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“The next reason that you might think you do not understand what I am
telling you is , while I am describing to you how Nature works, you won’t
understand why Nature works that way. But you see, nobody undertands
that. I can’t explain why Nature behaves in this peculiar way.

[...] Pm going to describe to you how Nature is — and if you don’t like it,
that’s going to get in the way of your understanding it. It’s a problem that
physicists have learned to deal with: they’ve learned to realize that whether
or not the theory gives predictions that agree with experiment. It is not a
question of whether or not a theory is philosophically delightful, or easy to
understand, or perfectly reasonable from the point of view of common sense.
The theory of quantum electrodynamics describes Nature as absurd from the
point of view of common sense. And it agrees fully with experiment. So I
hope you can accept Nature as She is — absurd.

I’'m going to have fun telling you about this absurdity, because I find it
delightful . Please don’t turn yourself off because you can’t believe Nature
is so strange. Just hear me all out, and I hope you’ll be as delighted as I am
when we’re through. ”

Richard Feynman
QED, The strange Theory of Light and Matter

“—Cinquecento e un milione di che?— ripeté il piccolo principe che mai aveva
rinunciato a una domanda una volta che I’aveva espressa. ”

Antoine de Saint-Exupéry
11 piccolo principe
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Introduction

This thesis presents a study of the inclusive production of the Z boson de-
caying in two muons in order to measure the inclusive cross section of the
process pp — Z+X — ptp~ + X with the very first data taken at the Large
Hadron Collider, LHC, with the Compact Muon Solenoid (CMS) experiment
built at CERN (Centre Europeen pour la Rescherche Nucleaire) in Geneve.
The Large Hadron Collider is a proton-proton collider which will accelerate
proton beams up to a design energy of 7 TeV with a total centre of mass
energy of 14 TeV and luminosity of £ = 1034 ¢m ™2 s~!. These features rapre-
sent important challenges in physics accelerator technology and will open the
search field of physics at the TeV scale. The goal of the LHC is to explore
this range of high energy, never probed so far in a laboratory, in order to
investigate behaviour of the Standard Model (SM), provide precision mea-
surements in this sector, and search for new physics beyond the Standard
Model. One of the main goals of the LHC and of the CMS experiment is the
study the symmetry breaking mechanism giving rise to particle masses, in
particular in the context of the Standard Model, and, hence, the search for
the Higgs boson in the mass range 100 GeV/c?* < my < 1 TeV/c? or look for
alternative models.

The inclusive process analyzed in this thesis pp — Z + X — p*p~ + X has
an high cross section, ~ 2 nb, and a very clear signature provided by two
isolated muons with high transverse momentum in the final state. It will be
one of the first physics channels to be studied at the LHC from the early
period of data-taking. An analysis of this channel will be useful for several
reasons:

e it will provide a detector calibration tool and an extimate of the recon-
struction efficiencies;

e being a well known electroweak channel, it will provide a validation of
the Standard Model predictions at the TeV energy scale and it will be
useful to unveil the potential presence of new physics at such energy
range, such as triple neutral bosons couplings like ZZ~ and Z~-~, or the
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existence of heavy neutral bosons (Z’) not predicted by the SM;

e from the start-up of the machine, it will provide a tool to monitor the
LHC luminosity;

e in intermediate and high Higgs mass regions, the golden channel for
Higgs boson observation is the Higgs boson decay into two Z and with
four muons in the final state.

The purpose of this thesis is to complete the development and study of an
entirly data-driven analysis model, in collaboration with the CMS Naples
analysis group, in order to be ready to analyze first data taken at the LHC
start-up. The analysis method is based on a simultaneous fit of the yield
of Z — p~p™ events and the average reconstruction muon efficiencies in the
tracker and in the muon detector, together with the selection and trigger
efficiencies without depending on Monte Carlo simulation estimates of these
parameters. The fit strategy foresees a classification of events with at least
one reconstructed Z — ptp~ candidate in different categories. The yields
of these samples are related in different ways to the efficiencies to deter-
mine. The Z peak shape model in each of these samples is not parametrized
according to an empirical function, but is determined entirly from the data
resulting in a reduction of fit parameters and uncertainties. I have completed
this procedure within this work.

