ered as a clean and excellent calibration tool at the LHC [77]. However, following
the arguments of the previous section, past studies concluded that their use as a
pp-luminosity monitor was limited to relative luminosity measurements only [71].
Using different sets of structure functions [76], todays cross section variations are
about 5-10%, as can be seen from table 4.1. The cross section predictions as well
as the following simulation results are obtained using the PYTHIA Monte Carlo
program [19].

These cross section variations for single W*, Z° production are strongly cor-
related with the cross section predictions for other ¢;g; related processes. As
an example, the corresponding cross sections for the reactions ¢;q; — W*TW~—,
W*270, Z9Z° are also given in table 4.1. Thus, the uncertainties for multi boson
production cross sections at the LHC are already reduced to about 3-5% if event
rates are estimated relative to the production rates of single W+, Z° events:

NVV — LPP & PDF(:E]W X, QI2) ® Okl-VvV
NV Lpp & PDF(,TZ',IE]‘, QQ) & Oij—Vv ’

(4.6)

where V' indicates a weak boson. Furthermore, such relative measurements re-
duce also errors arising from uncertainties in branching ratios, detection effi-
ciency, while systematics errors from AL,,/L,,, completely disappear as the pp-
luminosities cancel. We expect also a cancellation of some errors given by higher
order corrections, factorization, scale dependence and choice of a;. Therefore,
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by taking the ratios between g;g;-related processes, besides to the experimental
accuracy by the measurement of the "monitoring” ¢;¢; — W, Z process, we are
now left mainly with part of the uncertainties related to the PDF (i.e. about its
z-evolution, its Q?-evolution and about the relations between the different parton
contributions) and, in addition, with a smaller error given by the cross section
calculations.

4.4 Using the W* and Z° production to con-
strain the ¢ and ¢ structure functions

At the LHC, in contrast to proton—antiproton colliders, the antiquarks have to
come from the sea. The feynmann diagrams related to the W and Z produc-
tion at LHC are shown in figure 4.3. The production of a W proceeds mainly
through the annihilation of an u-quark and a d-quark. A W~ instead arises nor-
mally from the combination of a d-quark with a #-quark, while Z° bosons are
produced largely through u@ and dd annihilations.

al
=
al

Figure 4.3: Main production modes for W and Z bosons at LHC.

With the known W= and Z° masses and by using the well justified approximations
for the quark momenta m, ~ 0 = F; =~ |p;|, one obtains:

My, ~ 2|p1|/p2| — 2|P1||p2| cos ¥, (4.7)

where 9 is the angle between the incoming quarks. In a head-on collision between
7 TeV protons, this angle is & 7. Consequently, the known weak bosons masses
are related to the x; = |p;|/Epeam according to:

m%v,z SR A (4.8)

with s = 4F2, . The product z; - x5 for quarks-antiquarks at LHC is therefore
constrained by equation 4.8: ~ 3.3 x 107 for W and ~ 4.2 x 107° for Z bosons.
The mean fractional momentum is thus &; ~ 6 x 1073.
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Figure 4.4: Expected rapidity (pseudorapidity) distribution of W¥ (a) and ¢* (b),
originating from the reaction ¢qg — W= — (*v at the LHC (/s = 14 TeV and
according to the MRS(A) structure function [76]). The assumed luminosity of 100
b=' corresponds to about one day of data taking with a luminosity £,, = 10%
s7!em™2,
Figure 4.4a shows the expected rapidity distributions of W* and W™, which
directly reflect the difference between the x distributions of the u, d valence quarks
and the sea quark or antiquarks. Using the definition of rapidity (equation 3.3)
and with the help of:

{ EW,Z ~ (wl + 1'2) : Ebeam
(pz)W,Z ~ (371 - 552) * Fheam
one obtains:

I
’y:

| =

X2
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which connects the fractional momenta x of the involved quarks with the rapidity
of the produced boson. Therefore we have access to a system of two equations (4.8
and 4.9) for two unknowns z; and z5 and we are thus able to precisely reconstruct
both fractional momentum values. What is still missing is the knowledge of the
type of quark related to each x;. However, also this information can be partially
inferred.

For example, small W= rapidities mean that the boson was produced almost at
rest, 7.e. both incoming quarks had about the same momenta. In this case, we
find ;5 values of & 6 x 107>, Therefore, for these n-regions the most likely
combination corresponds to W= which originate from the annihilation of sea
quark—antiquarks (see figure 4.2) and thus only small differences between W
and W~ are expected.

On the contrary, for larger rapidi-
ties, the WW=’s originate normally
from the annihilation of quarks
and antiquarks with very differ- u,d du W
ent x values. In fact, to produce

a W= at a rapidity of about 2.5,

one finds from equations 4.8 and

4.9 the corresponding x5 values

to be, respectively, ;1 ~ 0.1 and —?-lﬁ > € ;f \</: >
T3 &~ 3 x 107%  Following the R L
probability densities shown in fig-

ure 4.2, we can then argue that . — = S
the first one would be more likely W Vr Iy,

a valence quark and the second
one a sea antiquark. Given the
2:1 ratio between valence quarks
and according to the main pro-
duction modes ud — W+, da —
W, at large rapidities a positive
W boson is then much more likely produced than a negative W~ one.

Figure 4.4b shows the pseudorapidity distributions of the charged leptons orig-
inating from the W¥ decays. Because of the V-A interaction, the differences
between the pseudorapidity distributions of £T and £~, especially at large n val-
ues, are larger than the ones for the W+t and W~. The reason is that the left
handed lepton (£7) is emitted preferentially in the direction of the incoming quark
and the right handed anti-lepton (¢*) is emitted opposite to the quark direction.
These spin combinations are illustrated in figure 4.5.

Thus, to summarize, the observable charged lepton pseudorapidities reflect not
only the z distributions of quarks and antiquarks but allow also to some extent
a distinction between valence and sea quarks at a given .

Following the main W, Z-production modes shown in figure 4.3, the pseudora-

Figure 4.5: Spin conservation rules in the
W production and decay.
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pidity distribution of the positive charged leptons, ud — W+ — (v contains
mostly the information about the sea d-quarks and the valence or sea u-quarks:

UW+[??] ~ fu(xa Q2 = m%/V) ® fcf(xaQ2 = m%/V)

The negative charged leptons, di. — W~ — ¢~ carry consequently the informa-
tion about the sea @ quarks and the valence or sea d quarks:

ow-[n] ~ fa(z, Q@ = miy) ® fu(x,Q” = miy).

The predominance of these modes derives directly from the probability densities
of these partons within protons. As shown on figure 4.2, the high-x region is
dominated by the presence of two valence u-quarks and one valence d-quark.
Moreover, within gg-loops, lighter quarks arise more likely than the heavier ones
(¢ and b quarks have thus smaller probabilities than u,d and s at the scale
Q? = m%v ~)- The presence of other quarks is not only disfavored by the smaller
density functions, but is also a consequence of the “charged” weak couplings
to quarks, which are dominated by exchanges between same generations. For
example, despite the similar z-distribution, the production mode ds — W~ is
suppressed against the du — W™ one, which proceeds via the annihilation of two
quarks belonging to the first generation. The coupling s¢ — W™ is instead large,
but it suffers from the lower parton densities of the s- and c-quarks at large x
fractional momentum.

These arguments are also valid for the Z° production, where in addition the
mixing between generations is totally excluded. The rapidity distribution of
charged lepton pairs, from Z° (Z*,v*) — ¢T¢~, provide thus the information
about the sum of sea #i+d antiquarks and the sum of valence and sea u+4d quarks:

fulz, Q? =m) ® fu(z, Q> =m3)
ozon] ~
fd(x7Q2 = mQZ) &® fd(xaQQ = mQZ)

Consequently, the combination of the different observable lepton pseudorapidity
distributions should provide some sensitivity to the u, d, @ and d parton densities
over a large = range.

As equations 4.8 and 4.9 suggest, the different parameterization for the parton
momentum distributions provided by the different groups should appear then
in a different kinematical distribution of the W, Z decay products. We study
therefore here the supposed effects of these parameterizations on the measured
¢* pseudorapidity distributions (q7 — W= — =v), and on the reconstructed Z°
rapidity distribution (qg — Z° — ¢*¢7). For this purpose simple event selection
criteria are used (for details see [78]). These criteria closely follow the design

74



4.4 Using the W* and Z° production to constrain the ¢ and g structure functions

characteristics of the CMS experiment [14].
Leptons are selected according to:

e Electrons and Muons are required to be isolated, to have p; > 30 GeV and
to lie within a pseudorapidity of |n| < 2.4%.

e To reduce possible backgrounds from heavy quark decays and to reject
high-p, W* and Z° production due to initial state radiation, events with
reconstructed jets with F, > 20 GeV are removed.

Using these charged lepton selection criteria, pp — W* — ¢*v events are required
to have exactly one isolated charged lepton with 30 < p; < 50 GeV. The resulting
p; spectra of ¢* and their pseudorapidity distributions are shown in figure 4.6a
and 4.6b respectively. The used kinematic and geometric event selection criteria,
result in an event detection efficiency of about 25% for W+ — £Tv, and about
28% for W~ — (7 i.

To select events of the type pp — Z° — 70—, we require the presence of a pair of
isolated leptons with opposite charge (ete™ or u*tp~). The ¢T¢~ invariant mass
should be consistent with the Z° mass: m+p- = mzo £ 2 GeV. In addition, the
opening angle between the two leptons in the plane transverse to the beam has
to be larger than 135° and p;(Z°) < 20 GeV. Using the above kinematical and
geometrical event selection criteria, the efficiency to detect both leptons from
7% decays is about 16%, and increases to about 23% for dilepton masses in the
range between 150-200 GeV. As these dilepton events are usually considered
to be background free, Z° events with large p, can be used to constrain the z
distribution of gluons, as will be discussed later.

Events of the type ¢q7 — (Z*,7*) — ¢7£~ with dilepton masses above 100
GeV have a much lower rate. However, these events can be used to study the Q>
evolution, up to masses where the neutral current sector is well understood (e.g.
up to masses of about 200 GeV). At least up to these dilepton masses, a measure-
ment of the lepton forward backward charge asymmetry, following the method of
reference [79], constrains the ratio of valence and sea u and d quarks at different
x values and different Q2. Using both informations about the z-distribution and
their Q2 evolution, it should be possible to obtain precise predictions for much
higher dilepton masses.

One can now ask how well ¢ and 7 structure function can be constrained from
the observable weak boson rapidities. For this purpose the different ¢* cross
sections are studied relative to a pair of reference structure functions, arbitrarily
chosen to be the MRS(A) and CTEQ 4M sets.

Despite the interest in the very forward region, lepton detection up to much larger |5| values
appears to be very difficult for the CMS and ATLAS detectors. Perhaps LHC-b could cover
also these regions, allowing a larger sensitivity in the low-z domain.
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Figure 4.6: The observable (a) charged lepton p; and (b) pseudorapidity n dis-
tributions originating from the reaction ¢g — W= — (v at the LHC (/s = 14
TeV and according to the MRS(A) structure function [76]), including all selection
criteria discussed in the text.

This sensitivity is first investigated by comparing the weak boson production, us-
ing two quite similar structure functions: MRS(A) and MRS(H) [76]. The main
difference between these two sets lies in the x parameterization for the light sea
quarks. While the older MRS(H) set uses u, d flavor symmetric sea distributions,
the MRS(A) set includes a fine tuning of the sea quark parton densities with
some isospin symmetry breaking, required to describe the observation of Drell-
Yan asymmetries of Apy = (0pp — 0pn)/(0pp + 0pn) from the NA 51 experiment
[80].

Figure 4.7a shows the ratio of o(W™)/o(W ™) as a function of the charged lepton
pseudorapidity for the two structure function sets. The different parameteri-
zations thus lead, depending on the lepton pseudorapidity, to a cross section
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Figure 4.7: a) The detected charged lepton cross section ratio, o({7v)/o(£~ D),
originating from the reaction ¢q — W= — {*v as a function of the lepton pseu-
dorapidity for the MRS(H) and MRS(A) structure function parameterization. b)
The relative changes of the charged lepton ratios of 4.7a) between the MRS(H)
and MRS(A) parameterizations and also the cross section ratio of the Z° pro-
duction using both parameterizations.
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variation of up to about 10%. The double ratio

«ﬁV+/OWV—)MRSGﬂ

(vt oy — )MRS(A)

is shown in figure 4.7b. The differences of about 5-10% between the two sets
should be compared with the statistical precision, which is already smaller than
1% per bin for an integrated luminosity of only 100 pb~!. Furthermore, both
sets of structure functions predict almost identical Z° cross sections. The ratio
between the Z cross sections from the two sets, UZIORS(H) UEEORS(A), is also shown
in figure 4.7b. Following these arguments, by combining the obtainable informa-
tion from W*, W~ and Z° production, the “fine tuned” isospin splitting of u
and d sea quarks between MRS(A) and MRS(H) should be detectable with good

accuracy.

1.8

LHC p'p" 5> W' S 1I'v (I=e,n)
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Figure 4.8: The ratio of the accepted cross sections o(ud — W+ — ¢*v) and
o(du — W~ — £~ 1) as a function of the lepton pseudorapidity for four different
structure functions [76].
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Figure 4.9: Rapidity dependence of the £T cross section predictions from different
sets of NLL structure functions relative to the one obtained from the CTEQ 4M
parameterization.
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Figure 4.10: Same as figure 4.9, but for the W~ — [~7 production.
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Figure 4.11: Rapidity dependence of the reconstructed Z° cross section. The
predictions from different sets of structure functions are used and plotted relative
to the CTEQ 4M parameterization.

Through this example, we have shown that the weak boson rapidity distributions
are sensitive even to small differences between the z distribution of u and d sea
quarks and antiquarks.

The fraction of weak bosons which are produced from the annihilation of valence
quarks and low z antiquarks increases strongly with increasing rapidity. The va-
lence quark z distribution is already quite well constrained. The main difference
between the various structure functions comes especially from ¢ and § param-
eterizations at low x (sea). Thus precise measurements of the charged lepton
pseudorapidity distributions from W# decays and the rapidity distribution of the
Z° events constrain the low 2 domain of @ and d.

The sensitivity of the measurable lepton rapidity distribution to the different sets
of structure functions is shown in figures 4.8-4.11. Figure 4.8 shows the observable
ratio of the £* to ¢~ event rates for four different sets of structure functions and
an integrated luminosity of 30 pb~!. The difference between the various low z
sea quark parameterizations are thus reflected in the observable lepton pseudora-
pidities. Consequently, the shape of the ¢* pseudorapidity distributions provide
a strong constraint on the underlying x distribution of quarks and antiquarks
with = between ~ 3 x 107* and ~ 1071
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Figures 4.9-4.11 show the ratio of the predicted ¢* cross sections from different
NLL structure functions relative to the reference CTEQ 4M set. The statistical
fluctuations shown in figures 4.9 and 4.10 correspond to the errors from roughly
10 hours of data taking at the initial LHC luminosity of 10%3s~*¢cm=2. The Z°
event rates are roughly a factor of 10 smaller and the errors shown in figure 4.11
correspond to about 3 days of data taking.

As expected, at large pseudorapidities the uncertainties by small z-values produce
larger deviations among the different PDF sets.

The sensitivity of the 7+ distributions (originating from weak boson decays)
to details of the ¢, density functions can be translated into a direct measure-
ment of the ¢, g luminosities. The rate of ¢* events, in a selected pseudorapidity
interval An, can be actually related to the quark and antiquark luminosity at the
given z, allowing also to some extent to distinguish between the contribution of
the sea ¢, ¢ and of the valence u- and d-quarks. Obviously, once the shape of the
pseudorapidity distribution is accurately known, the ¢* event rates need to be
measured only for a small pseudorapidity interval. For example, counting of /=
events from the process pp — W= — (*v could be restricted to the pseudorapid-
ity range of || < 0.5. Including all selection criteria one would observe roughly
150 000 “clean” luminosity events, corresponding to a statistical error of 0.3%
per day at the initial LHC luminosity (~ 100 pb~!/day), which is already much
smaller than the optimistic systematic errors of perhaps +1%.

4.5 Gluon and heavy quarks distribution func-
tions

Up to now, we have only discussed the ways in which the ¢, ¢ distribution func-
tion can be extracted from experimental observables. The gluon x distribution
and the corresponding gluon luminosity could also be constrained in a similar
way, i.e. by measuring the rapidity distribution of gluon dominated scattering
processes.

In fact, as the ¢, luminosity can accurately be measured from the weak boson
rapidity distribution, the rapidity distribution of these gluon related processes
has only to be measured relative to the weak boson y-distributions. Once the
gluon density function is known relative to the density function of quarks, the
weak boson rate also provides the luminosity monitor for gluon related signal and
background processes.

The possible experimental accuracy thus depends mainly on how accurate the
rapidity and @? distributions of gluon related scattering processes can be mea-
sured.

Possible gluon related scattering processes are gg — X and gq(q) — X. As
these processes involve jets, measurement problems should be minimized by us-
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50 < py <100 | 100 < py < 200 | pp > 200
Process
[GeV] [GeV] [GeV]
q7 — Z%(— (147 )g 36.4 pb 6.01 pb 0.71 pb
qqg — Z%(— (717 )q 150 pb 34.8 pb 4.08 pb
qq — g 717 pb 74.5 pb 7.45 pb
q9 — vq 6590 pb 615 pb 49.3 pb

Table 4.2: PYTHIA cross section estimates for high-p; final states of the type
Z%— ¢107)q(g) and vq(g) (according to the MRS(A) set) [13, 73].

ing processes with small backgrounds and well measurable p,. Candidates for
such processes are high-p, events with one or more jets and an isolated v or a
Z%(— €+¢7). As the energy and momentum of isolated photons and leptons can
be measured very accurately, the p, of the jets, assuming transverse momentum
conservation, can also be determined. Thus, the observables are well measured
and should provide accurate Q? measurements.

The production of events with isolated high p, photons or Z° are dominated by
9q — v(Z%q, and q7 — ¥(Z°)g. As shown in table 4.2, the expected cross sec-
tions for these reactions, including the branching ratios Z° — ¢+¢~, and relatively
high p; of v and Z° are still quite large. Furthermore, the calculable background
corrections from the process ¢qq are expected to be small as the cross sections are
dominated by the gg scattering process.

Previous studies of y—jet final states have shown that jet events with isolated
7°’s provide a considerable background [81]. This large background will there-
fore limit the achievable accuracy of such a final state. However, the leptonic Z°
decays provide an excellent signature and should allow the selection of essentially
background free Z%—jet events.

Unfortunately, the accurate @? determination due to inherent uncertainties of
jet energy measurements especially at large rapidities will probably limit the
interpretation of the observable rapidity distribution with respect to the gluon
z-distribution. Nevertheless, such direct measurements of the gluon structure
function will provide the highest possible accuracy for the x distribution of glu-
ons and might eventually lead to cross section predictions with perhaps 1-2%
accuracies for other gluon related scattering processes.

Finally, a recent publication [74] proposed to measure specifically the parton dis-
tribution functions and luminosities of charm, beauty and strange quarks and
antiquarks, using events with an isolated high-p, photon or lepton and exactly
one jet which contains an inclusive muon. The studied processes are cg — 7,
bg — b and sg — Wec — (IFv)pX, which constrain the corresponding z in
the range ~ 5 x 107* — 107! and at a Q% > (100 GeV)?. Systematic uncertain-
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ties from the charm fragmentation function and the semi-leptonic charm decay
branching ratios will limit the possible accuracy to perhaps £5-10%, which rep-
resents nevertheless a drastical improvement in comparison with any pre LHC
measurement.

4.6 Precise prediction of diboson events

Since the production of weak boson pairs is the major focus of interest of this

work, we concentrate our analysis on the reactions ¢gg — WTW~, W=Z° and
VAVAS

u w* d w*
u,d W "
d,d u,u Y,Z(: ’
T ow d | w ud W

Figure 4.12: Lowest order pp — W1W = production modes at LHC.

As the feynmann diagrams shown in figures 4.3 and 4.12 suggest, the combina-
tions of quarks which lead, in the lowest order, to a W+W ™ pair are very similar
to the ones for the production of a Z° boson:

_ Z°
dd 3 — { )
- WHW

(s5)

As indicated, a smaller contribution may also come from s§ annihilation, which
however does not involve any valence quark, while the c¢ one is further suppressed
by the smaller parton ¢, é—density functions (see figure 4.2).

Regarding the pp — W+ and pp — W Z° processes (see the feynmann diagrams
of figures 4.3 and 4.13), the main quark combinations are the following ones:

e

Therefore, the related production cross sections depend mainly on the parton
distribution functions of the u- and d-quarks, with a smaller contribution given
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u w* d w"
u ,__,.W+
d,d u,u W+
d 7° u Z d ".Z°

Figure 4.13: Lowest order pp — W+ Z° production modes at LHC.

by 5. Other ¢;q; combinations, which mix the quark generations, are disfavored
by the very small Cabibbo mixing angles and give thus much smaller contributions
for the production of weak bosons.

In case of the pp — W=, W=Z" processes, the main production modes are shown
in figures 4.3 and 4.14. The quarks which lead to these weak boson(s) are mostly:

(iZ) } _>{ gizo

with much smaller contributions given by Cabibbo suppressed modes.

d \\a u \\'a
d W )
u,u d,d W
a ZO d ZO a Zo

Figure 4.14: Lowest order pp — W~ Z° production modes at LHC.

Finally, the available modes for the pp — Z°, Z°Z° productions are:

ul

_ VA
dd — { 7070
(s5)

which are essentially the same as for the pp — WTW ™ production.
To summarize, the single Z° production proceeds via the same quarks as the
W+HW = and Z°Z° productions and should therefore provide an efficient tool to
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u 7° d Z°
ud Z°
u,u d,d Zo_
a ZO a Zo E’a Zo

Figure 4.15: Main pp — Z°Z° production modes at LHC.

control the cross section of these diboson reactions. The quarks involved in the
production of positive WT bosons are the same as for the W+Z° production,
while the negative W~ bhosons are given through the annihilation of the same
quarks which give rise to W~Z° bosons. Therefore, by taking the ratios:

WWw-  Z202°  W+z'  W-2°
20 TZ0 0 TWE W

one can eliminate part of the uncertainties connected to the quark distribution

functions.

4
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Figure 4.16: Ratios between W~7Z% and W~ cross sections as a function of the
rapidity and according to four different NLL sets of structure functions.
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Figure 4.17: Ratios between W~ and Z° cross sections as a function of the
rapidity and according to four different NLL sets of structure functions.

The correlation between cross section predictions for single and pair production
of weak bosons has been pointed out already in section 4.3 (see table 4.1). Now
we repeat the comparison between sets of structure functions, however taking into
account, the ratios introduced in this section. Figures 4.16-4.17 show two of these
ratios, each given by four different sets of parton distribution functions. These
curves put in evidence the remaining uncertainties. If we show the behavior of
these ratios, relative to a reference PDF set (CTEQ 4M), we can then better see
the size of the uncertainties. This is done in figure 4.18 using the curves of figure
4.17. For example, the total cross section predictions for the process pp — W=
between the MRS(R1) and the GRV 94HO parameterizations differ by about
8%. However, as we suggest to use the processes g7 — W=, Z° as references, one
has to relate for instance o(q7 — W~2°) to o(qq — W~). Comparing now the
prediction for the relative cross sections between MRS(R1) and GRV 94HO one
finds that the difference is reduced to ~2%.

The different cross section ratios are given in tables 4.3 and 4.4, where the values
are obtained with a couple of older and some more recent sets of PDF’s.
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Figure 4.18: Ratios between the curves shown in figure 4.17.

“L;;—calibration” total cross section ratios
PDF sets O yopi1- TWAw— vy | 720204
A, 70511
MRS(A) 3.24 nb 1.089x107* | 1.501x107°
MRS(H) 3.197 nb 1.098x1073 | 1.506x107°
MRS(R1) 3.188 nb 1.06x1073 1.468x1075
CTEQ 4M 3.479 nb 1.057x1073 1.47x1075
GRV 94HO 3.481 nb 1.036x1073 | 1.429x107°
CTEQ 5M1 3.375 nb 1.052x1073 | 1.458x107°
Uncertainty ~5% <2%

Table 4.3: Only decays to electrons and muons are taken into account, the un-
certainties are given for the last four (more recent) sets of structure functions.
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“L;;—calibration” total cross section ratios
PDF sets o Tw+z0 i | Tw—20-ivi
WEl*y o e
W+ —lv W= =lv
MRS(A) 34.35 nb 1.282x107° 1.107x107°
MRS(H) 34.13 nb 1.294x107° 1.084x107°
MRS(R1) 33.76 nb 1.289x107° 1.059x1075
CTEQ 4M 36.47 nb 1.277x107° 1.076x107°
GRV 94HO 36.82 nb 1.247x107° 1.043x107°
CTEQ 5M1 35.53 nb 1.266x107° 1.07x107°
Uncertainty ~5% <2%

Table 4.4: Only decays to electrons and muons are taken into account, the un-
certainties are given for the last four (more recent) sets of structure functions.

As a next step, the parameterizations of the ¢, § structure functions, especially at
low z, should be adjusted such that the observed ¢* pseudorapidity distributions
are described.

Once these better determinations of the parton density functions are achieved, one
can safely use the W* — [*v signatures (which have the largest cross sections)
to monitor all diboson events. Figure 4.19 shows, for example, the remaining
uncertainties in the WW/W ratios as a function of rapidity. The visible differ-
ences (of few %) should then be eliminated, as soon as a better knowledge of the
q, ¢-densities will be provided by the o(¢q — W=, Z°) processes.

As the final experimental accuracy for the lepton pseudorapidity distributions
will be limited by systematics, the limitations of the structure function “fine tun-
ing” are difficult to estimate. It is nevertheless worth pointing out that neither
the ¢* momentum and charge determination nor differences between ¢+ and ¢~
detection are expected to be problematic. Furthermore, backgrounds from dif-
ferent sources and efficiency uncertainties can be controlled by the simultaneous
analysis of the W= and Z° events with isolated electrons and muons. We there-
fore do not expect any principle problem of measuring the shape and the rate of
the charged lepton pseudorapidity distribution with a £1% accuracy. Thus even
small differences for the sea quark parameterization, like those between MRS(A)
and MRS(H), as shown in figure 4.7a and 4.7b, should be detectable. One could
thus use the difference in cross section for the two sets as a pessimistic limitation
of the proposed method. Differences between relative cross section predictions
for different ¢q scattering processes and the two parameterizations indicate there-
fore the size of the remaining uncertainties. For example the cross section ratios
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Figure 4.19: Same as figure 4.18, but for the ratios between W*W~ and W=
cross sections.

o(qg — WTW=)/o(qq — W=) are 4.74 x 107* for MRS(A) and 4.76 x 10~* for
MRS(H). Other ¢ scattering processes like (g7 — W*Z%) /o(qqg — W=) show
similar stabilities.

Following the above procedure, i.e. constraining the ¢, g structure functions and
the corresponding parton luminosities with the W=+ and Z° lepton decays, the
uncertainties for the diboson event rates coming from PDF’s and luminosity ap-
pear to be optimistically reduced to about +1%.

We have not investigated the achievable theoretical accuracies, but believe that
many theoretical uncertainties, like the a,(Q?) uncertainties or still unknown
higher order QCD corrections, contribute in very similar ways to the single and
pair production of weak bosons. Furthermore, the possibility to measure the z
distributions of sea and valence quarks and the corresponding luminosities within
+1% should encourage our theoretical colleagues to match this experimental ac-
curacy. Eventually, this study needs to be repeated once complete next-to-leading
order (NLO) Monte Carlo will be available.
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Chapter 5

m-e misidentification as new
background source

The Compact Muon Solenoid (CMS)[14] is designed to measure the energy and
momentum of photons, electrons, muons and other charged particles with high
precision. Among the detector requirements, an essentially background free iden-
tification of isolated, high-p; electrons is of crucial importance for many physics
channels to be measured at LHC. The electron energy will be measured by the
electromagnetic calorimeter. In this chapter we discuss the case, where charged
pions produce a large signal within the ECAL and could therefore be misidenti-
fied as electrons. This could result in new sources of background for the vector
boson productions W+ — e*v, 70 — eTe~. At LHC the amount of 7% produced
by the scattering of colored partons is huge, therefore it is particularly important
to have good estimates of this effect.

The electron/charged pion discrimination is investigated using GEANT Monte Carlo
simulations and the 1998/1999 test beam results [16]. We first study the inter-
actions between 7% and the PbWO, crystals, and especially the events where
a large energy deposition is observed. To this energy one has then to add the
contribution of the so-called Nuclear Counter Effect observed in the Avalanche
Photo-Diodes (APD).

5.1 The energy measurement in the electromag-
netic calorimeter

We have already introduced the CMS electromagnetic calorimeter in section 3.1.3.
The energy left in the ECAL produces scintillation light within the lead tungstate
(PbWOy,) crystals and these photons have to be collected and measured by a
photo-detector. The relatively low light yield of PbWO,, along with the high
magnetic field and radiation environment in the CMS detector, severely limited
the choice of these photo-devices. For the barrel part, new silicon Avalanche
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5.1 The energy measurement in the electromagnetic calorimeter

Photo-Diodes (APD) were especially developed and optimized to measure wave-
lengths corresponding to the crystal scintillation light (which peaks at around
440 nm). Each ECAL barrel-crystal will be read out by two APD’s.

5.1.1 Light Yield

The light yield (LY") of a crystal is measured by a photo-detector, which relates
the number of generated photoelectrons to the scintillation light produced in the
crystal, as given by [82]:

Ny = LV -eq- /. (5.1)

where €q is the quantum efficiency of the photo-detector, which covers the frac-
tion f of the crystal rear face.
Light yield values of 10 photoelectrons/MeV have been systematically observed
using a photo-multiplier (XP2262B with eq ~ 15 — 20%) covering all the back
face of the 23 cm long crystals (i.e. f = 1) [83]. Consequently, with a perfect
photo-detector (eq = f = 1), for each MeV left within the PbWO, crystals,
about 50-60 photoelectrons should be observed.

5.1.2 The Avalanche Photo Diodes

Contrary to classical PIN photo-diodes, the Avalanche Photo-Diodes have an
internal amplification (see for example reference [84]). Figure 5.1 shows a scheme
of the APD internal structure and of its working principle.

In these sensors the light en-
ters via a SizN4 window and

it is absorbed in a p™™ layer . window
(~2 pm thick), where the ¥ conversion
photons are converted into ¢ acceleration
electron /hole pairs. e multiplication
Electrons drift then in a high

electric field region (~6 ym o it
thick), where they are ac-

celerated and multiplied by

impact ionization (the gain Y e collection
is of about 50 to 200). Sub-

sequently, they continue in iy

a drift region of low doped

intrinsic silicon and finally Figure 5.1: APD working principle.

a highly doped “collection
layer” precedes the ohmic contact.
The number of photoelectrons generated in the conversion layer by an energy
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Chapter 5: 7m-e misidentification as new background source

deposition within the crystals is given by equation 5.1. Compared to a photo-
multiplier, the quantum efficiency eq of an APD is larger and is of the order of
70%. However these sensors are small and one APD covers 5% of the crystal
rear face. For the CMS ECAL the readout will be performed by two APD’s on
each crystal and therefore 10% of the rear surface will be covered. Consequently,
for each MeV left within a PbWO, crystal, one expects to see approximately 4
photoelectrons. In the 1998 test-beam set-up (see appendix A), the readout was
instead performed with a single APD and thus the covered area had to be divided
by two, giving rise to about 2 photoelectrons per MeV.

5.1.3 The Nuclear Counter Effect

In addition to the photoelectrons produced in the APD’s by an energy deposition
in the crystal, electron/hole pairs can also be produced by the passage of ioniz-
ing radiation through the APD. This is the so-called “Nuclear Counter Effect”
(NCE), which is responsible for a deterioration of the energy measurement, as one
can not distinguish between the signal arising from “fake” e/hole pairs and those
arising from a real energy deposition in the crystal. Charged particles, which
cross a silicon layer, generate a number of electron/hole pairs per um according
to (see ref. [84]):

dn dF 1
= =, 5.2
dx dz ¥ Een’ (52)

where dFE /dx is the deposited energy per unit of length, p is the density of the
involved silicon layer and F,/, is the energy needed to create an e/hole pair. One
expects a value dn/dzx of about 80-100 e/hole pairs per pum [82, 84].

The total amount of produced electron/hole pairs can be obtained once the “ac-
tive” thickness of the APD is known. In contrast to the photoelectrons coming
out of the conversion layer which always experience full amplification, only elec-
trons created before the high field region and holes created after this region are
amplified. The so-called effective thickness dos¢ of the APD can be quantified in
terms of the real thickness dpyy of a silicon PIN diode:

d _ dPIN . QAPD
“ QPIN M

(5.3)

where Qpny and Qapp are, respectively, the charges collected by the PIN diode
and the APD, whose gain is M. The value of d.s¢ for the APD’s depends mostly
on the thickness of the p™™ layer. In order to reduce the Nuclear Counter Effect
it is clear that the effective thickness has to be reduced, causing however an
increase of the capacitance of the device. For the selected Hamamatsu devices
desy is supposed to be about 5 pm [82].

A comparison of the number of e/holes pairs produced by the Nuclear Counter
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5.2 Charged pions crossing the ECAL

Effect with the number of e/holes pairs produced by scintillation light, allows to
calculate the corresponding fake energy signal.

One “Minimum Ionizing Particle” (MIP) crossing the APD will then give a signal
equivalent to the one given by a photon in the crystal with energy:

dn p
Exce = dz—eff (5.4)
Npe

For example a ;1 (MIP) deposits an energy of about 280 MeV within the crystal.
Therefore, with a two APD read-out (i.e. N, =~ 4 pe/MeV), one gets about 1120
photoelectrons from scintillation light. In addition about 500 pe are produced if
the p crosses the APD. Consequently one expects the size of the Nuclear Counter
Effect to be about 100-150 MeV, according to:

500 pe
1120 pe

NCE = - 280 MeV = 125 MeV . (5.5)

For a ’98 test beam-like set-up (with one APD per crystal and thus N, ~ 2
pe/MeV), the scintillation light produces half of the photoelectrons, while the
number of those produced by a charged particle crossing the APD remains con-
stant. Therefore, one obtains instead the corresponding FEycg-value of about
200-250 MeV.

5.2 Charged pions crossing the ECAL

To study the Nuclear Counter Effect and its consequences for the pion-electron
misidentification, we make use of GEANT simulations with a test beam-like set-up
(without magnetic field). For this purpose we defined a matrix of 9x9 crystals,
with the dimensions of 2.2 x 2.2 x 23 ¢cm?, as for the barrel part of the ECAL.
Following the foreseen CMS design, we first use a set-up with two APD’s on each
crystal rear-face to simulate the consequences of a charged particle leakage on
the pion-electron confusion.

A set-up with one APD per crystal will then be instead used to compare the
simulations with the 1998 test-beam data.

5.2.1 Nuclear Counter Effect contribution to the ECAL
response

The interactions between charged pions and the lead tungstate (PbWO,) crystals

can be schematically subdivided in two main possibilities. Either the particles

produce only simple ionization in the material or they interact hadronically, re-
sulting in a larger amount of deposited energy.
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Chapter 5: 7m-e misidentification as new background source
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Figure 5.2: GEANT simulation of the Figure 5.3: The curves shown in figure
total amount of energy deposited by 5.2 divided by the initial momentum
charged pions and electrons within the |p;].

ECAL.

In the first case the charged pions behave like “Minimum Ionizing Particles”
(MIP) and, like muons, deposit about 280 MeV of energy within the PbWO,
crystals.

If some hard interaction like 75 A — A*7°...7r=... occurs (where A means an atom
and A* a modified one), the presence of 7°’s gives instead rise to electro-magnetic
showers within the crystal.

Figure 5.2 shows the energy deposited by 7= and e* within the 9x9 matrix of
crystals. If this deposited energy is subsequently divided by the initial momen-
tum |p;i|, one obtains the curves shown in figure 5.3. It appears that, for different
initial momenta, pions give rise to about the same Egcar/|pi| shape. The e*’s
leave all their energy within the ECAL and produce a narrow Gaussian peak at
~100% fractional energy. On the contrary, non interacting (MIP) 7=’s leave only
a small amount of energy, giving rise to the peak on the left side of the plots.
Furthermore, a small fraction of the "hard interacting” pions, shows a deposited
energy Ercar/|pi| in excess of 0.95.

The momentum resolution of the tracking system, the ECAL energy resolution
and the wanted electron efficiency define the lower Egcar,/|pil-cut for an electron
selection (i.e. the threshold for a possible 7% — e misidentification). For the
simulations with a complete energy reconstruction of the event (i.e. using all the
9x9 crystals), a lower Fgcar/|pi|-cut of 0.95 is used.
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5.2 Charged pions crossing the ECAL

APD

- APD

Figure 5.4: Schematic view of the electron and pion showers produced in the
PbWO, crystals. A charged pion shower can start from any position, given the
much smaller probability.

The GEANT simulations show that about 0.015% of the 7%’s, with an initial mo-
mentum p; in the range 5-30 GeV, give an energy deposition Egcar/|pi| larger
than 0.95. For 50 GeV 7t’s, we found one event in 10° and for p; larger than 50
GeV no candidate was found within 2 x 10* simulated events (the simulations at
high energies are much slower, giving less statistics).

One has then to add the “fake”-energy contribution from the Nuclear Counter
Effect, which is simulated in the following way. The crystals are coupled with
two 5x5 mm? pieces of silicon to simulate the APD’s. In a first simple method,
for every charged particles entering the silicon, we calculate the incidence angle,
in order to have the path length within the APD’s. We assume that, if the path
is perpendicular to the surface, we would obtain exactly Enxcg = 100 MeV. This
method has no spread in the energy deposition and, for a given angle with respect
to the APD, gives always the same value. For this reason we developed a second
method, where signal fluctuations are included. In fact, the energy lost within
the silicon by charged particles extends over a broad range with a Landau tail at
large values. As given in equation 5.2, this deposited energy produces then the
electron /hole pairs which are accelerated and multiplied in the high electric field.
Therefore, in the second method, we multiply the deposited energy with a factor
to obtain a Nuclear Counter Effect with statistical fluctuations close to reality.
This factor is chosen by forcing the mean deposited energy to match a Nuclear
Counter Effect of 100 MeV.

Both methods produce similar results for Frcar/|pi| < 1. However, the second
method produces a longer tail at large Frcar/|p;i| values, as expected by a sta-
tistical distribution of the deposited energies. In the following studies, we always
use the second method.

For crystal sizes of about 25 radiation lengths, very small shower leakage is ex-
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misidentification as new background source

GEANT: 20GeV 1w

# particles leaving the ECAL
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Figure 5.5: Number of charged par-
ticles exiting via the rear face of the
crystal as a function of the position
of the first hard interaction 7t A —
Ao ot

GEANT: 10 GeV

— Without Nuclear Counter Effect

— 160 MeV Nuclear Counter Effect
{2 APD‘s read-out)

Events (normalized)

Figure 5.6: GEANT simulation showing
the Egcar/|pi| signal generated by 10
GeV 77’s. The two curves show the
results obtained with or without Nu-
clear Counter Effect.

pected for electrons and photons with energies below 1 TeV. On the contrary, for
charged pions, a hard interaction is less likely and the shower can start all along
the crystal length (see figure 5.4). The leakage of ionizing particles could then
result in problems for the corresponding energy measurement.

In figure 5.5 a GEANT simulation shows the number of charged particles exiting
via the crystal rear face as a function of the position of the first hard process
7=A — A*r°..7% ... (i.e. the origin of the shower). In case that an hard inter-
action occurs in the last part of the PbWQ, crystal, a large number of particles
might eventually pass through the APD’s (as shown schematically in figure 5.4)
and produce a sizeable fake energy signal. For example, if 100 particles cross
these photo-devices and each one gives a 100 MeV large Nuclear Counter Effect,
then a 10 GeV fake signal is observed (starting for instance from a 20 GeV 7%,
as shown in figure 5.5!). Then, adding the energy deposited in the crystals, these
pions can give rise to signals of more than 20 GeV, that is to Frcar/|pi| ratios
in excess of 1.

Starting with the estimated parameters, that is from an effective thickness of 5
pm and from a yield of 4 photoelectrons per MeV, one finds the Egcar/|pi| dis-
tributions shown in figures 5.6-5.8 for, respectively, 10, 20 and 50 GeV negative
pions. Equivalent Egcar/|pi| distributions are obtained with positively charged
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5.3 Results from the 1998 test beam runs

GEANT: 20 GeV ©© GEANT: 50 GeV 1

— Without Nuclear Counter Effect 10

~ 100 MeV Nuclear Counter Effect
(2 APD's read-out)

! Without Nuclear Counter Effect

— 100 MeV Nuclear Counter Effect
(2 APD¥s read-out)

-

=3
w

il

Events (normalized)
Events (normalized)

S\

0 02 04 06 08 1 12 14 16 18
Epcar/p; E

Figure 5.7: Same as figure 5.6, but for Figure 5.8: Same as figure 5.6, but for
20 GeV 777s. 50 GeV 77 7s.

pions. The Nuclear Counter Effect produces a tail at large Ercar/|pi|, enhancing
the probability of a pion—electron confusion.

As a result one finds that the fraction of #%’s with an Frcay/|pil-value larger
than 0.95 increases, for example, from 0.006% to 0.16% for 5 GeV 7=’s and from
0.018% to 0.07% for 20 GeV 7’s.

The possible consequences for physics are discussed in section 5.6.

5.3 Results from the 1998 test beam runs

During July 1998, test beam data with electrons, muons and pions were collected.
A set-up (PROTO97) made-up of 6x6 crystals, each coupled with a single APD,
was used to perform different measurements with different particle energies (for

details see appendix A or reference [85]). The results of these test runs can be
compared to our simulations.

5.3.1 Measurement of the Nuclear Counter Effect

First, one has to determine the size of the Nuclear Counter Effect (NCE). For this
purpose the data collected with muons are analyzed. As these particles behave

essentially like Minimum Ionizing Particles, they produce a peak in the energy
plot at E ~ 280 MeV [86].
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Chapter 5: 7m-e misidentification as new background source

To measure the NCE one has to compare the observed energy of tracks directed
towards the APD’s with those of tracks directed outside this area.

Once the position of the APD’s is Test Beam: scan with 225 GeV s
isolated (as shown in figure 5.9),
we perform final scans in x and
y-direction by taking only data
within, respectively, the 5 mm-
wide y and z-regions correspond-
ing to the APD position. The re-
sults are shown in figures 5.10 and
5.11, where a clear shift in energy ]
in correspondence with the APD 200 -
can be observed. The size of this o "
shift can be extracted from figure
5.12, where the energy signals of
muons are subdivided depending Hp 10
on the track direction (i.e. either KN
towards or outside the APD posi-

tion). One finds that the peak po-  Figure 5.9: Measured energy during the x —
sition for tracks directed towards y-scan. The APD position can be clearly
the APD is between 700 and 800 isolated as well as the size of the Nuclear
MeV, compared to the about 300 Counter Effect.

MeV obtained for tracks not cross-

ing the APD. The separation between the two peaks is thus approximately 450
MeV. Similar results are obtained for all crystals in the 1998 test beam set-up.
Therefore, for muons, a Nuclear Counter Effect between 400 and 500 MeV in-
stead of the expected 200—250 MeV is found (for a single APD readout).

The same effect is measured with charged pions. We select MIP-like 7=’s by
requiring a ”zero-energy” deposition in the neighboring crystals (i.e. we veto any
”strongly interacting” pions). Figure 5.13 shows the results taken with different
pion initial momenta. The space between the two peaks is about 440 MeV, com-
pared with the expected Nuclear Counter Effect of 200—250 MeV. This value is
thus consistent with the one observed with muons.

There are two main possibilities which can explain this larger Nuclear Counter
Effect:

=

3 o © =3

o =3 =1 =]

o =] =] =]
| | | |

E signal [ MeV ]

0 5 mm \
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Bea

(1) either less light reached the photo-diodes than expected,

(2) or there was a larger production of electron/hole pairs due to the charged
particles crossing the APD’s.