The isolation variable, defined as the sum of transverse momentum of tracks
in the tracker, or as the sum of transverse energy of deposits in calorimeters,
within a cone around the muon, is an useful parameter to discriminate muons
coming from Z decay from background ones. In fact, muons coming from 7
decay are isolated, i.e. they aren’t accompained by nearby particles, differ-
ently from background muons. In this work of thesis I have investigated a
new isolation variable which combines informations coming from the tracker
and from the calorimeters. I have performed an optimization procedure in or-
der to improve the background rejection. An event selection which considers
a cut on this variable allows to achieve a greater rejection of the backgrounds,
an increase of isolation efficiency, and, hence, a better signal to background
ratio, with a subsequent decrease of statistical error of the the signal yield.

For the very first LHC data-taking, with few inverse picobarns of integrated
luminosity, performing a least square fit could be quite difficult with very low
sample statistics. For this reason, an Extended Unbinned Maximum Likeli-
hood fit has been implemented in the final part of this work. This method
allows to perform a good fit of parameters also in conditions of very low
statistics.



In Chapter 1 an introduction to the Standard Model is presented with partic-
ular attenction to the Electroweak sector and the symmetry breaking mech-
anism.

After a brief description of the LHC machine, Chapter 2 reportes an overview
of the CMS detector.

In Chapter 3 the physical purposes of the CMS experiment are presented.
An introduction to Standard Model mesurements at CMS is reported to-
gether with a description of Higgs production mechanisms and decay chan-
nels at LHC and the search strategies for different mass ranges. The final
part of the chapter deals with some aspects of physics beyond the Standard
Model.

In Chapter 4 the analysis strategy is described in detail and the results
of the test I performed on samples of different integrated luminosity are
listed. Particular attention is made on muon isolation studies and on the
performance of the new selection variable introduced. The last part of the
chapter deals with the implementation of an Unbinned Maximum Likelihood
fit for the analysis of the first few inverse picobarns of data.
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Chapter 1

The Standard Model

The first evidence of the discrete nature of matter, just hypothesized by
Democritus, was established after Mendeleev’s studies of chemical properties
of elements and their periodic behaviour according to the atomic weights.
In the last two centuries the investigation of structure of matter has made
progresses thanks to the improvement of the experimental techniques. That
allowed a series of discoveries, such as the internal structure of atomic nuclei
made of protons and neutrons. The description of matter became clearer in
terms of elementary particles.

Thomson’s discovery of electron and Maxwell’s theory of electromagnetic
field led to a modern view of the composition of matter, and of the forces.
Electron is on one hand the source of the electromagnetic field through its
electric charge, and, on the other, an elementary constituent of matter. Sub-
sequently, with the discovery of two new forces, the weak and the strong
forces, the search for more particle types was opened. A theory introduced in
the late 1960’s generalized the relationship between electron and electromag-
netic field to the other force fields, treating particles that are constituents
of matter (fermions, half-integer spin) and particles that are mediators of
interactions (bosons, integer spin) with the same elegant formalism. This
theory is a Quantum Field Theory known as Standard Model (SM). Today,
the aim of particle physics is to try to identify these structurless units and
to understand the nature of the fundamental forces acting among them.

1.1 The Standard Model

The development of particle accelerators allowed to design a simple as well
as clearer picture of what are fundamental matter particles and what funda-
mental forces.

11



The elementary forces, responsible of the interaction among the particles,
are four: gravity, weak interaction, electromagnetic interaction and strong
interaction.

Fundamental matter particles known in nature are of two types : leptons
and quarks. Both fermion types are arranged into three families each, three
doublets associated to an isospin quantum number:

e Lepton doublets are constituted each by a charged particle interacting
both electromagnetically and weakly — the electron e, the muon p and
the tau 7 —, and by a neutral particle interacting only weakly — the
electron neutrino v,, the muon neutrino v, the tau neutrino v..

e Quark doublets are composite each by a particle of charge —i—% —up (u),
charm (c), top (t) — and a particle of charge -3 — down (d), strange
(s), bottom (b). The quarks interact via all three interactions: strong,
electromagnetic and weak, differently from the charged leptons which
do not interact via strong force and from neutral leptons which inter-
act only weakly. The quarks are the costituents of hadrons, and are
confined into them by the strong interaction.