To measure the absolute number of photoelectrons produced at the cathode per
MeV one can use a calibration method based on the LED line width, which is
proportional to the number of photons reaching the APD’s.
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5.3 Results from the 1998 test beam runs
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Figure 5.10: Muon energy left in the Figure 5.11: Same as fig. 5.10, but as
central crystal as a function of the a function of the track y-position. Due

track position on the z-axis. to the Nuclear Counter Effect there is
a larger signal when the track crosses
the APD.
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Figure 5.12: Energy signal of 225 MeV  Figure 5.13: Same as figure 5.12, but
muons. The “central events” have the for pions (20, 50 and 120 GeV) behav-
track directed towards the APD. The ing like Minimum Tonizing Particles.
difference between the two peaks gives

the size of the Nuclear Counter Effect.
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Chapter 5: 7m-e misidentification as new background source

The analysis of data, taken by irradiating the crystal matrix with lasers, shows
in fact that less light was collected by the APD’s in comparison with the expec-
tations (about 1 pe/MeV instead of 2 pe/MeV [87]). A checkup of the matrix
after the tests indicated that this lack of photoelectrons depended on a bad con-
tact between crystal rear faces and APD’s and not on a lower light yield of the
PbWO, crystals. The gluing material between them was filled with bubbles, so
that the light transmission was difficult. By taking into account this lower trans-
mitted light (i.e. using equation 5.4 with N,, = 1 pe/MeV), one obtains a value
of Ence between 400 and 500 MeV, in good agreement with the data. Therefore
the measured Nuclear Counter Effect could be fully explained by an inefficient
gluing between APD’s and crystals and their properties were then not called in
question.

5.3.2 Pions as “fake” electrons candidates

To compare simulations with the 1998 test beam data, we run GEANT with a
Nuclear Counter Effect of 450 MeV instead of the estimated 200-250 MeV [82].
To reduce the noise effects originat-
ing from pedestal fluctuations, a 3x3
crystal matrix is used to reconstruct
the particle energy. This noise (of
the order of 1 GeV for the 3x3 crys-
tal sum) causes also a broadening of
the electron peak and of the pion
MIP peak. In figures 5.14-5.16, the
fractional energy collected in the 3x3
crystals around the hit point is shown
for both e~ and 7~ and with beam
energies of, respectively, 20, 50 and
120 GeV. The pion data samples con-
sist in 154 x10% events at 20 GeV,
193 x10% events at 50 GeV and 217
x10? events at 120 GeV.

Electrons leave about 90% of their
initial energy in the 3x3 crystal ma-
trix, producing the Gaussian peaks
shown in the figures. Events with
lower Es.3/|pi| indicate a pion contamination in the electron beam (of the order
of 0.4% for 20 and 50 GeV and of 3.5% for 120 GeV).

In contrast to e*, charged pions produce a long tail at high Es,3/|p;|, as shown
in figures 5.14-5.16. This tail is well reproduced by GEANT simulations, which
include a Nuclear Counter Effect of 450 GeV. A comparison between simulations
and data is shown figures 5.17-5.19.

Test Beam data: 20 GeV 7, e

Events / 0.01

Li | i
0.6 0.8 1 1.2

E; /Py
Figure 5.14: 1998 test beam data: frac-
tional amount of energy left by charged
pions and electrons with an initial mo-
mentum of 20 GeV.
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5.3 Results from the 1998 test beam runs
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Figure 5.15: 98 test beam data:
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Figure 5.16: Same as figure 5.15, but

fractional amount of energy left by for 120 GeV charged pions.

charged pions and electrons with an
initial momentum of 50 GeV.
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Figure 5.17: 20 GeV 77’s: 1998 test
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Figure 5.18: Same as figure 5.17, but

beam data compared with GEANT sim- for 50 GeV charged pions.

ulations with and without Nuclear
Counter Effect (the noise is not sim-
ulated).
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Chapter 5: 7m-e misidentification as new background source

A small electron contamination in the pion beam has also to be taken into ac-
count. It produces a small excess close to F3y3/|pi| &~ 0.9 (put in evidence in
figure 5.20). However this contamination does not affect the measurement of
events with Fsy3/|pi| > 1.2, as the electron data do not show a tail.

Table 5.1 summarizes the test beam results and the GEANT simulations with a
450 GeV Nuclear Counter Effect. By comparing simulations and data in the
Es.3/|pil-region between 0.85 and 1.2, the electron contamination can be extrap-
olated and it appears to be less than one per-mil for 20 GeV and of the order of
few per-mil for 50 and 120 GeV.

The simulations show that the fraction of #7’s with a value F3,3/|p;| larger than
0.85 vary between 0.7% (for 20 GeV) and about 0.2% (for 50 and 120 GeV).
These percentages depend partly also on the choice of GEANT parameters'.

120 GeV w': data + simulations ) 50 GeV 7': data + simulations
s 10 %0
. —! Test Beam DATA . — Test Beam DATA
10 e
i Geant, no APD T_r-m -+ Geant, Nuclear
’-§ il -.: Geant, Nuclear % ! Counter Effect
-E Lo Counter Effect E
[ [
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E 10 E b
= =
2 2
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= 10 = = L -
2 2 L
= =
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: i 1F
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Figure 5.19: Same as figure 5.17, but  Figure 5.20: 50 GeV 7~ ’s: comparison

for 120 GeV charged pions. between data and simulations, show-
ing the Ejs,3/|pi|-region where an elec-
tron contamination is expected.

'In GEANT the different particles are only transported above a minimal energy. For 7/e
momenta smaller than 50 GeV, this limit is set at 100 keV. For the simulations with initial
/e momenta of 50 and 120 GeV, these minimal energies are instead put at higher values to
increase the simulations speed. This causes a deficit of pion events with large Esx3/|pil, as
charged particles stop more frequently in the crystals and therefore can not cross the APD’s.
Consequently, the simulations with p; larger than 50 GeV tend to underestimate the data in
the E5y3/|pi|-region larger than 1.2. Furthermore, the production of electron-hole pairs within
the APD’s is subject to a saturation at high energy depositions. We introduced therefore a
cut-off in the deposited energy within the silicon when simulating the Nuclear Counter Effect.
The results of the simulations show a small dependence on this cut-off.
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5.4 Results from 1999 test beam runs

1998 (gﬁgﬁ%‘rggm GEANT (450 MeV NCE)
E_ |[085< D83 <19 | Baxs oy0 | ggpe Dxs o190 | I3x3 oq 9
|pi pil |pil |pil
20 GeV 0.56 % 0.08 % 0.58 % 0.12 %
50 GeV 0.41 % 0.056 % 0.15 % 0.05 %
120 GeV 0.39 % 0.041 % 0.12 % 0.02 %

Table 5.1: Charged pions as “fake electron” candidates: comparison between ’98
test beam data and Monte Carlo simulations (GEANT), which include the large
Nuclear Counter Effect observed during these test runs (450 MeV).

5.4 Results from 1999 test beam runs

During the test beam runs performed with a new ECAL set-up in summer 1999
(see appendix A), also some (few) data were collected with charged pions. The
results of these runs are shown in figures 5.21-5.22 (for 50 and 120 GeV 77’s). In
comparison with the 1998 data, the large tail in the high Fj.s/|pi|-region disap-
peared. Figure 5.23 shows indeed that the GEANT simulations with the expected
100 MeV Nuclear Counter Effect are consistent with the 1999 data. However,
also in this case, an electron contamination can be inferred from the excess of
events within the 0.8 < FEs.5/|pi| < 1 region. This contamination should be
accounted for the discrepancy between GEANT simulations and data reported in
the central column of table 5.2.

Concerning the electrons, the improvement in resolution with respect to the pre-
vious year is shown in figure 5.24. For 50 GeV e~ ’s, the width of the Gaussian
Esx3/|pi|—peak dropped from approximately £1.5% to +0.75%.

E.- =50 GeV 0.85 < Zoxs 19 | Doxs 5 49
il |pi
1999 Test beam data 0.62 % 3x107°
GEANT (100 MeV NCE) 0.3 % 4x107°

Table 5.2: Charged pions as “fake electrons” candidates: comparison between
1999 test beam data and Monte Carlo simulations (GEANT), with the expected
100 MeV Nuclear Counter Effect.
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Figure 5.21: 50 GeV pions: compari- Figure 5.22: 120 GeV: comparison be-

son between test beam data taken in tween test beam data taken in 98 and
98 and 99. 99.

Geant vs Test Beam: 50 GeV e, T Test Beam data: 50 GeV ¢
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Figure 5.23: 50 GeV pions: test beam Figure 5.24: Test beam data: electron
data collected in 1999 compared with resolution improvement.

GEANT simulations (with the expected

100 MeV Nuclear Counter Effect).
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5.5 Discrimination methods for isolated pions
and electrons

In contrast to electrons, which deposit almost 100% of their energy in the ECAL,
the Frcar/|pi| ratio for charged pions is generally very small. Consequently the
first measure to limit the pion-electron discrimination consists in putting a lower
cut on the Frcar/|pi| ratio.

However, due to the interactions with the material within the inner detector, elec-
trons can loose some of their initial energy by bremsstrahlung before reaching the
ECAL. These radiated 7’s enter the ECAL crystals near the original electron and
their energy can contribute to the measured electron energy. Nevertheless, as the
photon momenta are not determined, the tracker could measure a lower momen-
tum compared to the deposited energy, giving rise to Ercar/|pi| ratios larger
than 1. Therefore a too restrictive Egcar/|pi|-upper cut should be avoided.
Besides the Frcar/|pi|-based selection, we take into account the following possi-
bilities? :

- HCAL veto
- ECAL shower shape.

The first one consists in putting a veto if the hadronic energy measured in the
HCAL exceeds a given value [86]. The idea behind is that, for electron-like 7=-
events (especially those with a remarkable Nuclear Counter Effect contribution),
a large number of hadrons survives the passage through the ECAL and enters in
the successive HCAL, while for electrons with energies below 1 TeV essentially
no leakage of particles is observable.

Such a criteria can be studied with GEANT simulations: we require that the en-
ergy sum for hadrons exiting the rear side of the hit 3x3 crystal matrix does
not exceed 1 GeV, for initial energies below 20 GeV, or 5% of the particle initial
momentum, for initial energies above 20 GeV.

The efficiency of the “HCAL veto” cut is not comparable to the one obtained
with a shower shape selection (see next section). In fact, hadrons which leave
the ECAL often have already energies below 1 GeV and are thus undetectable
in the hadron calorimeter. Nevertheless, for our fast detector simulations, such
HCAL cut gives good results for pions with very large fractional energy deposi-
tions within the ECAL (Fgrcar/|pi| > 2), succeeding in eliminate events where
hundreds of particles cross the APD’s and subsequently enter the HCAL.

2 Another selection method (signal timing) has also been briefly reviewed. It is based on the
assumption that the APD pulse shape differ, depending if it has been produced by scintillation
light or by the Nuclear Counter Effect. Unfortunately no difference has been observed with the
1998 test beam data [88].
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5.5.1 Shower shape selection of electrons

A “shower shape cut” has the advantage to be directly applicable to the 1998
test beam data. The method is based on the assumption that the deposited
energy distribution over the crystals is different for charged pions and electrons
[89]. Tts applicability depends on the track reconstruction precision, on the ECAL
granularity and on the knowledge of the radiative processes within the tracker.
For the test beam data, the absence of magnetic field and of material in front of
the test set-up, made things easier. Anyway, we do not expect that, under real
conditions, the use of the shower shape cuts will be prevented.

As discussed in section 5.2.1, a

shower arising from 7*-tracks can Test Beam data: 20 GeVe, T
start all along the crystal and its ozl f ‘
cone-shape could therefore be dif-

ferent compared to electrons. o1l
Moreover, electron-like m=-events i
often arise from a particle shower
with a tail entering one APD, pro-
ducing a large Nuclear Counter
Effect and thus an abnormal en-
ergy deposition in one crystal.
An electron selection using shower
shape cuts seems thus promising.
Figure 5.25 shows, for 20 GeV elec- e T
trons and pions, the energy col- 0 o1 02 03
lected in the central crystal di-
vided by the energy deposited in
the 3x3 crystal matrix. We call
this ratio “E1/E9” and we mea-
sure it only for tracks directed to-
wards the central part of the crys-
tal face. For tracks directed to-
wards the crystal sides (see figure
5.26) we add to the energy of the
hit crystal also the energy of the
closest one (E2/E9). Finally, for tracks directed towards the crystal corners, we
use the energy of the hit crystal plus the one collected in the closest three crystals
(E4/E9), as shown in figure 5.27.

In order to tune the cuts to the relevant events, we select only charged pions
which produced a fractional energy deposition larger than 0.8. To extract the
En/E9-boundaries, the results given by electrons and pions are compared. The
goal is to eliminate the ”dangerous” pions without affecting too much the electron
efficiency. Electron-like pions tend more frequently to leave a large amount of
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Figure 5.25: For 20 GeV e—like pions
(Esx3/|pi| > 0.8) and electrons: deposited
energy within the hit crystal divided by
the deposited energy in the 3x3 crystal
matrix. Only tracks directed towards the
center of the crystal front face have been
selected.
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Figure 5.26: For 20 GeV pions and
electrons: deposited energy in the two
crystals closest to the entering track,
divided by the deposited energy in the
3x3 crystal matrix. Only tracks di-
rected towards the sides of a crystal
front face have been selected.
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Figure 5.27: For 20 GeV pions and
electrons: deposited energy in the four
crystals closest to the entering track,
divided by the deposited energy in
the 3x3 crystal matrix. Only tracks
directed towards crystal corners have
been selected.

energy in a single crystal tower in comparison to electrons. This can be observed
in figures 5.25 and 5.26: e—like pions more often have E1/E9- and E2/E9—values
larger than 0.9 in comparison to electrons. Such peculiar events arise as a large
number of particles crosses the central APD producing a sizeable “fake” signal.
The shower shape cut should be then able to eliminate at least part of the events
with a large Nuclear Counter Effect, i.e. the events with a large fractional energy
deposition Frcar/|pi|- For example we have chosen, for the 20 GeV data sample,
to limit the E1/E9 values into the 0.72-0.86 range® (see figure 5.25, where the
chosen boundaries are shown with dotted lines).

These boundaries are fixed for the particular case of the test beam and would
have to be re-adapted, as the real CMS set-up with magnetic field will be taken
into account. Nevertheless, this study can give a hint of the possible improve-
ments, obtained by making use of these shower shape cuts.

3These selection cuts have to be adjusted to the different beam energies. Moreover, we
observed that in the GEANT Monte-Carlo, the shower shape boundaries can change depending
on the choice of simulation parameters. Also the absence of an APD noise simulation can
produce some differences.
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E.+ 20 GeV | 50 GeV | 120 GeV
€ sh.sh.cuts || 886 % | 922 % | 95.5 %

Table 5.3: Electron selection efficiency € g sh.cuts after the shower shape cuts (ob-
tained using the 1998 test beam data).

The electron efficiency after these cuts (applied to the 98 test beam data) is
given in table 5.3. Figures 5.28-5.30 show the effectiveness of the shower shape
cuts. The fraction of “fake electrons” candidates which are eliminated by the
selection, increases strongly with increasing pion initial momentum. In addition,
also an improvement in electron efficiency is observed by growing F. (see table
5.3).

The results of the cuts can be seen
also in table 5.4 for both test beam
data and GEANT simulations. We
chose to use a 450 MeV large Nu-
clear Counter Effect, because of the
larger statistics given by the larger
amount of e-like events. Differences
in the cut effectiveness between sim-
ulations and data can be seen in
the problematic Fjsy.3/|pi|—region
0.85 — 1. This is again due to an
electron contamination of the pion i
beam, which is, of course, not re- 1k 5 A
jected by the shower shape cuts. T T Y R E T T
Table 5.4 shows that the cuts elim- E;u/p;
inate more than 50% of the candi-  Figure 5.28: 1998 test beam data: frac-
dates with Fj.3/|p;i|-values larger  tional amount of energy left by charged pi-
than 0.85. Furthermore, above the  ons with an initial momentum of 20 GeV,
value Fs.3/|pi| = 1.2, the selection  for events before and after the shower
succeeds even in eliminating more  shape cuts.

than 90% of these fake-e candidates

(the percentage depends on the initial momentum).

We can therefore conclude that, with a 450 MeV Nuclear Counter Effect, between
0.03% (for 50 GeV) and 0.16% (for 20 GeV) of the charged pions still survive
the selection cuts and can be confused as “electrons”, while keeping the electron
efficiency above 85-90%.

With the expected Nuclear Counter Effect and a selection with the real CMS
set-up, if one assumes the percentages of electron-like pions to be reduced by the
same amount as with a 450 MeV NCE, then one would obtain few candidates in
10* events (cf. tables 5.4 and 5.5).

Test Beam data: 20 GeV 7

— all events

— events after
shower shape cuts

Events / 0.025
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Figure 5.30: Same as figure 5.29, but
for 120 GeV pions.

1998 Test beam data GEANT (450 MeV NCE)
B gss<Baa 19| Buasyo | ggselig 1| Buasgs
Ipi |pil pi| |pil
20 GeV 0.56 % 0.08 % 0.58 % 0.12 %
+sh.sh.cuts 0.34 %* 0.008 % 0.16 % 0.008 %
50 GeV 0.41 % 0.056 % 0.15 % 0.05 %
+sh.sh.cuts 0.25 %* 0.0005 % 0.03 % <8x 1070
120 GeV 0.39 % 0.041 % 0.12 % 0.02 %
+sh.sh.cuts 0.24 %* <5x107° 0.04 % <8x 1070

Table 5.4: “Fake electrons” candidates before and after the shower shape cuts
(labeled “sh.sh.cuts”). *affected by a small electron contamination.
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5.6 Expected pion-electron misidentification and
possible consequences for the CMS physics
program

In this section we concentrate our analysis on the pion-electron misidentification
obtained with the expected Nuclear Counter Effect within the CMS detector,
that is ~ 100 MeV, with a 2-APD readout and with 4 photoelectrons per MeV
produced in these photo-devices.

5.6.1 Expected ratios of “fake electron” candidates

Table 5.5 summarizes the amounts of “fake electrons” candidates originating from
pion tracks for different pion initial momenta. These values are obtained from
simulations with and without APD’s, i.e. either by taking the crystal energy
alone or by adding also the Nuclear Counter Effect contribution.

The table shows clearly an increase of events with electron-like signals (i.e.
0.95 < Fgcar/|pi| < 1.2) when the Nuclear Counter Effect is included (the
amount of events is, for instance, 3-times larger at 20 GeV). Moreover, a long
tail appears, representing events with Frcar/|pi|-values larger than 1.2.

As shown in section 5.1, with a two APD’s readout, the Nuclear Counter Effect
is half of those obtained with a single APD per crystal. Nevertheless, the active
surface of the sensors is doubled and a larger number of charged particles in the
shower can then cross these photo-devices. One could expect a compensation
between these two effects and is therefore not clear whether the 2-APD readout
will diminish the probability for a 7 — e confusion.

100 MeV Nucl Counter Effect
No Nuclear Counter Effect ¢ etear Lounter BHee
(2 APD’s per crystal)
Epcar Ercar Eroar
E.- o >0.95 0.95<=Tk<1.2 | Spl>1.2
5 GeV 0.006+£0.004 % 0.114+0.02 % 0.054+0.01 %
10 GeV 0.0140.005 % 0.064+0.01 % 0.024+0.01 %
20 GeV 0.018+0.005 % 0.064+0.01 % 0.007+0.003 %
50 GeV 0.00140.001 % 0.011£0.005 % | 0.001+£0.001 %
100 GeV < 0.005 % 0.008+0.005 % < 0.005 %

Table 5.5: GEANT (CMS design): charged pions as “fake electrons” candidates
(the errors are purely statistical).
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Figure 5.31: Comparison between a Figure 5.32: Spread of the 7~ -showers

one- and a two-APD readout: the first in correspondence with the crystal

case gives two times more events con- rear face as a function of its start-

sistent with Fgcar/|pi| > 1. point within the crystal (for events
with EECAL/IPi' > 08)

Figure 5.31 shows a comparison between these two alternatives. Using one APD
per crystal, for 5 GeV pions, 0.22% of the events have a fractional energy depo-
sition Ercar/|pi| larger than one, while with two APD’s the percentage drops
to 0.11%. The fact that the one-APD readout produces a longer tail at large
Fgcar/|pi|-values could indicate that the shower spread of these rare events is
not large enough to cross uniformly two APD’s. Therefore, with two APD’s
per crystal, we would not get twice as much charged particles which cross these
photo-devices and, since the Nuclear Counter Effect is half compared to the single
APD case, its contribution to the measured energy will then be smaller.

To study this in more details we proceed in the following way: for every charged
particle which leaves the ECAL, we plot its position in the x — y-plane (i.e. the
plane transverse to the beam). Then we find the center-of-mass of the obtained
distribution and we calculate the mean distance of all points from this shower
center. This value represents the width of the shower in correspondence with the
crystal rear face (i.e. with the APD’s position).

The result is shown in figure 5.32, where the shower spreads for events with
a large energy deposition (Egcar/|pi] > 0.8), are plotted as a function of the
shower start-point within the crystal. As this figure indicates, some electron-like
events have shower spreads of about 0.5 cm (mostly events, whose shower started
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very late (in the last centimeters of the crystal), and which are supposed to lead
to the largest amounts of Nuclear Counter Effect, as shown in figure 5.5). This
spread could be insufficient to cover the surface of both APD’s, explaining the
smaller size of the tail in the two-APD readout case.

5.6.2 Misidentified pions as source of new backgrounds?

After the probability of having a particular amount of energy left in the CMS
ECAL by charged pions has been estimated, the possible consequences for the
physics program can be studied.

Figure 5.33 shows a PYTHIA simulation of two possible physics channels, which
could be affected by this background. The upper curve shows the transverse
momentum spectrum of charged pions produced in one day (10° seconds) at low
luminosity (10% cm™2s™!) via processes like ¢;¢; — ¢:q5, 9 — @9, 99 — 99
[90]. Their huge cross-sections (even larger if the Minimum Bias Events are in-
cluded) represent a dangerous background for almost all physics signatures. If
the isolation cuts used to select electrons are applied to charged pions, one gets

o LHC 14TeV ppom ..

+
1072 — all
g o )
10Mf -4 isolated 7t
10"°f — "fake"-e candidates
i ol pp > WE s ey
10°

Events / 2 GeV

------
1
.....
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Figure 5.33: ps;-spectrum for different processes at LHC, where charged pions
and electrons are generated (PYTHIA). These 7 and e have pseudorapidities |7
smaller than 2.5 and one isolated pion out of thousand is considered to be a
“fake” electron.
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# of
isolated physics channels possible backgrounds
leptons [17% = e*]
. W+ — e*v QCD-jet(s)
tt — e*vb jjb bb + jet(s) -+ Multiple
2 WW~= = Frvetv W= — IZv + jet(s) Interactions
Z% = I~ + jet ini
3 EFANIE LIS - § J? (s) +' Minimum
tt— ITvl™ v+ jet(s) Bias Events
4 H— Z7Z* = 1Tlmete | WEZO — IZult™ + jel(s)

Table 5.6: Scheme of some physics channels and their possible backgrounds,
arising from the eventuality of a 7% — e misidentification.

the second curve shown in figure 5.33. With these criteria, about one pion out of
hundred is found to be isolated. As pointed out in the previous section, among
the charged pion tracks, the dangerous e-like candidates are about 0.1% of the
total (without any further selection cut). If we apply this conservative value over
the entire p;-spectrum, we obtain the one labeled as “fake-e candidates”.

The total rate of these events above a p; of 20 GeV (the threshold for the se-
lection of isolated objects) is about 10 Hz. This is negligible compared to the
“fake” trigger rate coming from 7°’s (which however are not charged and could
be thus rejected with the help of the tracker). For charged pions the situation
is different: since the tracker will not be able to separate them from electrons,
they could still survive and become a real dangerous background for the off-line
analysis, where a maximum rate of 100 Hz will be accepted (of course there will
be other possible rejection cuts, like for example those presented in section 5.5).
In figure 5.33 we include therefore also the event rates of electrons originating
from two important physics processes like pp — W+ — efvand pp - WTW - —
eTve~ v [91] to show qualitatively the size of the problem. The first one, for ex-
ample, above a p; of 20 GeV has a rate of few Hz, so that one obtains about the
same amount of isolated electrons as for the “fake-electrons” which arise from
QCD processes. If one then wants to set the p; threshold at 10 GeV, the rate of
e-like 7¥’s increases to hundreds of Hz! Moreover, one has also to consider that
the tail in the Frcar/|pi| distribution (see figures 5.14-5.16) allows for example a
10 GeV 7% (which has a much larger production cross section) to have the same
ECAL energy as a 20 GeV electron. In principle, with the information provided
by the tracker, almost all these candidates should be rejected. However, these
pions could at least affect the event selection of the first level trigger.

In general, the pion-electron misidentification should be considered as an addi-
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Figure 5.34: p;-spectrum of the electron with lower tranverse momentum within
a WW — ever event. In addition, the figure includes two possible ”fake-e”
backgrounds, which produce a similar signature.

tional source of background for several types of events which require isolated
electrons. Table 5.6 shows some of these physics signatures which, depending on
the number of isolated leptons in the event, could be affected by a ”fake-e” back-
ground. As indicated in the table, the number of e-like pions can be also increased
with the contributions of multiple interaction processes within the pp-collisions
and of minimum bias events. One example is given in figure 5.34, where two
possible backgrounds for the WW — ever process are shown: in both cases one
electron comes directly from a W — er event, while the second one arises either
from minimum bias events or from the high-p; debris in the W' — ev + jel(s)
event. Also in this case, the size of the background depends strongly on the choice
of the lower p;-threshold for the electron selection: above 20 GeV one should be
“safe”, while by pf, . ~ 5 GeV the rate of “fake W events” would be huge.

As these studies give only an indication of the possible new backgrounds
arising from the 7* — e misidentification, we encourage further analysis which
would take into account the exact amount of Nuclear Counter Effect and which
would include a full detector simulation for signal and background processes. The
presence of the 4 Tesla magnetic field could further complicate the task of a 7% —e
discrimination.
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Next-to-leading order (NLO)
effects in the vector boson pair
production

The importance of the weak boson pair production for the search of a Standard
Model Higgs was already pointed out in section 2.3. In addition, the diboson
production is also an interesting physics channel, since it provides a way to test
the vector boson self-interactions, where, for example, anomalous effects might
appear.

For each of these physics signatures, the starting point of the analysis is the
Standard Model expectation for the non-resonant weak boson pair production.
Any deviation from this continuum diboson background could indicate a signal
for physics beyond the Standard Model. The success of the above-listed physics
studies depends therefore on the accuracy of the Standard Model cross sections
calculations for WTW~—, W*Z and ZZ events.

Vector bosons can only be measured through those detectable decay products
that are compatible with the experimental acceptance. To estimate the number
of events which survive the experimental cuts, it is important to properly treat
the production and decay of vector bosons, including all the spin correlations and
the next-to-leading-order (NLO, or O(«y)) QCD corrections.

Past NLO calculations of the hadronic diboson production [92, 93] have shown
that the O(ay) corrections could be large in some specific kinematical regions. Tt
is thus mandatory to include higher order calculations, not only to get a precise
estimate of the overall production cross-section, but also to obtain realistic values
for the significance of several specific signal processes.

For the description of the weak boson pair productions WW =, W*Z% and Z°2°,
with their subsequent decays into leptons, two numerical parton-level Monte
Carlo programs have become available during 1999: MCFM [17] and DKS [18]. These
packages consider the production of the leptons in the double resonance approx-
imation with complete next-to-leading-order corrections.
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To investigate the accuracy of PYTHIA (which is based on LO matrix elements
[94] with parton shower) describing the diboson cross sections at the LHC, a com-
parison is performed with the DKS parton level NLLO Monte Carlo. In particular,
we want to investigate if, for some optimization cuts (e.g. high diboson p; or
diboson mass regions), the corrections provided by NLO diagrams are large, and
thus PYTHIA predictions are not reliable.

6.1 NLO generators

At Born-level, or leading order (LO), the cross sections for WTW =, W*Z and
Z 7 pair production were computed twenty years ago by treating the W and Z as
stable particles and summing over their polarization states. These cross sections
were evaluated using completeness relations to simplify the sum, thus spin and
decay correlations were neglected. The Monte Carlo program DKS [18] includes
at O(ag) the full lepton decay correlations in the narrow-width approximation
for the hadronic production of WTW =, W*Z and ZZ pairs. The implemented
O(ay) corrections can be subdivided in real (tree graphs with an additional gluon
in either the initial or the final state) and virtual corrections (one-loop ampli-
tudes that interfere with the Born amplitude). They rely on reference [95] for all
required matrix elements.

Other Monte Carlo programs also include all spin correlations to the next-to-
leading order in O(«) for the vector boson pair production. For example, singly-
resonant diagrams are implemented also in the MCFM [96] program, but without
assuming the narrow-width approximation.

The effects of anomalous couplings on various distributions in the WW and W Z
production have been carried out at O(a;) also in similar studies [97, 98]. How-
ever, in the DKS Monte Carlo the spin correlation effects from the finite virtual
contributions are added.

6.2 Results

In all results presented in this analysis, it is assumed that the vector bosons al-
ways decay leptonically. In both Monte Carlo programs we use the CTEQ 4M
parton distribution set [99] and the cross section values are given for the scale
p = (My, + My,) /2, where My, are the masses of the two produced vector bosons.
If the DKS Monte Carlo is run at Born-level (i.e. by including only the LO di-
agrams), we obtain very good agreement with the total cross sections given by
PYTHIA (see, for instance, figure 6.1 or the ¢ x BR values in tables 6.1-6.3). On
the other hand, as shown in this same figure, the one-loop corrections to the total
cross sections are of the order of 50% of the leading-order term.

A more accurate comparison between PYTHIA and DKS requires some remarks.
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Figure 6.1: Lepton n-distribution in WW — [viv events. While at LO the
PYTHIA results are consistent with the DKS ones, the K-factor introduced by one-
loop corrections is of the order of 1.5.

The DKS Monte Carlo produces only events at parton level, that is without in-
cluding the showering process and initial state radiation. Therefore, the only “jet”
generated by DKS coincides always with the hard gluon/quark emitted within the
bulk of the event. This jet arises thus from those events which have been added by
including the NLO diagrams. In contrast, PYTHIA does not simulate these NLO
processes but features instead the complete parton showering machinery. The
soft jet(s), observed in WW, WZ or ZZ events generated by PYTHIA, originate
from initial state radiations and/or from other QCD processes in the pp-event
(multiple scattering or minimum bias events). Consequently, these soft emis-
sions give rise to a GGaussian smearing of the diboson transverse momenta around
zero, while in DKS generated events the p;(V1V3) is in average much harder and
is directly produced by the NLO ¢/g emission. A comparison between the two
Monte Carlo is therefore possible for large diboson transverse momenta (typically
pe(ViVa) > 100 GeV) and instead difficult at small values (p;(V1Va) < 20 GeV),
where the distribution is dominated by “soft jets”, which are not included in the
DKS generator.

In events simulated by PYTHIA, jets are reconstructed following the criteria pre-
sented in subsection 3.3.2 but are limited to a maximal pseudorapidity |n| = 3,
while leptons are selected following the CMS acceptance criteria (see subsection
3.3.2), where a p; larger than 20 GeV and a pseudorapidity || < 2.5 are required.
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LHC 14TeV W'W —1'vIv  I=eu

Int. Luminosity: 100 b Parton density set: CTEQ 4M
Scale: u1=My,

— Pvthia 6.1 (L.O, Parton Shower)
-+ DKS (NLO, Parton only)

Events / 20 GeV
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Pt(WW") [ GeV ]

Figure 6.2: Transverse momentum distribution of WW bosons pairs, simulated
with both the PYTHIA and the DKS Monte Carlo generators and using the CTEQ
4AM structure function set.

In the tables given in this chapter, the statistical errors are not given. This is
consistent with the aim of this study, which is not to give the exact K factors
for all possible selection cuts, but rather to show qualitatively what could be the
size of the NLO corrections for some specific cuts.

6.2.1 NLO effects in the WIWW production

To investigate the possible effects induced by the introduction of next-to-leading
order diagrams, we look for kinematical regions which could be “NLO-sensitive”.
First of all, the additional emission of hard quarks or gluons in processes like
qg — V1 Vaq should lead to enhanced transverse momenta for the diboson system
[97, 100]. Figure 6.2 shows, for example, the p; distribution of WW pairs. A
comparison between PYTHIA and DKS indicates a large difference for large p/''"
values. This diboson transverse momentum is balanced by an equivalent p; for
the jet(s). The numerical results are reported in table 6.1. The K-factor increases
from 1.5, without any p{et(s)—cut, up to values of about 60, if the jets are required
to have a p; larger than 150 GeV.
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6.2 Results

PYTHIA | DKS (LO) | DKS (NLO)
K-factor
[pb] [pb] [pb]

O xBR 3.704 3.79 5.56 1.5

selected leptons 1.704 1.71 2.58 1.54

jet veto 1.125 - 1.49 1.32

20 GeV < p{ < 150 GeV 0.568 - 0.942 1.66
150 GeV < p/® < 400 GeV || 2x1073 - 0.135 67
P > 400 GeV 2.8x 1074 - 1.69x 1072 ~60

Table 6.1: Evolution, through the different cuts, of the WTW~ — ITvi~ v cross
sections (in pb) and of the corresponding K-factors.

LHC 14TeV WW S T'vlv
[ Int. Luminosity: 100 fb™

10'F — DKS (MRS(T) LO, Parton only)
i — DKS (MRS(T) NLO, Parton only)

Events / 2.5 GeV

0 25 50 75 100 125 150 175 20

0
largest p/ [ GeV ]

225 250

Figure 6.3: Largest lepton p; in WW events. The results are obtained by running
the DKS generator either with or without including the NLO corrections.
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., LHC 14TeV W'W S I'vl'v
Int. Luminosity: 100 b

10

 DKS (MRS(T) LO, Parton only)
— DKS (MRS(T) NLO, Parton only)

Events / 10 GeV

_

0 100 200 300 400 500 600 700 800 900 1000

E, [GeV ]

Figure 6.4: Missing transverse energy in the WIW production. The events are
obtained by running the DKS generator either with or without including the NL.O
corrections.

The transverse momentum of the diboson system (or of the jets) is not the only
variable affected by large NLO corrections. Significant differences between NLO
and LO expectations could show up also in other kinematical regions. For in-
stance, in “common” variables like the lepton p;, the lepton pair invariant mass
my, the missing transverse energy F;, the maximal transverse momentum of the
two charged leptons pimm, the lepton pseudorapidities ' and so on.

Figures 6.3 and 6.4 show, respectively, the pimax and F; distributions. These
histograms are simulated with only the DKS generator, either with or without
including the next-to-leading order diagrams. Therefore, in this example, the
differences between the two curves are produced exclusively by the O(a;) correc-
tions, while the the effects given by showering and initial state radiation are not
included. As for the p}""V distribution, the K-factor corresponds to about 1.5,
for small pimw or F/; values, and reaches very large values for large pimw or K.
Differences could also appear in some more specific variables. Very often, the cuts
which are used in physics studies involving the diboson production are rather elab-
orated. For example, one can select a region in the distribution of the difference
in pseudorapidity An' = n'” — 771Jr between leptons, of their distance in polar
angle cos 6 or of their relative azimuthal angle cos ¢;.
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LHC 14 TeV W'W —1'viv  I=eu

[ Int. Luminosity: 100 i Parton density set: CTEQ 4M
L Scale: p=My,

! Pythia 6.1 (1.O, Parton Shower)

107} -+ DKS (NLO, Parton only)

TLECTION C

Events / 0.033
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largest cosq)(p:(W),pt(jet))

Figure 6.5: PYTHIA-DKS comparison which shows the smallest angle between one
of the W’s and the jet in WW events. The two leptons are required to be

consistent with the detector acceptance and the jet should have a p; larger than
150 GeV.

LHC 14TeV W'W —Iviv  l=e,

[ Int. Luminesity: 100 o Parton density set: CTEQ 4M
i Scale: u=My,

103E
£ —! Pvthia 6.1 (1.O, Parton Shower)

F . - DKS (NLO, Parton only)
: SELECTION Cl

Jets: po > 100 eV, |y
e > B0 Gy

Events / 0.033
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cosd(p,,.p,)

Figure 6.6: PYTHIA-DKS comparison of the azimuthal angle between the two lep-
tons produced in WW events. The following additional cuts are used: piet > 100
GeV and F; > 50 GeV.
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Figures 6.5 and 6.6 show two possible examples of such event selections. In the
first figure, after having selected only WW events with two detectable leptons
and a jet with p; > 150 GeV, we plot the smallest angle between one of the W’s
and the jet (as schematically illustrated in figure 6.7).

As can be observed, the effect of an additional

cut on cos(pV,77") would be very different, if
the NLO diagrams are included in the simula-
tion. The same remark applies to figure 6.6: if
in a WW event we require the presence of two
leptons, a jet with p; larger than 100 GeV and
a missing transverse energy of at least 50 GeV,
the azimuthal angle between the two leptons is
affected by large NLO corrections.

Both examples show that analysis cuts, which use
such variables, need to employ NLO Monte Carlo
programs for the diboson production.

Figure 6.7: Azimuthal angle
between one of the W’s and
the jet in WW events.

6.2.2 NLO effects in the W Z production

For W Z events, similar effects as for the WW production can be observed. If the
DKS generator is run at LO, it reproduces the total W Z-cross section given by
PYTHIA with a difference of about 1%. If instead the NLO corrections are taken
into account, the o x BR value increase to 171% of the LO one.

PYTHIA | DKS (LO) | DKS (NLO)
K-factor
[pb] [pb] [pb]

O xBR 4.35%107" | 4.34x107! | 7.42x107! 1.71

selected leptons 1.45x107" | 1.48x10~! | 2.77x10~* 1.91

jet veto 9.47x1072 - 1.31x1071 1.39

20 GeV< p/*< 150 GeV || 4.91x1072 - 1.27x107! 2.3

150 GeV< p/®< 400 GeV || 9.33x10~* - 2.8x1072 30
pi > 400 GeV 6.5%x107° - 4.63x1073 || ~700

Table 6.2: Evolution, through the different cuts, of the W*Z°® — [£1IT]~ cross
sections (in pb) and of the corresponding K-factors.
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LHC 14 TeV Z°W" S 11TV l=e,u

Int. Luminosity: 100 b’ Parton density set: CTEQ 4M
Scale: =My,
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-+ DKS (NLO, Parton only)

3 selected leptons:
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Figure 6.8: Transverse momentum distribution of jets produced in W7 events.
All 3 leptons decayed from both weak bosons have been selected.

LHC 14TeV Z°W —T1Tv  l=eu
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Figure 6.9: p;-distribution of the Z bosons produced in W Z events. All 3 leptons
decayed from both weak bosons have been selected.
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As regards to some common variables, figure 6.8 shows, for example, the p; distri-
bution of jets (which balances the transverse momentum of the diboson system).
In case of the W Z production, the K-factors at large p{et—values are even larger
than in WW events.

The W Z cross sections observed in some selected pzet—regions are reported in ta-
ble 6.2.

The ratio between DKS and PYTHIA generated events (i.e. between onpo and or0)
leads for instance to K-factors larger than 500 above a p; of 400 GeV!.

Smaller NLO effects are also visible in the transverse momentum distribution of
the Z bosons, as shown in figure 6.9. The K-factor corresponds to ~1.5 at small
p? values, and reaches K = 10 at larger p7.

6.2.3 NLO effects in the ZZ production

The non-resonant ZZ production was already known to be subject to higher-
order QCD corrections [101]. The evolution of the ZZ-cross sections, through
some illustrative selection cuts, is reported in table 6.3. While at LO the DKS
expectations are very close to the PYTHIA ones, the addition of the NLO diagrams
leads to an inclusive K-factor of about 1.4. Furthermore, like for the WW or W Z
signatures, if the analysis is restricted to the higher p{et (or p##) domain, much
larger K-values are reached.

PYTHIA | DKS (LO) | DKS (NLO) K-factor
[pb] [pb] [pb]

O xBR 5.13%1072 | 5.31x1072 | 7.07x 1072 1.38

selected leptons 1.79%x1072 | 1.84x1072 | 2.55x1072 1.42

jet veto 1.15x1072 - 1.58x1072 1.38

20 GeV< p/ < 150 GeV || 6.26x1073 - 8.79x1073 1.4
150 GeV< pf® < 400 GeV || 1.33x10™* - 8.23x10~* 6.2
pi > 400 GeV 1.5x1076 - 7.78%1075 ~50

Table 6.3: Same as table 6.2, but for the ZZ — [T]~ITI™ process.

!The results given for the high-p; regions are affected by the small statistical significance.
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6.3 Discussion

The simulations of diboson events presented in this chapter point out the im-
portance of taking care of the possible NLO corrections in the weak boson pair
production. This is especially true at least in some specific kinematical regions,
where the O(a;) diagrams have sizeable effects. Therefore, for signal optimiza-
tions where the weak boson pair production is an important background process,
one should be aware of the possible inaccuracies due to the use of a LO generator
like PYTHIA. This is especially true for complicated cuts, where it is difficult to
judge whether the effects are large or not.

An example, where important O(«;) effects could eventually appear, is the Higgs
search through the decay mode H — ZZ — 4l. Past studies [102] proposed to
improve the significance of the signal by using a minimal cut on the p; of the
harder Z boson. A similar approach is also used by the ATLAS collaboration
[103], which proposes, as a moderate requirement, to set p["**(Zy, Zy) > My/3.
On the basis of the available simulations, they also stated that a harder cut would
improve even further the signal significance. However, the efficiency of such se-
lection cuts for the signal events is subject to possibly significant higher-order

LHC 14 TeV Z°Z° 1117 I=e,1

Int. Luminosity: 100 b Parton density set: CTEQ 4M
Scale: =M,

—! Pythia 6.1 {(L.O, Parton Shower}
-+ DKS (NLO, Parton only)
— H’ — Z°Z°, m;;=400 GeV

A

L 10
&)

g 4 selected leptons:
-~ 1 mIt <2.5

E pet > 20 GeV

(2]

>

=

m,,~40040 GeV

0 200 400 600 800 1000 120 1400

largest p Z [ GeV ]

Figure 6.10: p;-distribution of the harder Z among ZZ events. Both the resonant
H — ZZ (My = 400 GeV) and the continuum ZZ productions are shown (the
latter is simulated either with PYTHIA or with DKS).
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LHC 14TeV Z°Z° > 1T1T I=e,lL
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Figure 6.11: Transverse momentum distribution of ZZ pairs, originating from
250 GeV Higgs bosons (for events where M is consistent with the Higgs mass).
The figure includes both the DKS and PYTHIA expectations for the non-resonant
7 7 background, which is thus simulated either with or without NLO corrections.

corrections, which increase substantially the continuum ZZ-background by high
Pl (Z1, Zs) values. This is shown in figure 6.10 for a 400 GeV Higgs. If the
NLO corrections are included, the p}"**(Z;, Z,) distribution for the non-resonant
background follows much more closely those of the signal, reducing considerably
the gain of a harder p}***(Z;, Z,)-cut. In other words, the benefits of this strategy
may not be as large as one would expect by fully trusting the PYTHIA results.
Figures 6.11 and 6.12 show the p/Z distribution in H — ZZ — 4l events, for
Higgs masses equal to, respectively, 250 and 400 GeV. In both figures, only Z7
masses consistent with the corresponding My have been selected.