Families Charge
0
Leptons (V:) (l;f) (VTT) 1
42
Quarks () (2) (Z) X

Table 1.1: Leptons and quarks generations.

A formal description of the three fundamental interactions (electromagnetic,
weak and strong) can be given in terms of a gauge theory, in particular a
description of the strong interactions can be provided by a gauge theory based
on an SU(3). symmetry group (see section 1.4), while an SU(2);, @ U(1)y
gauge theory is associated to weak and electromagnetic interactions. The
model which describes these interactions in terms of a gauge theory is known
as the Standard Model (SM).

The SM provides the best description of the fenomenology of high energy
particle interactions in the energy ranges probed up to now in laboratories.
Its great success is due to the fact that its predictions are in very good
agreement with experimental observations.
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In the SM particle interactions arise from a gauge principle, i.e. the request
of the invariance of the theory under a local gauge transformation. Force
fields with their interactions are necessarily included by the introduction of
a covariant derivative term in the Lagrangian to permit the local invariance.

Quantum Electrodynamics (QED), which describes electromagnetic interac-
tions, derives from the imposition of gauge invariance under the symmetry
group U(1)en, involving the introduction of a Lagrangian term that couples
the fermion field to the electromagnetic field. A generalization of this gauge
invariance also underlies the theories of strong interactions (the Quantum
Chromodynamics, QCD), generated by the symmetry group SU(3)., and
electroweak interactions, generated by the symmetry group SU(2), @ U(1)y.

Matter particles interact in terms of exchange of quanta (bosons, integer
spin) associated to the particular type of force. According to the quantum
field theory, hence, particles interact by exchanging bosonic field quanta: the
gauge vector bosons. These field quanta are identified as the photon, the W=,
the Z and the gluons:

e The photon is the mediator of electromagnetic interaction coupling to
charged particles by a running coupling constant! «, which shows an
increase with energy involved. The photon doesn’t bring charge and
it doesn’t couple to neutral particles, like neutrinos. Moreover, it is
massless, hence, the electromagnetic interaction has long range.

e The W', W and Z mediate the weak interactions, but unlike the
photon, they are massive and the interaction is of short range type. It
is noteworthy that while the photon doesn’t carry charge, weak current
are both charged and neutral.

e Strong forces are transmitted by the gluons, existing in 8 kinds. They
couple with quarks and gluons. Unlike photon, the gluon brings “charge”,
the color, and it is possible a gluon selfcoupling. The running coupling
strength oy for strong interactions decreases with raising of the energy
(we will see this feature in more details in the Section 1.4).

The electromagnetic and weak interactions were unified succesfully under a
theory developed by Glashow[3], Weinberg[4] and Salam[5]: the Electroweak

Lo is the electromagnetic coupling constant which runs with the momentum transfer
due to a phenomenon called polarization of the vacuum. This running constant it is de-
fined by:

2\ a
&) =

o
mentum and A=exp3.

, for Q2 >m? and with Q%?=-q2, where q is the transferred mo-
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Theory generated by the symmetry group SU(2), ® U(1)y. We will see this
part of the SM in more details in the following section.

The first experimental confirmation of the Standard Model of electroweak
interactions was the observation of neutral weak currents predicted by the
theory. The discovery was made in 1973 at CERN using the Gargamelle
bubble chamber exposed to a neutrino beam?[1]. It was followed by a more
direct confirmation occurred with the realization of a proton-antiproton col-
lider at CERN with the discover of the W and Z bosons[2], the mediators of
weak force, by the collaborations UA1 and UA2 in 1983.

A crucial point of SM is the presence of heavy particles. This implies a
mass term destroying the gauge invariance, hence only massless particles
have to appear in the Lagrangian. Peter Higgs, in 1964, introduced the
“Higgs mechanism”[10] that allows vector bosons to acquire mass through
the spontaneous symmetry breaking. This mechanism predicts the presence
of a new scalar particle, the Higgs boson, whose coupling provides the vector
boson masses as well as fermion ones. The Higgs boson is still undetected
and its direct observation is one of the main goals of the LHC.