As largely expected from the previous results, in the high-p?# domain the contin-
uum 7 Z-background generated by DKS is in average much more important than
what PYTHIA predicts. In particular, above p?# ~ 100 GeV, the weak boson
fusion signatures qq — qq¢H — jj ZZ show a p{? distribution, which is almost
identical to those expected from the NLO-background (see figure 6.12). Again,
the efficiency of a p?Z-selection cut could be very different if the O(a,) correc-
tions are included.
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LHC 14TeV Z°Z° > 1T1T I=e,L
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Figure 6.12: Same as figure 6.11, but for 400 GeV Higgs bosons. Both the
expectations for the inclusive g¢g — H and the weak boson fusion gq — qq¢H
production modes are shown. The latter gives a p## distribution which is almost
identical to those expected from the continuum NLO-background.

Finally, to extend the visibility of inclusive H —

. +
WW — lvlv signatures into the 200 GeV < jet wt !
My < 400 GeV domain, one could select events %ﬁ
featuring reconstructed jet(s) and use the pi° w -
and spin correlations to put new kinematics con-
straints. Following this strategy, for the simu-  Figure 6.13: Schematic pre-
lations shown in figure 6.14 we set a minimal  gentation of a H — WW —
pl¥-cut of 100 GeV, as well as some additional [,y + jet event.
standard acceptance cuts (given in the figure).
As can be observed, large NLO corrections affect the m¢ distribution of the con-
tinuum WW background. Nevertheless, the Higgs signal events could be well
visible above both LO and NLO non-resonant backgrounds. The ¢ background
has however not been included.
In conclusion, for diboson events, the simulations presented in this chapter show
qualitatively the size of K factors found in some specific kinematical regions. Bet-
ter NLO expectations of the event rates for these regions should help to better

understand the Standard Model non-resonant production of vector boson pairs.
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LHC 14TeV H > W'W S 1'vly
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Figure 6.14: Reconstructed transverse mass m¢ = \/pf” + mlgﬁ- Fi. The three
curves show (from bottom to top) the WWW background (PYTHIA), the sum of
signal H — WW — lvlv (Mg = 250 GeV) and continuum WW background
(PYTHIA), or the NLO WW background alone (DKS).

Resonant diboson signatures should then profit of the new background knowl-
edges.
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Chapter 7

Observing light Standard Model
Higgs through weak boson fusion
signatures

The discovery of one or more Higgs scalar(s) at LHC will be followed by other
important tasks. Among them, there will be a more systematic investigation of
the Higgs boson properties, i.e. the determination of its couplings to fermions
and gauge bosons.

Recent parton level studies [25, 26] concluded that a 115 GeV < My < 200
GeV Higgs can be separated from background by demanding the tagging of the
two additional quark jets in the reaction q¢ — qgH and by central jet vetoing
techniques. These analysis showed that, with the additional use of the H —
WW — lvlv event characteristics, this signature yields a significant Higgs boson
signal with an integrated luminosity of few fb=!.

In this chapter, we repeat these studies using PYTHIA and in addition, we propose
a similar set of cuts to cover also the 200 GeV < My < 300 GeV mass domain.

7.1 Towards a determination of the Higgs cou-
plings

The Weak Boson Fusion qq¢ — gqqH promises to be a copious source of Standard
Model Higgs at LHC. Together with the Higgs production in the gluon fusion
process, gg — H, it will allow a measurement of the t/H/WW H coupling ratio
[20], as schematically illustrated in figure 7.1. In the Standard Model, the fermion
triangles leading to an effective Hgg coupling are expected to be dominated by
the top-quark (see figure 2.4a). Therefore, the ratio between the above processes
probes the Higgs coupling to quarks relative to the HWW ones. This measure-
ment constitutes a first step towards a determination of the Higgs properties.
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Other channels, like for instance

W H or tt H associated production, g
with subsequent decay H — bb 6001 W
or H — ~v, would provide addi- Higgs

tional informations on Higgs cou-

pling ratios, allowing a measure- & S

ment of the Htt, Hbb, Hrr and 000! W
HWW, HZZ, Hvvy couplings.

Similarly to previous studies re- W W
garding weak boson fusion signa- )

tures [21, 22, 23], the cited stud- _ HMiggs

ies [25, 26] proposed to exploit the

forward jet tagging to select sig- W W

nal events. Such tagging is also
required to reduce possible back-
grounds from diboson and ¢f pro-
ductions to negligible levels. An-
other feature of the weak boson
fusion signal is the lack of color
exchange between the initial-state quarks, which leads to suppressed hadron pro-
duction in the region between the two tagging jets. Most background processes,
instead, involve typically a color exchange in the t-channel and feature therefore a
larger hadronic activity between the tagging jets. Via a veto of soft jet activity in
the central region [104], one can thus achieve a significant background reduction.
Moreover, the anti-correlation of the W spins becomes an important additional
tool for separating the signal from various backgrounds.

Previous studies [25, 26] were performed using full tree-level matrix elements for
the signal and backgrounds, but only at parton-level. In other words, the final
state partons have been identified with observable jets. The goal of our study is
then to perform the analysis at PYTHIA-level, using selection criteria which are
consistent with the CMS design. As this Monte Carlo includes the full showering
processes as well as the gluon radiation pattern from the initial state quarks,
it allows us to take into account hadronization and decay effects. The analysis
proceeds using cone algorithms for the reconstruction of jet and isolated leptons.
The drawback of using PYTHIA is that in this Monte Carlo generator some pos-
sible background processes are not included. Particularly, for the ¢¢ production,
all QCD corrections which lead to additional real parton emissions (i.e. which
deliver the t¢{-pair plus one or more hard jets) are not well described. This is
expecially regrettable, since the QCD ¢t + jets production becomes the largest
source of background for the weak boson fusion process. The same happens
for the W pair production with additional hard jets, which is also missing in
the PYTHIA “menu”. For this reason, I am not presenting a complete “visibility”
study, 7.e. the goal is not to give the significance of the signal at PYTHIA level, but

Figure 7.1: Ratios between such Higgs sig-
natures allow to test the Higgs couplings
to quarks and gauge bosons.
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7.2 Event selection

rather to check how jet reconstruction, isolation criteria, initial state radiation
and underlying events are affecting the signal and background efficiency.

7.2 FEvent selection

In lowest order, the Feynmann-diagram related to the vector boson fusion (¢gq —
qqH) process is shown in figure 7.2. Both weak bosons are emitted by the in-
coming quarks, which give rise to two energetic jets with large rapidity, while the
Higgs and its decay products will be more central.

For this study, W decays to elec-
trons and muons are used.

First, we want to reproduce the anal-
ysis given in reference [25], which
was optimized for a Higgs boson in
the range 130 GeV < My < 200
GeV. Subsequently, we deal with the
second study [26], which focused on
the mass region 110 GeV < My <
140 GeV.

Two slightly different set of cuts are
followed: the first one is applied for
masses above 140 GeV and the lat-
ter up to this value. In addition, the
Higgs range is extended upwards, Figure 7.2: Feynmann diagram of the
for a Higgs mass between 200 GeV qq — qqH — 37 lvlv signal process.

and 300 GeV.

7.2.1 140 GeV < Mgy < 200 GeV

Any processes giving two jets, two oppositely charged leptons and missing trans-
verse momentum are potential background candidates to this particular Higgs
signal.

The main physics background arises from the ¢f(+jets) production. This is due
to the large top production cross section at LHC and to the branching ratio
BR(t — Wb), which is essentially 100%. Other important background processes
are the WW jj production, which includes the electroweak boson fusion with a
momentum and color structure identical to the signal, and the 7777 4 jet(s)
background. For the same flavor decays H — WW — eTve™ D or to p vu~p,
one has to take into account also the background process ZZjj — [TI-vi and
the EW [ final states, where the missing transverse momentum is entirely due
to detector effects. The expected cross sections at parton level are given in table
7.1 for both the signal (with a different flavor decay H — WW — e*vpuFr) and
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.. . WWjj TT1]
ks Hijj || £+ jets QCD | BW | Qe | Ew S/B
forwar?_\’jaggmg 17.1 1080 4.4 3 15.8 | 0.8 || ~1/65
b-jet rejection
d 64 1/5.1
my; & “V-A”
VILIX 11.8 5.5 054 | 05 | 3.6 | 04 || 1.1/1
rreseon lia 51 | 05 {045 | 06 [008 | 171

Table 7.1: Cross section o x BR(H — WW — e“vuTv) (in fb) through the cuts
I-X (described in this subsection). The rates are given at parton level, for the
signal process qq — qqH — qqW "W — [Tvl~p (My=160 GeV) and for the
corresponding backgrounds (values taken from reference [25]).

the main backgrounds (values taken from reference [25]).

As the Feynmann-diagram 7.2 suggests, the q¢ — g¢H — qqW®W® — [Tvi—p
signal is characterized by two forward jets, two central leptons coming from the
W bosons and missing transverse energy. Therefore, the basic acceptance re-
quirements should not only ensure that two jets and two leptons are observed
inside the detector! but also that the Higgs decay products and the forward jets
are well-separated from each other. These requirements lead to the following
selection cuts:

(1)

The spatial distances AR;; between jets and AR;; between jets and leptons are
shown in figures, respectively, 7.3 and 7.4 (for signal and the background process
).

For the background which arises from QCD corrections to the W*W ™= production,
the weak boson bremsstrahlung occurs at small angles with respect to the parent
quarks. Therefore, for this background, the W bosons have generally higher
rapidity than the Higgs signal. This background can thus be strongly reduced by
requiring that both leptons lie between the tagging jets and are well separated

In the reference study [25], the higher bound in the jet pseudorapidity was set to |n|=5.
We follow the kinematical acceptance criteria of the CMS detector and we set this value to
|n|=4.5.
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qqH — qq WW — jj Ivlv
I tt — bb WW — jj Ivlv

1

1/0c.do/dAR..

Figure 7.3: PYTHIA simulation of the spatial distance AR;; between found jets
for the signal process q¢H — q¢WW and the t¢ background (My=170 GeV).

from them. Furthermore, both jets have to be found in opposite hemispheres:

njmzn + 07 < 77l1,2 < njmaac - 07’ (”I)
Miv i < 0. (IV)

The two forward tagging jets should also be well separated in pseudorapidity:

Antags - \773'1 - 77]'2‘ Z 4-47 (V)

leaving a gap of at least 3 units of pseudorapidity in which the leptons can be
observed. The expected separation in pseudorapidity for the tagging jets is shown
in figures 7.5 and 7.6 for, respectively, signal and ¢ background. The histograms
confirm the differences between signal and background.

After these first cuts, the ¢f cross section remains very large (see table 7.1).
The largest contribution (~70%) comes from ¢£jj, where the additional jets are
identified as the forward tagging jets, while the #j constitutes roughly 30% of
this background and the ¢ only about 1%. At this level the ¢fjj dominates,
because the #t pair is not required to have as large an invariant mass as in the
other two cases, where one or both b-jets from the top decay are required to
be the tagging jets. However, in case that one of the tagging jet is generated
by an additional parton in the event, the b-jet which is not “tagged” will most
frequently lie between the tagging jets. Vetoing any additional identifiable jet
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10k qqH — qq WW = jj Ivlv

I tt — bb WW — jj Ivlv

jl

1/c.do/dAR,

Figure 7.4: PYTHIA simulation of the spatial distance AR, between leptons and
jets for signal and ¢ background (My=170 GeV).

activity in the central region provides thus a powerful suppression tool against
the top background. Events with additional jet(s) consistent with:

Py >20GeV, ;. <0 < Njos (V1)

are therefore rejected. In addition, this central jet veto exploits the different gluon
radiation patterns of the Weak Boson Fusion process and of {-channel gluon
exchange processes. For the signal, the color coherence between initial- and final-
state gluon bremsstrahlung leads to suppressed hadron production in the central
region and additional (soft) partons are mostly emitted in the far forward and
backward directions. This is in contrast to most background processes, where
the color exchange in the ¢-channel leads instead to enhanced hadronic activity
between the tagging jets.

Due to the momentum distribution of gluons within the incoming protons, which
is concentrated at small Bjorken z (see for instance figure 4.2), QCD processes
typically occur at smaller invariant masses than EW processes. A large dijet
invariant mass is therefore required:

my; > 650 GeV. (V)
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qqH — qq WW — jj Ivlv
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tt — bb WW — jj Ivly

N W A~ O

Figure 7.5: PYTHIA: maximal vs mini- Figure 7.6: PYTHIA: same as figure 7.5,
mal jet rapidities in g¢gH — q¢gWW —  but for the tt — ggWW — jjlviv
Jjlviv events (My=170 GeV). background.

The first set of cuts I-VIl (except the cen-
tral jet veto VI) could be labeled “forward
jet tagging” and constitutes a known ef-
fective technique to separate weak boson
scattering from various backgrounds. To-
gether with the jet veto, these cuts become
a formidable tool to suppress QCD back-
ground to weak boson fusion processes.

Other significant differences between signal
and various non-resonant scenarios can be
found in the angular distributions of the
decayed leptons [47]. For the considered
mass range 140 GeV < My < 200 GeV, in
the Higgs rest frame, the two (virtual) W
bosons are produced close to the thresh-
old with very small transverse momenta.
Moreover, in the case of the Higgs signal,
the Ws have opposite spins. The V-A cou-
pling, which describe the charged current
weak interactions, produce then preferen-

Figure 7.7: Schematic view of the
H —- WW — lvlv decay in the
Higgs rest frame: two Ws with
opposite spin are produced. Be-
cause of spin conservation, the
two leptons propagate preferen-
tially in the same direction.

tially two charged leptons propagating in the same direction and thus separated
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10 qq — qqH — qq WW — jjlviv
qq — qq WW — jjlvlv

1/c.do/dg,

e

20 40 60 80 100 120 140 160 180

q)ll

Figure 7.8: PYTHIA simulation of the angle ¢ between the two lepton directions
in the transverse plane (in the laboratory frame). The results are shown after
the cuts I-VII for resonant and non-resonant weak boson scattering processes
qq — gqqgWW (Mg = 170 GeV).

by a small angle (see figure 7.7). This favors also small dilepton invariant masses,
while the centrally produced Higgs leads to small lepton transverse momenta.
These features are exploited in the cuts:

o < 1050, cosfy > 0.2, ARy, < 2.2, (V”l)
my < 110 GeV,  p, , <120 GeV, (1X)

where ¢, and 6;; are, respectively, the azimuthal and polar angles between the
two charged leptons (with z =beam axis). These cuts are efficient only if the
Higgs boson is produced approximately at rest (i.e. if laboratory frame = center-
of-mass frame) and if the W bosons get a small momenta in the Higgs rest frame.
Both conditions are fulfilled for small Higgs masses (typically My < 180 GeV).

These cuts (labeled “V-A”) are very effective against the top background, since
the large t-quark mass allows for very high-p; leptons, and also against the EW
WW jj backgrounds, where the W spins (and therefore the leptons directions)
are differently correlated (see table 7.1). This is especially interesting for the non-
resonant weak boson scattering processes qq — qqV'V, whose tagging jets have
the same kinematical properties as the signal and therefore could constitute a
very dangerous source of background. Due to the spin and direction correlations
for the signal, cuts VIII-IX prove to be very effective, as shown in figures 7.8,
7.9 and 7.10. Large differences in the ¢-, cos#;- and ARy-spectrum between
resonant and non-resonant weak boson fusion processes can be clearly observed.
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qq — qqH — qq WW — jjiviv

| 22 qq — qq WW = jjlviv
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Figure 7.9: Cosine of the polar angle 6 between the two lepton directions
(PYTHIA). The results are shown after the cuts I-VII for the Higgs signal and

for the non-resonant weak boson scattering process q¢ — qgWW (My = 170
GeV).

20[ BT qq — qqH — qq WW - jjlviv
17_55_ 2 qq — qq WW — jjlvlv
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Figure 7.10: Spatial distance ARy = \/An? + A¢;, between the two leptons for
the Higgs signal and the weak boson scattering process gqg — q¢WW (PYTHIA).
The cuts I-VII have been applied (My = 170 GeV).
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After applying these cuts, the background
from 7-pairs still remains large. For the
Z//gamma — 7T processes, the Z° or ~y
is produced with a quite large p; (~100
GeV), giving a large boost to the emit-
ted 7’s. As p, > m., the decay products
are then nearly collinear to the original
7 (as schematically shown in figure 7.11).
Therefore, with the information about the
charged lepton momenta and the missing
transverse energy, one can approximately
reconstruct the momenta of the original

7’s. In detail, for a 7777 — [T~ p; event, x

if one assumes a collinearity between each Figure 7.11: Schematic view of
7 and its decay products (P || Pev, | 4 20 s +t0— 5 H- ¥, pro-
Pui || Pey), the fractions zr, = pyy,/Pir, cess, where the decay products are

of T-energy carried by each [* can be de-

nearly collinear to the original 7.
termined from the transverse momentum

balance:
P+ P
ptT1 +pt7'2 = th + 1 = ptl1 +ptlg+ Iét (71)
71 T2
1 1
= Piiy (_ - 1) + | ST (_ - 1) :pt (72)
Lr T2

By solving the 2 equations for the x, y transverse directions, one finds for the two
unknowns z, ,:

— pmh 'py12 _pyh 'pxlz
]é;v 'pyh_ ﬂy 'paf}lz +pxl1 'pylz _pyh 'p$l2

Ty

— pyl1 *Pxly — Pxiy 'pylz (73)
]éa: Pyl — ﬂy Pzl +pyl1 *Pxly — Pzl " Pyl

T,

Thus, with the help of the found variables z, ,, the 7-pair invariant mass m;,
can be reconstructed:
my

N

where the well-justified approximation E.; = |p,;| has been used.

In case of a real Z°/y — 77 — [TI~ p; decay, normally the reconstruction of
the 7 momenta should yield to values between 0 and 1 for both x,, and x,, (see
figure 7.12). On the other hand, for the signal process gq¢H — qqWW — jjlviv

(7.4)

~/
My &

138



7.2 Event selection

Figure 7.12: x, vs. =z, distribution for the q7 — Z° — 7777 — ITI= p,
process (PYTHIA). The fractions z,, of 7 energy carried by each charged lepton
are reconstructed assuming that the two [= are coming from a 7 decay (i.e. using
the equations 7.3).

, WBF: qq — qq H - qq W'W = jj llvy

e t T T BTt I - £
DA, e T

F+ +

Figure 7.13: Same as figure 7.12, but for the signal process H — WW — [Tvi~p.
In this case, the wrong assumption of 7 decays leads to negative z, ,-values,
which are without any physical meaning.
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Figure 7.14: PYTHIA-reconstruction of m,, (using equation 7.4): in contrast to
the signal H — WW — Itvi~p (My = 160 GeV), the background process
Z% — 777 = 171~ ¢, peaks at my.

and for other backgrounds, the collinear approximation used in equation 7.1 is
almost never valid, because the Ws receive modest boosts and the W mass is
much larger than the 7 one, giving rise to larger opening angles between the
produced I’s and v’s. Therefore, for about 95% of the signal events, an attempt
to reconstruct the 7 momenta results in x, , values without physical meaning
(see figure 7.13). Even when both z , are positive, the reconstructed m,, does
not peak at my, as shown in figure 7.14. Thus, by vetoing events consistent with
7% — 77 decays :

x>0, x, >0, Im,, —mz| < 25GeV, (X)

the 77 background is strongly reduced.

Up to now, all the cuts are perfectly consistent with a signal selection with two
different lepton flavors, that is H — WW — e=uT p,. In reference [25] (i.e. in
the analysis which focused on the Higgs mass domain 150 GeV < My < 200 GeV)
the “same flavor” cases were not taken into account. The analysis is extended
by including these events as well (doubling the statistics). For this purpose, the
same minimum my and missing p; cuts as for 110 GeV < My < 140 GeV is used.
If one wants to include also the eTe™ #, and putu~ ¥, signatures, a minimum my
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7.2 Event selection

cut is needed in order to get rid of the large v* — Il background:
my > 10 GeV. (X|)

To reject (155 events, where the missing transverse momentum is generated by
detector effects, an additional cut on p, is used:

#, > 30 GeV. (XI1)
Finally, the reconstructed my should not be compatible with m:
|my —myz| > 10 GeV. (XI)

To summarize, for Higgs masses between 140 and 200 GeV and for events with
two different flavor leptons, the same cuts I-X as in the original study are used
[25)%, while to include also the same flavor cases three additional cuts XI-XIII are
used.

7.2.2 110 GeV < My < 140 GeV

For this lower Higgs mass domain, the selection criteria given in reference [26]
are followed. The first part of the cuts are very similar to the previous case, with
some minor modifications required by the different event kinematics:

pr; =20 GeV, [n;| <45, AR;; > 0.6, (i)
Py, =20 GeV, py, > 10GeV, |n] <25, ARy > 1.7, (i)
Njpin T 0.6 <1y 5 < Njpa, — 0.6, (iii)
Mir My < 0, (iv)
Atags = [1j — 15| 2 4.2, (v)
Dty > 20 Geva Nimin < Mo < Mjmaz> (Vi)
mj; > 600 GeV, (vii)
my < 60 GeV, ¢y < 140°, (viii)
with a veto for events consistent with:
Ty >0, m;, >0, msr > myz — 25 GeV. (ix)

Clearly, in order to identify a possible Higgs boson, the reconstruction of the
mass distribution would be desirable. However, the leptonic decay of the two W
bosons to electrons or muons implies the presence of two neutrinos (i.e., even
with some restrictive assumptions, it would not be possible to reconstruct the
Higgs mass without a two-fold ambiguity).

2Except for the smaller |n|-acceptance for jets (cut I).
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WBF: qq — H — qq W'W = jj Ivlv
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Figure 7.15: PYTHIA simulation of the transverse mass distribution of the
dilepton-p; system, for a Higgs boson of mass My = 115, 140, 170 and 200
GeV (events with 2 jets and 2 isolated leptons have been selected).

Anyhow, we can instead reconstruct the transverse mass My of the [l p; system
(using the threshold relationship m,, & my, which is justified by the very small
W momenta in the Higgs frame):

Mz(ll ;) = \/(Et + Euu)? — (Prut Be)? (7.5)

where the two transverse energies are defined as follow:

By =P +mj and Eyy=\/pj,+mj. (7.6)

The transverse mass distribution for four different Higgs masses is shown in figure
7.15. Above the threshold for the H — WW process, the relationship m,, = my
becomes only a rough approximation and a broadening of the Higgs mass peak
can be clearly observed. Nevertheless the signal is largely concentrated in the
region

50 GeV < Mp(ll ) < My + 20 GeV, (x)

and a good improvement of the signal significance is obtained by selecting only
events in this mass region.
After all previous cuts, a large contribution to the total background is given by
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7.2 Event selection

WWyiy =y

cuts QCD | EW | QCD | EW
i-x || 1.04 1.9 20.8 [ 0.26 [0.19] 0.67 [ 0.118
xi || 0.93 1.65 0.48 | 023 [0.17 | 0.11 | 0.026
xii || 0.92 1.64 [0.013] 0.23 [0.17] 0.10 | 0.024

Hijj || tt+ jets | bbjj

Table 7.2: Parton level cross sections o x BR(H — e*u¥T p,;) for a signal with
My = 115 GeV and for the corresponding backgrounds. The values are given in
fb and are taken from reference [26].

bbjj events (see table 7.2). It arises from semi-leptonic b — clv decays in which
the charm quark and other possible hadronization products carry only little en-
ergy. As proposed in reference [26], an efficient way to eliminate this background
(and also part of the surviving 777 events), is to exploit the correlations be-
tween lepton azimuthal angles and the reconstructed Higgs transverse momentum
Perr = |Pei, +Pii,+ Py|. For the background processes bb and 7+7~, the neutrinos
are emitted almost parallel to the observed charged lepton. This means that the
Pi-vector will probably lie between the p;-vectors of the two charged leptons and,
hence, P, and p:y = Pt1, + Pri, Will be approximately parallel to each other. In
the Higgs rest frame, due to the anti-correlation of the W spins and to the V-A
structure of the W-fermion coupling, the two leptons are preferentially emitted
in the same direction with the neutrinos recoiling against the //-system.

These differences can be exploited by using the azimuthal angle A¢(ll, #;) be-
tween py and p;. The bbjj and 7755 backgrounds favor small angles, while in
the signal the separation between dilepton and p; is large, except when these
decay products are boosted by a large Higgs transverse momentum.

These correlations can be clearly seen in the scatter plots of figures 7.16-7.183.
By imposing the so-called "contour-cut’ (i.e. by eliminating the events below the
line shown in the figures), one can effectively get rid of these backgrounds without
seriously affecting the signal (see table 7.2):

[¢] o

1
“pe > 180°, 12 A¢(ll, ﬂt) + —— - pem > 360°, (XI)

15
A¢(H7 %t) + Gev

GeV

with A¢(ll, #,) in degrees and p;y measured in GeV.

This ’contour-cut’ should also eliminate part of the background which arises
from mismeasurements in the detector: in that case the missing p; is small and
uncorrelated to the lepton direction.

After the last cut, the remaining bbjj events are characterized by the softness

30ne has to proceed cautiously with the PYTHIA simulation shown in figure 7.16, since the
results are given without the previous cuts. However, these cuts do not seem to produce relevant
changes (see [26]).
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Chapter 7: Observing light Standard Model Higgs through weak boson fusion...

of their missing p;. Moreover, their “p;z” (that is the transverse momentum of
the jet sum) is also small in comparison with real ¢¢H events. Therefore, a large
fraction of this background can be eliminated by imposing:

#, > 20 GeV, provided that pgz < 50 GeV. (xii)

It has to be pointed out, that the cuts x-xii are only used for the lower Higgs
mass domain 110 GeV < My < 140 GeV.
Finally, to include also the “same-flavor” final states eTe™ §, and u™u~ #;, the

following cuts are used?:
my > 10 GeV, (xiii)

#, > 30 GeV. (xiv)

300 1
p(t7) 250 GeV

100

50

AN TN MR S
100 120 140 160 180

Ay (IL,p)

Figure 7.16: Z%q/g) — 77(jets) (PYTHIA): py,, as a function of the az-
imuthal angle between dilepton and missing transverse momenta (A¢(ll, p,)).
The boosted 7’s give rise to a lepton and a neutrino which are almost parallel
to each other. Consequently, I/ system and p, are also parallel. For the signal,
this is valid only for large p ., (~ pijy). Therefore, by selecting the events above
the line, one can get rid of this background (the same arguments are valid also
for the bb background). In order to tune the simulation to the relevant events, a
minimal cut of 50 GeV on the Z%p, was imposed (otherwise the only constraints
are to have 2 isolated leptons and at least one jet in the event).

4The invariant mass cut viii (my < 60 GeV) already eliminated the leptonic Z decays.
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Figure 7.17: qqH — qqgWW — jjlviv (PYTHIA): p;y as a function of the az-
imuthal angle between dilepton momentum and missing transverse momentum

(Aé(lL, #,)). Only events above the line are selected by cut xi.
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Figure 7.18: Same as figure 7.17, but after the cuts i-x. The cut xi selects only

events above the line.
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Figure 7.19: PYTHIA simulation of the n-separation between the two tagging jets.
The figure shows the distribution for the signal (Mg = 260 GeV) and for the
background processes tt — qqgWW — jjlviv and ¢;@, ;9 — Z + jets.

7.2.3 200 GeV < My < 300 GeV

Similar cuts are used to extend the analysis into the 200-300 GeV mass range:

pe; = 20 GeV, [n;| < 4.5, AR;; > 0.7, (i)
py =20 GeV, ] <25, AR; > 1.5, (if)
Njmin T 0.7 <My < Njpaw — 0.7, (ii)

M N < 0 (iv)

As for the previous mass ranges, a wide separation in pseudorapidity between the
tagging jets is required:

ANtags = |1j, — Mja| = 4.6, (v)

For the signal and two important backgrounds, the expected A, distribution

is shown in figure 7.19.
Figure 7.20 shows the mass distribution of the jj-system, which has to be larger
than:

mg; > 650 GeV. (Vi)

Also in this case, the background processes tt — qqgWW — jjlviv and ¢, qig —
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qqH — qq WW — jj Ivlv
, tt — bb WW — jj Ivlv
6 G, qg —> Z+ jets

i

1/6.do/dm..

m; [ GeV ]

Figure 7.20: PYTHIA simulation of the mass of the tagging jet system (after cut v).
The two background processes tt — qgWW — jjlviv and ¢q, ¢;9 — Z + jels
have generally smaller m;;-values in comparison with the weak boson fusion signal
(Mg = 260 GeV).

Z+ jets give rise to smaller m;;-values in comparison with the q¢H — qqgWW —

jj lvly signal.
tt+ jets events are further suppressed by vetoing additional b-jets consistent with:

Py > 20GeV,  n; <y < Njas - (vii)

For the background processes q7 — WW — Il §, and t& — jjlviv, the spatial
distance between leptons is larger than for the signal (see figure 7.21). This
feature is exploited using:

costy > 0.2, ARy <3.2. (viii)

In addition, the my and py, , regions are selected according to:
50 GeV < my <200 GeV, p, , <150 GeV. (ix)

To suppress Z — 77 decays, we veto any event consistent with:

Ty >0, x>0, |m; —mz| <25GeV. (x)
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251 qqH — qq WW — jj vlv
i tt — bb WW — jj Ivlv
20l qgq —> WW = 1 p,

1/c-dc/dAR;,

S

15 2 25 3
AR"

i
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Figure 7.21: Spatial distance ARy = +/An} + A¢7 between the two leptons
produced in the Higgs signal and in the background processes ¢q¢g — WW — Il #;
and ¢t — jjlvly (PYTHIA). The cuts i-vii have been applied (My = 260 GeV).

12 aqH — qq WW = jj Ivlv

qq, q¢ — Z + jets

10

©
T

1/c. do/dp,

o 40 60 80 100
P, [ GeV ]

Figure 7.22: For ete™ and pu*pu~ events: expected missing transverse momentum
for the Higgs signal (My = 260 GeV) and the ¢,G;, ¢;9 — Z + jets background
process (after cuts i-x, simulated with PYTHIA).

148



7.2 Event selection

30 ! qqH - qq WW = jj Iviv
qq, Qg — Z + jets
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Figure 7.23: PYTHIA simulation of the dilepton mass distribution after cuts i-x.
Only ete™ g, and ptpu~ p, final states are shown (Mg = 260 GeV).

WBF: qq > H— qq W'W = jj Ivlv

> o2k EEm, =220 GeV
Q Elm,, = 260 GeV
< [y =300 GeV

200 250 300 350 400 450
M.l p) [ GeV]

Figure 7.24: PYTHIA simulation of the transverse mass distribution of the
dilepton-p; system, for a Higgs boson of mass My = 220, 260 and 300 GeV

(after cuts i-xii).
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The “same-flavor” final states ete™ P, and ptu~ g, are selected with the addi-
tional cuts:

¥, > 30 GeV, (xi)
|my —my| > 10 GeV. (xii)

These latter selection cuts allow a very effective suppression of ¢;§;, ¢;g — Z+jets
events, as shown in figures 7.22 and 7.23.

Finally, the transverse mass My (Il p;) should be approximately consistent with
the Higgs mass (see figure 7.24):

M
My — (TH +25) GeV < My(ll #;) < My + 100 GeV. (xiii)

7.3 Results

Our PYTHIA analysis follows a series of kinematic cuts proposed in references [25]
and [26]. Similarly to these studies, the signatures are analyzed at parton-level.
In addition, also the full showering process, initial state radiation and the detec-
tor acceptance are included, allowing the analysis at several levels. Following this
procedure, we can obtain informations regarding the efficiency for the identifica-
tion and reconstruction of leptons and jets, as reported in section 3.3.2. Efficiency
factors have also been taken into account in both studies [25] and [26], but were
found to be too optimistic by a complete “hadronization” study and with a more
realistic detector set-up.

As was pointed out at the beginning of this chapter, not all the main backgrounds
relevant to the qqg — gqH signal are included in the PYTHIA program, precluding
the possibility to perform a complete visibility study with this generator. In or-
der to overcome this problem, for the signal the idea is to use the cross section
obtained from the PYTHIA analysis, while for the background we take the results
given in the two above listed references and we use the efficiency factors we get
in our PYTHIA analysis of the signal. In other words, we eliminate the €. ;, €iso.
given in references [25, 26] and we multiply instead the background cross sections
by our €, ;, €ig0.1 values.

All the PYTHIA cross sections given in this chapter have been corrected with the
“K-factors” given in reference [105], which include the NLO corrections for the SM
Higgs production o(¢7 — qgH) and for the branching ratios BR(H — WW®)).

7.3.1 110 GeV < My < 200 GeV: PYTHIA vs. original stud-
ies [25, 26]

For a 160 GeV Higgs, the behavior of the cross sections through the selection
cuts is listed on table 7.3. These values cover only the different lepton flavor case
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2 isolated | forward jet | m;; & | real T
selection cuts || oxBR | leptons & | tagging “V-A” | rejection
>2 jets I-VI VII-IX X
R&Z [25] ~125 - 17.1 11.8 11.4
PYTHIA 125.6 37.6 14.8 10.5 10.0
parton level
PYTRIA -l po56 | 143 6.6 4.0 3.9
full showering

Table 7.3: Signal rates (in fb) for different selection cuts (My = 160 GeV). In
the first line we report the results given in reference [25] for the process q¢H —
qq@WW — jjetuT ¢, (labeled as "R&Z”). For our PYTHIA analysis we show the
results obtained either at parton level or after the hadronization.

H = WW — e*u¥ ¥,

The first important result is the good agreement (within a 15% difference) be-
tween the parton level® cross sections given by PYTHIAS and the original simula-
tions of reference [25]. On the other hand, if one reconstructs jets and leptons
starting from the “detectable” particles, the cross sections drop to about 1/3 of
the parton level ones. In the previous analysis [25, 26], these “showering” and
“detector” effects were taken into account by multiplying the cross sections by
the following factors:

1) an efficiency factor €minijet veto for the “minijet veto””,
2) one factor €, ; for the lepton identification efficiency (used only for My <
140 GeV),

3) and a last one (€. ;) for the reconstruction efficiency of the tagging jets.

After these factors are applied, the obtained signal cross sections are given in
the last column of the table 7.4. This value (7.5 fb) is still about twice as large
compared to our “full showering” result (3.9 fb). In other words, we obtain
smaller values for the different efficiency factors!

The strategy is then to use these different efficiencies in order to obtain new values
also for the background. For the “minijet veto” we rely on the factors given in
the references [25, 26]. This choice is justified by the fact that these values

5

i.e. obtained by using directly the kinematics of the partons shown on figure 7.2.

bIn this case we used the same higher bound in the jet pseudorapidity as in reference [25],
i-€. |1|maz=5.

"This factor simulated the probability to survive the cut which eliminates events with other
central low-p; jets (arising from soft gluon radiation).
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all selection cuts | minijet veto tag .ID

efficiency
qqH — qqWW — jjeTuT p, 11.4 10.1 7.5
tt (+jets) 5.1 1.48 1.1

Table 7.4: Rates (in fb) given in reference [25] for the signal process (My =
160 GeV) and the ¢i-background. The values are given before and after the
application of the different efficiency factors.

vary strongly among the different processes and depend on the gluon radiation
patterns.

In contrast to the “minijet veto”, the remaining efficiency factors should be more
stable among the signal and the different backgrounds. The reason is simple:
after all selection cuts, the lepton and jet kinematics should be very similar for
both signal and backgrounds.

For the remaining efficiency factors, the previous studies gave: e,y ; = 0.74 (for
My > 140 GeV®) and €50, - €ag.; = 0.67 (for My < 140 GeV). We eliminate
them and we multiply instead the background cross sections by our values. These
latters are obtained by first multiplying our signal cross section at parton level
by the “minijet veto” efficiency. For a 160 GeV Higgs we get:

10.1 b
114 fb

10.0 b - €minijet veto = 10.0 fb - = 8.9 fb, (7.7)
Then by comparing the obtained value with our “full showering” signal cross
section:

3.9 fb -
€iso.l * €tag.j — m = 0.44. ((8)

This efficiency factor is what we obtain from the combination of our lepton iso-
lation and jet tagging efficiencies. We have to point out that, for the high mass
domain 140-200 GeV and compared to ref. [25], we changed the maximal jet |7
from 5 to 4.5. However, for our “parton level” PYTHIA analysis, we kept the old
value in order to reproduce the original study. As we use the ratio between our
“parton level” and “full showering” results to obtain the correct efficiency (see
equation 7.8), the €, ; in this case includes also the change in pseudorapidity
and a part of the efficiency loss is to be ascribed to the different n-acceptance.
One could argue, that the jet pseudorapidity distributions of signal and QCD
background are different and therefore one should be careful in multiplying the
background by this factor. For My < 140 GeV, the n;-acceptance in reference

8No efficiency for the lepton selection was given in reference [25].
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[26] is instead identical to ours.
If we multiply the obtained efficiency factor with, for example, the ¢ + jets cross
section given in reference [25] after the minijet cut, we obtain:

1.48 b - €150,/ 4 tag. ; = 0.65 b (7.9)

This is “our” tt+jets background value, which substitutes the “R&Z” one given in
table 7.4. The same procedure has to be followed for all background contributions.

R& Z PYTHIA signal
selection cuts signal | ¥ B’s || parton level | full showering
o xBR - - 14.3 14.3
2 isolated
wotated: i i 8.42 5.06
leptons & >2 jets
forwar.d ?agging ) ) 5 49 1.54
i-vi
mij & "V-AT ; ; 1.93 0.89
vii-viii
T rejection & my(WW) 908 L56 071
iX-X . . .
Ag(ll &
oL P, & |y gy | 1.40 0.63
Xi-xii
fl
mane Taver 156 | - 1.21 0.54
xiii-xiv
€minijet veto 1.41 1.4
€tag j & €iso 1 0.94 0.94

Table 7.5: Cross section rates (in fb) for different selection cuts, for the Higgs
signal (Mpy = 115 GeV) and for the total background. In the first two columns
we report the results given in reference [26] for the process H — WW — [T y,
(labeled as "R&Z”). For our “PYTHIA” analysis we show the signal rates obtained
either at parton level or after the hadronization. The "R&Z” values reported in
the bottom lines were obtained by multiplying the cross sections by the different
efficiency factors given in reference [26].
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For My < 140 GeV we proceed in the same way, but in this case we take advan-
tage from the identical upper |7;|-bounds used either in the reference study [26]
and in our analysis. In table 7.5, for instance, we show the results obtained with
a 115 GeV Higgs and by taking the et T, efeT and p*pF decays into account.
The background rates given in ref. [26] are also reported. In this case, the par-
ton level cross sections obtained with PYTHIA (reported in the third column) are
already about 20-25% smaller (depending on the cut) than the “R&Z” ones (see
first column). Starting instead from the “detectable” particles, after all cuts the
PYTHIA result drops then to 0.54 fb, that is 0.54/0.94 = 57% of the rate given in
ref. [26] after applying the efficiency factors (see last line in table 7.5).

signal 3 backgrounds g?;l::sdsifg fl f(ii;a?crea
MH R&7Z | PYTHIA || R&Z | PYTHIA || R&Z PYTHIA
[GeV] || [fb] | [fb] [tb] | [fb] | [~ [fb~"]
110 0.51 0.27 0.82 0.61 95 210
115 0.94 0.54 0.94 0.70 35 60
120 1.62 0.92 1.04 0.77 15 23
125 2.5 1.46 1.15 0.86 8 14
130 3.7 2.2 1.27 0.95 4 8
140 6.1 3.8 1.5 1.1 2 3.7
150 4.8 4.6 1.2 1.4 2.7 3.1
160 7.5 7.1 1.6 1.9 1.7 1.9
170 7.3 7.3 1.6 1.9 1.5 1.8
180 6.0 6.2 1.5 1.8 2.2 2.2
190 4.2 4.4 1.6 1.9 3.7 3.9
200 3.3 3.45 1.6 1.9 6.2 5.7

Table 7.6: Comparison between our PYTHIA analysis and the expected cross sec-
tions given in references [26] and [25] (labeled “R&Z”). The PYTHIA results include
also same flavor decays, while for the “R&Z” analysis this is valid only up to 140
GeV. In the last columns we report the minimal integrated luminosity required
for a bo signal (using Poisson statistics).
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Following the same procedure as for a 160 GeV Higgs, we obtain an efficiency
€iso.l * €tag.j = 0.0. If we multiply the total “R&Z” background (after the “minijet
veto”) by this factor, we get a rate of 0.7 fb, which is the value for the background
that we use to obtain the signal significance.

For the Higgs mass ranges 110 GeV < My < 200 GeV, the results are summarized
in table 7.6. The PYTHIA background has been extracted from the “R&Z” one,
as explained before for a 115 and a 160 GeV Higgs.

However, an additional remark has to be made: for the 140 GeV < My <
200 GeV domain, we include also the “same flavor” WW decays to ever and
puvpy, which were instead excluded in the original study [25]. In order to obtain
the correct rates, we multiply the background cross sections given in [25] by
the same factor which differentiates the “different flavor” and the “both flavors”
backgrounds in the other study [26] at lower Higgs masses. This factor appears
to be very stable, with values oscillating between 1.9 and 1.92°.

In the last two columns of table 7.6, the minimal integrated luminosity required
for a 50 signal (using Poisson statistics) is listed for both the original reference
[25, 26] and our PYTHIA studies.

For Higgs masses below 140 GeV, the “50” luminosities given in our PYTHIA
simulations are about a factor 2 larger than the ones from reference [26]. For
higher masses, the inclusion of the “same flavor” decays in our PYTHIA analysis
compensates essentially the efficiency loss.

Why PYTHIA produces lower rates?

What is the source of the discrepancy in efficiency between the previous works
[25, 26] and our PYTHIA studies? Part of the loss appears already by comparing
our parton level study with the “R&Z” cross sections: the PYTHIA expectations
are about 15-25% smaller. The difference between a parton level and a “full
showering” analysis has to be accounted for the remaining loss.

As can be observed in both tables 7.5 and 7.9, the 1 to 2 ratio between “full
showering” and parton level cross sections is already present in events with two
isolated leptons and two or more jets, i.e. before the selection cuts. Thus, once
leptons and jets have been selected, the “full showering” events pass through
the cuts with about the same efficiency as the parton level ones. One could
therefore conclude that the source of the different efficiency lies only in the lepton
and jet reconstruction phase prior to the selection cuts. However, this simple
analysis seems not to be accurate enough. In fact, there are several factors which
contribute to the difference between a “parton level” and a “full hadronization”
analysis. In section 3.3.2 we described the algorithms for the selection of isolated
leptons and for the reconstruction of jets. For instance, before any other selection
cut, the probability that both leptons are isolated in a gq¢ — qq¢H — qqW W event

9We do not expect this value to change much, since the additional cuts added in order to
include the “same flavor” cases are nearly the same in both studies.
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Figure 7.25: Transverse momentum of tagging quarks and reconstructed jets in
qq — qqH — qqgWW events.

is about 60% (and is stable for the mass range 110 GeV < My < 300 GeV). If we
require in addition the presence of at least two jets, this probability increase to
more than 70%. Finally, after all selection cuts, in about 97% of the events both
leptons are consistent with our isolation criteria! The reason of this increased
efficiency is simple: the cuts favor the selection of high-p; leptons which are
well separated to other objects. Thus, after all cuts, both leptons are mostly
automatically isolated.

Coming back to the ratio oy showering/Tpartonlevel = 0.5 observed at the beginning
of the event selection, we can assert that, if the lepton isolation contributes with
a 0.7 factor, the selection of two or more reconstructed jets has to be accounted
for about the same contribution, i.e.

€tot 0.5 _

= ot 2007
Cets =TT T 07

Through the different cuts, the importance of the lepton efficiency drops, but this
change is compensate by a smaller efficiency for the jet reconstruction, leading to
the observed stability for the ratio gy showering/Tpartonievel- At the end of the se-
lection, the lepton isolation plays only a negligible role and the efficiency depends
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instead almost only on the difference between tagging quarks and reconstructed
jets.

In figure 7.25, the transverse momentum distribution of tagging quarks and re-
constructed jets is shown in case that 2 isolated leptons have been selected (for
My = 115 GeV). After the hadronization, the presence of quarks and gluons
outside the pseudorapidity or p; acceptance (and, eventually, of some invisible
contribution) gives rise to reconstructed jets with smaller p; in comparison with
the original quarks. Therefore, the probability for these events to survive the
cuts becomes smaller than in a “parton level” analysis.

In addition, before the cuts, about 20% of the events have 3 or more jets (either
coming from tagging quarks which split into several jets or else arising from other
partons). As shown in figure 7.25, in this case the p; of the reconstructed jets
is much smaller than those of the tagging quarks. Furthermore, the cuts VI or
vi (depending on the mass domain) eliminate all the events with additional jets
lying between the tagging jets.

WBF: qq > H - qq W'W = jj llvv

100
hard criteria: AR%< 0.025, A}‘)’f"% 0.1
B t
80 = soft criteria: ART< 0.1, A{‘)’tj‘k 0.25
L 31
2 [LZ1+ additional cuts: pa> 50 GeV, % < 3.5
h L
S 60}
s | After all selection cuts
=1)]
= =
) N
a0k
~ |
o b
SN
20| -
L L
=
B Coponrt
0 i 4 TN S oS N T T
0 05 1 15 2 25 3 35

# reconstr. jets compatible with an original tagging q

Figure 7.26: q¢ — qqH — qqWW: by applying all selection cuts I-XIIl, the his-
tograms show the percentages of tagging quarks, whose kinematics is compatible
with, respectively, 0, 1, 2 or 3 reconstructed jets after the hadronization. The
percentages are calculated for three different sets of criteria.
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Figure 7.26 shows, starting from each tagging quark, the number!® of recon-
structed jets which are found within a maximal AR and Ap,/p, (after all cuts).
For only about 35% of the tagging quarks (and thus 0.35% ~ 10% of the events),
one finds a reconstructed jet which is compatible with AR < 1 and Ap,/p; < 0.25.
This means that a large fraction of the reconstructed jets do not reproduce ex-
actly the kinematics of the original tagging quarks.

Given the smaller jet-p; observed in the “full showering” analysis and, in general,
the different kinematics of the reconstructed jets in comparison with the tagging
quarks, the “full showering” events are more likely eliminated by the different
selection cuts as the “parton level” ones. Therefore, the jet efficiency factor €;q
decreases from 0.7 before the cuts to about 0.5 at the end of the selection.

7.3.2 110 GeV < My < 200 GeV: a full PYTHIA analysis

The results presented in section 7.3.1 are based on the backgrounds given in
references [25, 26]. As for the 200 GeV < My < 300 GeV mass domain (see
next section), we perform the full analysis with PYTHIA also for masses between
110 and 200 GeV, keeping in mind that an important source of background,
namely the tf + jet(s), is not properly included in this Monte Carlo generator.
These events arise from QCD corrections to the basic ¢t-production, which lead
to additional hard parton emissions:

g9 — ttq, gq — ttq, qd —ttg, gg— tig,

and similarly for ¢£jj subprocesses. The omission of these higher order processes
affects to some extent the completeness of this study and our analysis should be
repeated, once more accurate estimates of this background will be available.

As background, we take the following signatures into account:

(a) @@, g9 = tt > WbWb — jjlviv
(b) @@ = WW =1l #

(¢) 4G, 49 — Z + jels

(d) 4igj — ag;WW — jjll py

(e) @y — qq;(W, Z2)Z — jjl)

The simulations include “same flavor” decays and multiple interactions'!. Fur-
thermore, also W — 7v decays are included.

10Tf this number is equal or larger than 2, it means that the original tagging quark is com-
patible with a combination of several jets (i.e. the quark splits into two or more jets).

HThe so called “Minimum Bias Events”. We use the simplest (default) scenario, with an
abrupt py,,;, cut-off by 1.4 GeV [106].
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qqH signal tt background Y B’s || required [ £ dt
My || parton full parton full er éﬁ50-Gauss
level | showering || level | showering sighilicance

Gevi | m | ) | m | [ || [ 1]
110 0.62 0.31 730
115 1.22 0.61 202
120 2.09 1.07 65
125 || 336 | 1.71 0-39 1.96 ~3 5
130 5.00 2.55 19
140 8.47 4.47 6

150 11.6 5.35 6

160 17.9 8.11 5 3 3

170 18.6 8.31 ‘ 3

m0 [ 157 | 7 | | P ;

190 11.1 5.03 5.7 6

200 8.67 4.03 58 19

Table 7.7: PYTHIA expectations for the qgH — qq WW signal, the ¢t background
and the sum of all included backgrounds. In the last columns we report the
minimal integrated luminosity required for a 50 signal (using Poisson statistics).

The results of this “full PYTHIA” study are shown in table 7.7. The ¢f background
is given both at parton level and after the full showering process. In agreement
with the expectations, the parton level value given in reference [25] for My =
160 GeV (5.1 fb, as shown in table 7.4) is larger than the PYTHIA one (0.92 fb).
However, after the application of the “minijet veto” and of the lepton/jet effi-
ciency factors, the remaining ¢f background cross section reported in [25] is only
about 1.1 fb. In our PYTHIA analysis we observe instead an increase and the “full
showering” tf cross section is found to be about a factor of 4 larger, e.g. 4.45
fb. Multiple interactions or minimum bias events contribute only marginally to
this difference and we obtain actually about the same increase also in simulations
where these processes are not included. In table 7.8 we show the rejection powers
of cuts I-IX for the #f background. The goal is to find out to what extent the
“full showering” analysis differs from the parton level one, i.e. if the selection
cuts, which have been developed at parton level, loose part of their effectiveness
when applied on the leptons and jets found in the complete PYTHIA analysis. As
shown in table 7.8, once events with two isolated leptons and at least two jets
have been selected, the parton level PYTHIA cross sections are more than a factor
2 larger than the “full showering” ones. The contribution given by events with
more than 2 jets is similar to those with exactly 2 jets.
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PYTHIA
selection cuts R&Z full showering
parton level
2 jets > 2 jets | = 2 jets
2 isolated leptons
& =2 jets - 16130 3898 + 2998 | = 6897
n & p; - 79% - % 96%
-1 - 12797 3729 -
hemisphere - 4.5% - 4.9%
Mn-1v - 570 183 -
Alags - 7.0% - 15%
Vv 1080 39.8 26.9 -
m;j - 18% - 43%
Vile - 7.1 11.6 + 195.5 | = 207.1
bjets
Vié 64 7.1 11.6 +64 | =18.1
"V-A” - 17% - 35%
VIII - 1.2 3.7 +26 | =63
Pte & My
IX 5.5 1.2 3.5 +25 | =6.0

Table 7.8: Rejection power of cuts I-1X against the ¢# background. All the cross
section values are given in fb. The arrows indicate the percentage of events given
in the preceding rows which survive the corresponding cut.

°In this table, we inverted the order of cuts VI and VII, because the first one has no effect
on the PYTHIA 2-jet events, while cuts |-V and VII are used in our analysis to select the tagging
jets in events with more than 2 jets.

As indicated in percentage, the “full showering” events pass more easily through
the first cuts I-1l in comparison to the parton level events. This difference in effi-
ciency (about 20%) arises mainly from the minimal AR,; and ARj; separations.
This happens because parton level leptons and quarks could still have close di-
rections, while the reconstruction and isolation algorithms gave only leptons and
jets already separated from each other. The “hemisphere” cuts |lII-1V show simi-
lar rejection powers for both parton level and “full showering” events with 2 jets.
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Figure 7.27: PYTHIA expectation of the separation in 1 between the two tagging
jets, which arise in the background process t& — ¢g WW — jjlviv (after cut V).

One observes instead different efficiencies by cut V. In this case, the number of
“full showering” 2-jet events which survive the cut is twice as large as for parton
level events. The related difference in pseudorapidity An between the tagging
jets is shown in figure 7.27. As can be observed, the “full showering” events have
a larger percentage of events above the cut-threshold as the parton level ones.
This results from the presence of other jets besides those arising from top decays.
For “full showering” events, these additional jets can be identified as tagging jets,
while at parton level the two tagging jets coincide always with the two b quarks
coming from the ¢ — Wb decay.

At this level of analysis, the ¢ background cross section given in reference [25]
is about 25 times larger than our parton level oy, as expected from the lack of
higher order QCD ¢t processes in the PYTHIA Monte Carlo.

The larger n-separation between the “full showering” tagging jets (see figure 7.27)
produces also larger m;; values in comparison to the parton level analysis. The
rejection power of cut VIl is therefore much larger at parton level, as shown in
table 7.8.

After cut VII (but without cut VI, for the reason explained in the footnote of table
7.8), the PYTHIA cross section for events with more than 2 jets is much larger than
the 2-jet one. The two b-quarks coming from the ¢t — Wb decay can split into two
or more jets and eventually other jets can arise from initial state radiation. The
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Figure 7.28: PYTHIA expectation for the cosine of the polar angle between the
two leptons. These tf — qgWW — jjlviv background events are shown after
cut VII. The request for high-mass dijets (cuts V and VII) should force the two
leptons coming from the ¢t — Wb — v jet decays to be well separated. At parton
level, since both jets are directly identified with the two b quarks, this constrain is
always successful. It is instead no longer valid in the “full showering” analysis if
one of the two tagging jets comes from initial state radiation or from underlying
events. In this case, the b jets, and thus the two leptons, can have close directions.

soft radiation processes present in PYTHIA reproduce to some extent the “soft”
part of the next-to-leading order tf processes. Therefore, in one sense, the “full
showering” analysis includes also part of the higher order diagrams present in the
original study [25], while our parton level results are limited to the leading order
diagram. This difference produces the large discrepancy between our “parton
level” and “full showering” analysis.

After having applied cut VI, which eliminates a large fraction of PYTHIA events
with more than 2 jets, the “full showering” cross section is now found to be more
than twice as large as the parton level one. In other words, we have a reversed
situation in comparison to the one observed before the cuts. The tf cross sec-
tion given in ref. [25] is still larger compared to PYTHIA, but the lepton and jet
efficiency as well as the “minijet veto” have not yet been applied. With these
factors (0.74 x 0.29 = 0.21), the “R&Z” value after cut VIl drops to 13.7 fb, that
is already less than the PYTHIA expectation with full showering! The situation
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change further with cut VIII. As shown in table 7.8, the cut eliminates 83% of
the events at parton level, while “only” 65% of “full showering” events are re-
jected. The reason of this different efficiency can be extracted from figure 7.28.
A cut on the cosine of the polar angle between the two leptons seems to be very
efficient at parton level. This happens because the wide opening angle requested
for the tagging jets (through A, > 4.4 and m;; > 650 GeV) forces the two
b-jets to be also well separated and thus the two leptons, which arise from the
t — Wb — lv jet decays, are consequently well separated too. However, if one
of the tagging jets comes from initial state radiation, this constraint disappears
and the amount of “full showering” events which survive the cut becomes clearly
larger.

The rejection power of the cuts proposed in ref. [25] against the ¢ background
is thus found to be too optimistic. The additional emission of partons at initial
state and the hadronization process seem to clearly change the acceptance. After
cut IX and by taking the I’s, jets and “minijet veto” efficiencies into account, the
“R&Z” expectation is 5.5 fb x 0.21 = 1.2 fb, while what we obtain with PYTHIA
is about 6 fb (see table 7.8). Therefore, even if the O(a;s) QCD corrections are
not fully included in PYTHIA, the ¢f background cross section is a factor 5 larger!
Besides the sizeable ¢{ contribution, table 7.7 shows also that the sum of all in-
cluded backgrounds becomes larger with increasing Higgs mass. This is mostly
due to the non-resonant weak boson fusion background (processes (d) and (e)),
which depends strongly on the Higgs mass. Its rate is negligible below My = 190
GeV, whereas it becomes very important above 200 GeV, as shown in the next
section.

Finally, the contribution of the ¢;¢;, ¢;9 — Z + jets background is very difficult
to estimate. The very large cross section implies a large statistical uncertainty
for the predicted number of events from this background process. Furthermore,
this background could get a significant contribution from additional jets in the
underlying events and from “pile-up”!? or detector effects. However, it affects
only the “same flavor” signatures ee and pp and a comparison with the ey rates
should provide a powerful means to control the Z + jets background.

In conclusion, the “full PYTHIA” study presented in this section confirms the ob-
servability of a 130-200 GeV Higgs produced via weak boson fusion. The minimal
integrated luminosity required for a 50 discovery remains below 20 fb=!. How-
ever, the signal to background ratios are found to be clearly smaller in comparison
with the previous expectations [25, 20]. S/B values of the order of 1-1.5 could
be affected by the background uncertainties and consequently limit the discovery
potential of these weak boson fusion signatures. The different rejection powers
against the ¢f background, found at parton level or with the full showering anal-
ysis, put for instance in evidence the need of a more complete PYTHIA-like study,

12Geveral independent hadron-hadron interactions generated in the same bunch-bunch cross-
ing.
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which should also include all O(«,) QCD corrections to the ¢ production.

7.3.3 200 GeV < My < 300 GeV

For a Higgs in the 200 GeV < My < 300 GeV mass domain, we can not com-
pare with previously estimated values. For the background, we include the same
processes (a)-(e) as in section 7.3.2.

The cross section values for the different selection criteria, is reported in table
7.9 for a 260 GeV Higgs and the corresponding backgrounds.

The largest background comes from tf production. As was pointed out in the
previous section, precise estimations of this background would require a “full
showering” analysis, using the complete next-to-leading order diagrams.

signal i |ww | zi | evw g‘;‘l/e‘l/
selection || parton full

cuts level | showering (a) () ©) (d) (e)
o xBR 115.3 115.3 65400 | 8060 | 2.46x10° | 53.17 | 41.45
20+ > 27 || 29.97 15.49 6899 | 25.7 36950 7.89 4.01
i-ii 20.56 10.67¢ 1538¢ | 13.6% | 17840 5.50% | 2.53°%
iii-iv 16.35 8.06° 104.8% | 1.93° 2173¢ 3.88¢ | 1.75%
\4 12.50 6.12¢ 18.0¢ | 0.90* 778¢ 2.76% | 1.26%

vi 11.11 6.35 156.9 | 0.48 564 2.74 1.34
vii 11.11 5.81 11.4 | 0.31 287 2.57 1.18
viii 9.86 5.19 8.5 0.17 263 2.36 1.11
ix 8.43 4.36 5.8 0.10 233 1.95 1.02

x 7.15 3.66 5.0 0.08 117 1.65 0.88
xi-xii 6.15 3.12 4.2 0.07 ~1.5 1.41 0.07
xiii 5.54 2.71 2.9 0.05 ~1 1.23 0.06

Table 7.9: PYTHIA cross sections (in fb) for different analysis cuts, either for a
signal q¢ — qqH, with H - WW — 1l p, (Mg = 260 GeV), or for the different
backgrounds (see text). The signal rates are reported both at parton level and
after the hadronization.

®These values include only events with exactly 2 jets (since the combination of these cuts is
used to select the tagging jets in events with more than 2 jets).
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In fact, already for the PYTHIA results, events with more than two reconstructed
jets have large rates. These events would be further increased once the full higher
order diagrams would be properly included.

After all cuts, the non-resonant weak boson fusion signatures ¢;¢; = ¢;¢;WW —
jjll ¢ produce also a large rate (despite their relatively small cross section).
This is expected, since this process is kinematically very similar to the weak bo-
son fusion signal.

An important source of error arises from the uncertainties related to ¢;q;, ¢;g —
Z + jets processes. Because of the large cross section, the Z + jets productions
are affected by small statistics and by uncertainties related to the presence of
additional jets.

Finally, in table 7.10 we summarize the cross sections obtained after all selec-
tion cuts. The values are given for signal and total background, and give rise to
a bo significance for the integrated luminosity shown in the last column. The
increasing importance of the non-resonant weak boson fusion background is re-
markable. For a 300 GeV Higgs it provides the largest contribution to the overall
background.

required
qqH - . other , J £ dt for a
My signal tt | WW | Zj | qgWW V'V ¥ B’s A
significance
[GeV] || [fb] || [b] | [fb] | [fb] | [b] | [fb] || [fb] [~
220 3.14 || 3.54 | 0.06 | ~1 0.61 0.05 ~5.3 14
240 293 || 3.27 | 0.06 | ~1 0.74 0.05 ~5.1 15
260 2.71 || 290 | 0.05 | ~1 1.23 0.06 ~5.3 16
280 244 | 2.35| 0.03 | ~0.5 | 1.84 0.06 ~4.8 20
300 2.20 || 2.02 | 0.03 | ~0.5 | 2.06 0.07 || ~4.7 24

Table 7.10: Expected signal and background cross sections for 200 GeV < My <
300 GeV. In the last column we report the minimal integrated luminosity required
for a 5o signal (using Gaussian statistics).
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Chapter 7: Observing light Standard Model Higgs through weak boson fusion...

7.4 Required integrated luminosity for a Higgs
discovery: an update

The results given in this chapter contribute to improve the overall discovery
potential for a Standard Model Higgs at LHC. What can be obtained, using
only the weak boson fusion signatures discussed so far, is summarized in figure
7.29. The required luminosity needed to reach a 50 signal is shown either for the
reference studies [25, 26], for our “hybrid” PYTHIA study with modified “R&Z”
backgrounds (results of section 7.3.1) or for the analysis exclusively performed
with PYTHIA (see sections 7.3.2 and 7.3.3).

50 Higgs Signals (statistical errors only)

LHC 14 TeV (SM, Signal with 6, )

qq — qqH —» WW — Ivlv:

wmn Original R&Z studies [ 26,27]

mann PYTHIA with corrected R&Z
backgrounds

-
o

N
;‘;“l“l‘llllllll‘

1413

Full PYTHIA expectations

-
o

Discovery Luminosity [ fb™" ]

'%’4. |“\.§'
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M g5 [ GEV ]

Figure 7.29: Required luminosity for a 50 discovery of a SM Higgs through weak
boson fusion signatures (for 110 GeV < My < 300 GeV). The curve obtained
from ref. [25, 26] has a larger step in comparison with both PYTHIA studies. This
is due to the lack (in [25]) of the “same flavor” ee, up signatures above 140 GeV.
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7.4 Required integrated luminosity for a Higgs discovery: an update

The “step” present in all curves in correspondence with the 140-150 GeV mass
region is due to the switching between the two analysis, which are optimized for,
respectively, the 110 GeV < My < 140 GeV and the 140 GeV < My < 200 GeV
mass domains. The larger step, observable between the reference studies [25] and
[26], is due to the omission of the “same flavor” ee, pu signatures in the 140 GeV
< My < 200 GeV domain. Above 200 GeV, the switch between |-XIIl and i-xiii
cuts produces another “step” in the “full PYTHIA” curve.

Given the absence of next-to-leading order ¢ diagrams in PYTHIA, which lead
to additional hard jet emissions, one would expect larger significances (and thus
smaller discovery luminosities) from the “full PYTHIA” analysis in comparison
with the “hybrid” PYTHIA study, which inherits the NLO ¢{-backgrounds from
references [25, 26]. On the contrary, the required discovery luminosity, obtained
with a full PYTHIA study for both signal and background, is larger, as shown
in figure 7.29. As reported in sections 7.3.2 and 7.3.3, the inclusion of multiple
interactions, initial state radiation and full hadronization process leads actually
to enhanced rates for some backgrounds and, eventually, to the emergence of
new ones. This fact points out the need for an improved analysis, based on
NLO matrix elements with parton shower. Nevertheless, the analysis proposed
in references [25, 26], as well as our PYTHIA extentions and the recent study [24],
show that the weak boson fusion signatures q¢ — qq¢H — WW — [vilv should
provide well visible signals in at least the 115-600 GeV mass region.

As pointed out at the beginning of this chapter, the availability of several Higgs
signatures would allow to extract more informations about the nature of the
Higgs couplings to gauge bosons and fermions. Figure 7.30 shows the updated
status for a Standard Model Higgs discovery at LHC. The different curves are
obtained from PYTHIA simulations and show the required integrated luminosity
for a 50 signal. As can be observed, the additional presence of the new qqH
results allows an Higgs discovery in both Higgs production modes!'? from about
115 GeV up to ~600 GeV and with integrated luminosities of less than 100 fb=.
Moreover, the measurement of the Higgs couplings can be further improved,
if channels with identical decay modes are used (see for instance figure 7.1).
The updated q¢ — qqH — WW — Iviv curve covers practically the whole
mass domain shown in figure 7.30, while the pp — H — WW — [vlv channel,
dominated by the inclusive gg — H Higgs production mode, is restricted to
140 GeV < My < 200 GeV. In this mass region, both channels will provide
well visible signatures with few fb™!! Previous preliminary studies [107] have
suggested the possibility to extend the gg — H — WW — [vlv channel up to
Mg =~ 400 GeV, with equivalent discovery luminosities as the ¢qqg — ggqH one.
However, similarly to the weak boson fusion channel, also the gluon-gluon fusion
signatures suffer from a poor signal to background ratio and are thus sensitive

3For the channels labeled as pp — H —..., the Higgs bosons are mostly produced via gg-
fusion processes.
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Figure 7.30: Required luminosity for a 5o discovery of the SM Higgs at LHC
(PYTHIA).

to possible large background uncertainties. Nevertheless, if the Higgs mass is
in the range of 200 GeV < My < 400 GeV, the Higgs will be probably first
discovered through the H — ZZ — llll channel. This would allow to better
control the signal and background uncertainties for other channels. Both the
g9 — H—>WW — lvlv and q¢ — qqH — WW — lviv signatures could profit
of this knowledge and become visible also in the 200-400 GeV mass domain.
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Chapter 8

Conclusions and outlook

This work focused on the reactions pp — WW W Z, ZZ at LHC. Boson pair
productions with leptonic decays are expected to play a central role for many
measurements which will be performed with the new 14 TeV pp collider.

First of all, the discovery of the exact nature of the electro weak symmetry break-
ing mechanism could likely emerge from a resonant production of dibosons. In
that case, the simplest scenario would be the discovery of a Standard Model Higgs
boson through the H — WW, ZZ decay modes. To ensure the visibility of these
signatures, precise estimations for the signal and for the non-resonant WW and
7 7 backgrounds are mandatory.

Alternatively, in case that no light scalar exists, some new physics should con-
tribute to the normalization of the diboson cross section in the TeV range.
Furthermore, apart for the solution of the symmetry breaking mechanism, these
signatures provide a way to test the vector boson self-interactions, where, for
example, anomalous effects might appear.

The starting point of such analysis will be a comparison of the data with the
Standard Model expectations for the WW, W27 and ZZ cross sections. This is
valid also for many other new physics, which could reveal signatures similar to
diboson events.

In order to achieve a precise estimation of the resonant and non-resonant produc-
tion of dibosons, several experimental and theoretical problems need to be solved.
In this work, some aspects of the overall problematics have been discussed.

First, a new approach to the LHC luminosity measurement was investigated.
In this study it was shown that the pseudorapidity distributions of /*’s originating
from weak boson decays are directly related to the fractional momenta x of quarks
and antiquarks within the protons. The shape and rate of the »; distributions
provide therefore the key to precisely constrain the quark and antiquark structure
functions and to monitor their corresponding luminosities. With the well known
W#* and Z° masses, possible z values of quarks and antiquarks are obtained from
MI%Vi,ZO =51, Tqg, where s = 4F} The product z, - xy at the LHC is thus

beam*
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fixed to &~ 3 x 1075,

A similar approach, using gluon related scattering processes, might eventually
lead to similar accuracies also for the x distribution of gluons.

Once the quark and antiquark luminosities at Q% ~ 10* GeV? and in the z
range between ~ 5 x 107 and 107! are determined, accurate rate predictions
of other ¢q scattering processes are possible. Assuming collisions of essentially
free partons, the production of weak bosons, ud — W+ — (tv, do - W~ —
¢~v and ui(dd) — Z° — (T4~ are in lowest order understood to at least a
percent level. Cross section uncertainties from higher order QCD corrections are
certainly larger, but are obviously included in the measured weak boson event
rates. Similar higher order QCD corrections to other ¢¢ scattering processes at
different ()2, like qg — WHW~, can be expected. Thus, assuming that the ?
dependence can in principle be calculated, very accurate theoretical predictions
for cross section ratios like o(pp — WHW~)/a(pp — W=) should be possible.
For example, the strong correlation between the weak boson pair production and
the single boson production leads to an estimated parton luminosity accuracy at
the +1% level. This should be compared to the often considered optimistic goal
of 5% accuracy.

This ability to monitor the expected rate of diboson events will improve the
potential of LHC for any study which involves the resonant and/or non resonant
production of weak boson pairs.

In the subsequent chapter, the probability for charged pions to be identified
as electrons was investigated using GEANT simulations and test beam results.
If one takes into account the energy left in the electromagnetic calorimeter alone
(i.e. without read-out effects), the probability that a charged pion leaves more
than 95% of its initial energy is about 0.01% for 10 GeV, 0.02% for 20 GeV and
about 0.001% for 50 GeV.
The fraction of electron-like pions is then clearly increased by the so-called “Nu-
clear Counter Effect” within the Avalanche Photo-Diodes. With the expected
value of this effect (= 100 MeV), the probability of a 7% — e* misidentification
appears then to be between 0.2% and 0.01% for pion momenta varying, respec-
tively, between 5 and 50 GeV.
The test beam results collected in 1998 have shown an even larger Nuclear
Counter Effect, which has been qualitatively explained as an effect of the bad
contacts between crystals and APD’s. However these results allowed a compari-
son between simulations and data, confirming the accuracy of the GEANT program
and allowing to study some possible methods which reduce the possibility of a
7% — et confusion. Using the distribution of the deposited energy within the
ECAL and by requiring a small signature within the HCAL, one can eliminate
more than 60% of the “fake” electrons.
Important consequences of the pion-electron misidentification might appear in
the form of new backgrounds for physics channels. For instance, the presence
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of fake electrons, associated with the leptons coming from a real W or Z decay,
could give rise to a new source of background for the WW 6 WZ and ZZ signa-
tures. The size of this background depends strongly on the choice of the lower
p-threshold for the electron selection. Above p; ~ 20 GeV, this background
should be negligible, while for p, ~ 5 GeV the amount of e-like 7=’s is very large
and could seriously compromise the success of a study.

In chapter 6 the WW, W Z and ZZ productions have been analyzed by includ-
ing the complete next-to-leading order corrections. These simulations, computed
with a new parton level Monte Carlo program (DKS), showed an overall cross
sections increase at LHC energies of about a factor 1.5 in comparison with the
LO expectations. However, it was demonstrated that these inclusive K-factors
can be extremely different to K-factors obtained after some typical selection cuts.
In other words, for specific cuts (for instance, searches with high-p, jets, leptons
or J;) the NLO corrections can be much larger. The analysis performed with
the current version of PYTHIA could therefore strongly underestimate the diboson
rates, making this generator unsuited for these simulations.

Finally, in the last chapter a visibility study for a Standard Model Higgs
in the 110 GeV < My < 300 GeV mass range was performed with PYTHIA.
For My < 200 GeV we followed (with some minor modifications) the selection
criteria proposed in the previous studies [25, 26], which were done at parton level.
It was found that the weak boson fusion process, together with the H — W+W - —
IT1~ p; decay mode, permits to achieve a very clean and pure signal. This is
made possible thanks to a multitude of characteristics which distinguish signal
from backgrounds. One of the main features of the q¢ — qgH process is the
presence of two forward tagging jets inside the acceptance of the CMS detec-
tor. Basic properties of these jets are the sizeable p; and the large dijet invariant
mass (~ O(TeV)). Besides the two jets, the signal can rely on the Higgs products,
which consist in two central, isolated and high-p; leptons together with a missing
transverse energy.

This contrasts with the situation for the typical QCD backgrounds, where the
isolated charged leptons and the dijet masses are much softer. Moreover, in these
backgrounds leptons normally arise from W bremsstrahlung off forward scattered
quarks and have thus high rapidities.

On the other hand the EW processes include not only the signal but also the
EW WW 35 production, which proceeds also via weak boson fusion. Despite its
lower cross section compared to the QCD processes, the kinematical similarities
with the signal make these non-resonant weak boson fusion events a dangerous
background.

The study resulted in a required integrated luminosity for a 50 discovery which
ranges from 3 b1, for a 170 GeV Higgs, up to about 25 fb~!, for My = 125 or
300 GeV.

These results need eventually to be confirmed by further analysis, as soon as
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more precise background expectations will be available. Particularly, higher or-
der corrections to the basic pp — tf process, which lead to additional real parton
emissions (i.e. to additional jets), are expected to give the largest background
contribution. In PYTHIA, only the “soft” part of these tf + jet(s) processes are
included. Another important source of error arises then from the uncertainties
related to ¢;q;, ;9 — Z + jets processes. Their very large cross section implies
a large statistical uncertainty for our simulation. Moreover, the Z + jet(s) back-
ground could be enhanced by the presence of additional jets (from underlying
events, “pile-up” or detector effects). However, it affects only the ee and pu
signatures and a comparison with the ey cross section should provide a powerful
tool to control this background.

The availability of more than one channel, in which a Higgs could show up, allows
a deeper understanding of the Higgs properties. For instance, the fact that both
the weak boson fusion and the gluon fusion production modes are well visible be-
tween 140 and 200 GeV, assures a determination of the Higgs couplings to gauge
bosons and fermions with an accuracy at the 15% level (with 100 fb~! integrated
luminosities).

In the coming years, many problems will still have to be solved in order to
fully exploit the weak boson pair signatures at LHC. What has been studied here
could serve as incentive for further investigations. For instance, in this work we
always made use of fast physics and detector simulations. In general, to improve
the accuracy of the different studies, one could instead use (wherever possible)
full detector simulations, which would eventually include also higher order QCD
corrections to the involved physics processes, minimum bias events, pile-up effects
and so on.

Regarding the method to monitor the parton luminosities presented in chapter 4,
the achievable statistical accuracy will be probably better than the present the-
oretical uncertainties. The possibility to measure the x distributions of sea and
valence quarks and the corresponding luminosities within £1% should therefore
encourage our theoretical colleagues to match this experimental accuracy.

In the study about the 7 — e* confusion, it was shown that new kind of back-
grounds could emerge from this misidentification. However, to obtain more pre-
cise estimations, the knowledge of exact amount of the Nuclear Counter Effect,
as well as its effects on the ECAL response, should be improved. A full detector
simulation, which would include the magnetic field, could also answer some ques-
tions related to Bremsstrahlung effects, which affect the electron identification.
In addition, possible consequences for the whole data acquisition chain, by the
different trigger levels, should also be investigated in detail.

The study concerning the NLO diboson productions (chapter 6) points out the
need of important corrections for some PYTHIA motivated cuts. This is especially
important, since a complete multi-jet or no-jet simulation of the WW W Z and
ZZ productions at O(ay) is essential for many physics studies. All the analysis
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which are affected by large NLO corrections will have then to be repeated, once
more precise simulation tools will be available!

Finally, the Higgs signatures discussed in the last chapter rely on the presence of
two forward jets. In the future, the jet reconstruction algorithm could be tested
with more realistic simulation tools. Furthermore, the uncertainties related to
some backgrounds are large and need to be reduced by additional analysis. For
example, the implementation of NLO diagrams for the ¢f + jets production and
studies with larger statistical accuracy of the Z + jet(s) background will provide
a more precise estimation of the signal significance.

The final message could be that, even after having discussed all problems related
to the diboson production, one should nevertheless be ready for surprises!
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Appendix A

Hardware related topics

Almost all the arguments discussed in this work are related to physics simulations.
Chapter 5 represents the only exception: simulations of the energy deposited in a
simple ECAL set-up by charged pions and electrons are compared with test beam
data collected in 1998 and 1999. In fact, during the last 4 years as a PhD student,
I participated to different test beam runs, performed either at CERN in Geneva
or at the Paul Scherrer Institute! (PST). For all these tests, the aim was the
development of different components of the CMS Electromagnetic Calorimeter
(ECAL).

A.1 PSI 1997: crystal and APD tests

During 1997, T spent 6 months at PSI. For the ECAL, this institute is responsible
for the APD’s and takes part in the crystal and electronics R&D.

At that time, the main problems related to the APD’s were the excessive radia-
tion damage suffered by silicon and the temperature dependence of the gain. On
the other hand, the PbWOQO, crystals were not well understood and not yet opti-
mized for the CMS ECAL requirements. To solve these problems, an intensive
R&D program together with the producers needed to be followed.

The experiments were conducted at PSI, which features of an high intensity pro-
ton accelerator complex (see figure A.1). Particularly, we made use of #M1, which
is a high resolution pion beam line with a momentum range between 100 and 500
MeV (see figure A.2). To test the radiation hardness of the APD’s, we used also
the OPTIS facility, which was originally developed (and is still successfully used)
for the treatment of ocular tumors through proton radiotherapy.

lthe Swiss National Laboratory in Villigen, Switzerland.
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Figure A.1: PSI accelerator overview: a proton energy of 870 keV is obtained from
the 60 keV extraction voltage at the ion source and the 810 keV DC acceleration of
the Cockcroft-Walton accelerator. The 870 keV beam enters then in the Injector
2 cyclotron, which provides high intensity and quality beams of 72 MeV protons.
These are then injected into the 590 MeV Ring cyclotron. This accelerator facility
delivers in four experimental areas a large variety of beams for a broad research
program.

A.1.1 R&D for the PbWO, crystals

During the R&D period, all relevant crystal parameters, like the absolute amount
of scintillation light, the decay time of the light, the wavelength of the emitted
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light, the uniformity of the light yield and the radiation hardness, had to be
measured. The crystals were exposed to the 7M1 proton beam with an energy of
84 MeV. To test the radiation hardness, the crystals were irradiated with pions
from the 7M1 beam and/or photons coming from a Co® source.

Q&‘,’LLE

gsidl

L

AHELY

1m

Figure A.2: Overview of the 7M1 facility (PSI), which features a momentum
resolution of better than 0.1%.

7M1 set-up

Figure A.3 shows the set-up which was used to measure the crystal parameters
in the test beam. The particle beam, which could consist of protons, pions or
electrons, entered the test facility from the left side. Four planes of Multi-Wire-
Proportional-Chambers measured the trajectory of the particle. Its entrance
point into the crystal could be determined with a precision of 2 mm in the x
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Figure A.3: Set-up for the crystal tests at the 7M1 facility (PSI) [108].

and y coordinates. The crystal was installed in a refrigerator which guaranteed
a temperature stability of £0.1°C. This was essential because the PbWO, light
yield varies with -2%/°C [108].

The passing particle produced scintillation light, which was converted into an elec-
trical signal by a photo multiplier (PMT) or an Avalanche Photo Diode (APD).
This signal was then amplified and its amplitude was measured by an Analog to
Digital Converter (ADC). The ADC converted signals only during a time interval
(gate) of 100 ns. This interval duration was chosen to match the time structure
at the LHC.

Results

The knowledge of the absolute light yield and its longitudinal uniformity is very
important. The light yield determination was done with protons and showed an
increase with decreasing temperature. From this test, a temperature coefficient
of -2%/°C was calculated (in a good agreement with the literature). Moreover,
the relative uniformity was not changing with temperature.

Between the PMT and the crystal, different optical filters were introduced to
measure the spectral distribution of the emitted light. The obtained spectrum
matched very well the quantum efficiency of the APD’s.

The decay time of the scintillation light was determined using the same set-up
with a PMT read-out. The tested crystals fulfilled the request for short decay
time.

The radiation hardness of the PbWO, crystals was tested in two different ways.
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Figure A.4: Light Yield decrease of a PbWO, crystal after pion irradiation [108].

The first set-up was identical to figure A.3. A 10 cm long lucite light guide
was inserted between the PMT and the crystal to avoid a radiation damage
to the PMT. Instead of protons, the crystal was exposed to a 300 MeV pion
beam. The pion rate could be adjusted to reach a dose rate of up to 100 mGy /h.
The irradiation was stopped from time to time to determine the light yield and
uniformity with protons. The total doses was of the order of 20-40 Gy. The light
yield loss seemed to saturate after a dose of about 20 Gy at 93% of its original light
yield (see figure A.4). To recover, the crystal was kept in the dark refrigerator at
a temperature of about 19°C. Only a marginal recovery was detected.

To have a complementary method, an irradiation with neutral +’s emitted by a
Co% source was used (with a dose rate of 25 mGy/h to 50 mGy/h). The set-up
is sketched in figure A.5. The crystal was installed in an air conditioned room
which houses the high intensity source. The produced light was again readout by
a photo multiplier. The light signals induced by a second Co® source with low
intensity was used to follow the damage. A comparison of both measurements
demonstrated the compatibility of the two methods. The irradiation of crystals
with protons and low energy «’s showed the same damage to the light yield [108].

Conclusions

The method used in 1997 to measure the PbWQO, crystal parameters was fast
and very precise. There was considerable progress in the reproducibility of the
crystal quality. Moreover, the light output and radiation hardness reached a
good performance level. Previous problems such as long tails to the pulses were
eliminated.
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Figure A.5: Set-up for the crystal irradiation tests with Co%® sources [108].

A.1.2 R&D for the APD’s

As proposed by PSI, the readout of the ECAL crystals (in the barrel part) will
be performed by Avalanche Photo Diodes (APD). The first tests, in which the
PbWO, scintillation light was collected by APD’s, were performed in 1993 at
CERN. These tests with a prototype provided by Hamamatsu Photonics were
very promising, but the device showed also a large instability. The problems
were the large dark current and the excessive capacitance. This resulted in a
large statistical broadening of the amplified signal. The quantum efficiency of
the APD’s had to be also adjusted to the spectrum of the PhbWOQO, emitted light.
Furthermore, the production technique had to be optimized in order to guarantee
a higher radiation hardness of the devices. Finally, the temperature dependence
of the gain had to be fully understood.

To solve all these problematics, Hamamatsu Photonics, in tight collaboration with
PSI, started a long R&D phase. In the meanwhile, also the APD’s produced by
another manufacturer (EG&G) were tested at PSI.

Results

In 1997, the radiation hardness of the APD’s was tested in the OPTIS facility,
where the devices could be bombarded with 64 MeV protons. With this proton
beam, integrated doses equivalent to 10 years at LHC could be reached in about
2 hours!

By the irradiation, only a change in the dark current could be observed, while
all the other parameters remained constant. These measurements allowed an
estimate of the radiation-induced noise given by these devices to 70 MeV per
crystal after 10 years of operation, which is within the CMS prescriptions.
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Conclusions and schedule

One of the main progress on the APD’s in 1997 was a halving of the price. The
two candidate manufacturers (Hamamatsu Photonics and EG&G) were preparing
the APD’s for the final selection. The choice between the two vendors was made
in favor of Hamamatsu in 1998. The definitive contract about the delivery of
130’000 APD’s was subsequently signed. In the next 2 years, the 65’000 APD-
pairs will be calibrated at CERN, while the radiation hardness will be further
investigated at PSI.

A.2 CERN 1998-2000: ECAL tests

During the 1998-2000 period, I took part to some test beam runs performed
at CERN. In particular, the goal of the experiments was the development of
the CMS ECAL, including the PbWQO, crystals, the APD’s and the electronic
readout.

One of the tasks of these test beam activities is to get an initial set of calibration
constants to be used as starting point for the physics analysis. This is considered
as an essential input for the possibility of discovering the Higgs decay into two
photons. The clean situation of an electron test beam permits a measurement
of these constants with high precision. Additional studies of overall linearity,
calorimeter crack effects, temperature effects, e/ and e* /7= separation on full
size modules are unavoidable to understand the performances of the calorimeter.
During this 3-years period, many test beam experiments have been performed on
different set-ups. In the following, the tests in which I participated are described.

A.2.1 1998

In 1998, different prototypes were tested in high-energy beams (electrons and
pions up to 150 GeV) at CERN. In particular, experiments on some parts of the
readout, as well as radiation hardness tests, were performed.

A prototype (PROTO97, see figure A.6) corresponding to a 7 x 7 PbWO, crystal
matrix, with each crystal read by one APD, was extensively used in the tests
performed in the H4 facility in Prevessin. The electronic chain was composed
of an optimized low-noise preamplifier and a charge ADC. A cooling system
stabilized the temperature at 18°C with a precision of +0.1°C.

An energy resolution of approximately o/E = 0.6% at 100 GeV was measured
for a sum of 3 x 3 crystals within this configuration of 7 x 7 [109]. This result
was reproduced many times with several combinations of 3 x 3 crystals.

This set-up showed also a lower Light Yield and a larger Nuclear Counter Effect in
comparison with the expectations. After a checkup of the matrix, a bad contact
between the crystal rear faces and the APD’s was found. The gluing material
was filled with bubbles and affected the light transmission. Nevertheless, these
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Figure A.6: Schematic view of the PROTO97 prototype [110].

tests validated the concept of PbWQO, crystals readout by APD’s.
In addition, other prototypes were built to test the electronic parts of the readout
(preamplifier, compressor, etc).

A.2.2 1999

At the end of June 1999, a test of a preshower prototype, equipped with real-size
detectors and LHC-style electronics, was tested in the H4 beam in front of a 5 x 5
matrix of endcap crystals. Data were taken with a variety of incident electron
energies and three angles of incidence (to simulate different regions of the CMS
endcaps). The prototype functioned well, with a very small startup period and
operated successfully for the duration of the test (about 1 week). Good agreement
was found between data and a GEANT based simulation.

In August 1999, data were taken in the H4 test beam facility with a matrix of
6 x b crystals with final electronics (PROTO099). The crystals dimensions were
ones expected for the ECAL: 22 x 22 mm? for the front face, 26 x 26 mm? for
the rear face and 230 mm in length. Each crystal was in an alveolar structure.
The temperature of the 30 crystals was controlled via a cooling system and was
fixed at 18°C+0.1°C. Capsules containing 2 APD’s in parallel were glued on the
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rear crystal faces. The August 1999 results demonstrated that a lead tungstate
ECAL is able to exhibit very good performances in terms of noise and energy
resolution. In these beam tests, excellent energy resolution was currently found
with 11 crystals at the center of 9 crystal sub-matrices. Moreover, simulations
and data showed approximately the same reconstructed energy. In contrast to
the 1998 results, the crystal Light Yield and the Nuclear Counter Effect were
consistent with the expectations.

For 1999, a final running period in H4 was performed between the 23. and the 30.
September. The same prototype (PROTO099), but with sampling ADC readout
was tested. This set-up represented the more or less full and final readout chain
forseen for the CMS ECAL (in its barrel part).

To summarize, the test beam periods of 1998/99 have lead to the following results:

e The long term stability of the monitoring system under test beam conditions
was obtained at the 0.1% level.

e Laser light injection system was used successfully with ECAL prototypes
to correct for radiation damages.

e Despite the effects of radiation damage due to the beam and recovery after-
wards, the excellent resolution of the calorimeter could be maintained over
long period of data taking.

A.2.3 2000

In year 2000, the R&D for the different ECAL sub-detectors involved several
test beam periods. One of the main goals was the performance monitoring and
the quality control for the PbWO, crystals produced by the two manifacturers
(China and Russia). Another focus of interest was the development of the VFE
electronics and of the upper level read out (the so-called Read-Out System Ecal
(ROSE)).

I personally participated to the following sessions:

e The first test beam (in May) was dedicated to the monitoring and irra-

diation tests of some Russian crystals. For these runs, a new matrix was
introduced (PROTO2000).

e The targets for the next period (June) were the following of calibration
coefficients, the recovery of irradiated crystals and some other precise stud-
ies (position scan, high energy scan and so on). The same prototype
(PROTO2000) with Russian crystals was used.

e Two very important test beam runs were undertook in August. The first
one was dedicated to performance studies of new Chinese crystals (using
the PROTO2000 matrix).
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e In the second one, the old crystal matrix (PROTO99) served as test bed
for the sampling ADC, with the new version of the VFE electronics and of
the board based digital readout (ROSE).

e Finally, during October-November 2000, additional test runs on the Chi-
nese crystals were performed with the PROTO2000 matrix. In particular,
further informations about the absolute calibration and the recovery after
irradiation were needed by the producer as a feed-back for future optimiza-
tions.
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