1.2 The Electroweak Theory

1.2.1 The GWS Theory

In a letter addressed to the group of “Radioactives”[11], in the winter 1930,
Pauli suggested an interesting hypothesis solving the problem of the appar-
ently lack of energy conservation in J decay. He explained the anomalus con-
tinuous spectrum observed in terms of emission of a neutral particle together
with the electron (or positron). According to Pauli, the energy difference
between the initial and final nucleus, that are well defined states, was shared
by the two particles together. This neutral fermionic massless particle was
given tha name neutrino.

From the neutrino hypothesis of Pauli, Fermi formulated the first quantum
field theory for the weak process n — p + e~ + 7 ([ decay) as a four point
interaction described by the Lagrangian:

7= % By (1 = )] [B,70(1 — 1°)a] (1.1)

where the term (1 —~°) has been included later to take into account parity
violation discovered later[12]. This form for current-current interaction is

2Neutrino and antineutrino beams were used in the experiment. The occurrence of
events with only hadrons in the final states, i.e without muons or electrons, demonstrated
the existence of neutral weak current.
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called V — A (Vectorial minus Axial). The current structure V — A is the
same for quarks and leptons. It indicates a form of “universality” of weak
interactions.

Electromagnetic and weak interactions were described together in a uni-
fied way by Glashow basing on the symmetry group SU(2), @ U(1)y[3]: the
FElectroweack theory (EW). Building on Glashow’s work, Weinberg[4] and
Salam[5], indipendently, introduced the Higgs mechanism of the spontaneous
breaking symmetry in the theory by adding to the Lagrangian a scalar poten-
tial that generates the vector boson and fermion masses in a gauge invariant
way.

Looking at the leptonic transitions associated with the weak charged cur-
rent, a particular structure of the lepton pairs emerges: they are regarded as
doublets under the weak SU(2) group, and the quarks show a similar struc-
ture (this is another evidence of the universality feature of the theory). Since
the generators of fundamental representation of SU(2) are the Pauli matri-
ces, it is possible to adopt the same formalism as for the angular momentum.
In the weak SU(2) group a weak isospin quantum number T is associated to
the leptonic fields:

Tzl: {T3=+1/2 Le:(ye) Lu:(y“) LT:(VT> ’
2 T3 =-1/2 e), Iy T),
(1.2)
where e;, = %(1 —75)e is the left-handed component of the leptonic field. The
same holds for p and 7. At present, there is no evidence for any weak interac-
tions coupling to right-handed field components, and it is a basic assumption

of the electroweak theory that all ‘R’ components are singlets under SU(2)
3
group?:

T=0: €ER HUR TR Ve R ViR Vr R . (13)

For the quark fields the doublets are:
1 Ty =+41/2
T A €7 I € N €72 RO Y
2 Ty=—1/2 dy, ST 3
It is noteworthy that d’, s’, b’ are a superposition of strong interaction

eigenstates d, s, b given by CKM matrix (Cabibbo 1963[15], Kobayashi and
Maskawa 1973[16]).

3The right-handed neutrinos are not involved in the interaction, since their quantum
numbers are null.
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Right quark components are also singlets as well as lepton ones:

T=0: UR dR SR CRr bR tR . (15)

The standard EW Lagrangian can be splitted into two parts: one involving
fermions and gauge bosons, Leymm, and one involving Higgs boson couplings,

»CHiggs:
L = Loymm + Litiggs - (1.6)

Gauging an abelian theory consists of extending the global invariance of the
Lagrangian density under U(1) transformation group to a local invariance.
According to Yang and Mills[17], this procedure can be applied to every
continuous transformation group. The invariance of EW Lagrangian under
local SU(2), ® U(1)y transformation is recovered by replacing the ordinary
derivative by the covariant derivative through the introduction of four gauge
fields: W (i = 1,2,3) associated to SU(2)r, and B, associated to U(1)y.

D, =0, + ig%Wu + z’%/YWBM . (1.7)
In the Dirac Lagrangian:
L = (i — m)y (1.8)
@ has, therefore, to be replace by the covariant derivative I:
£ = 36D —m (1.9)

The Dirac field can be expressed in terms of chirality eigenstate components®
¥, and ¥i. Right and left-handed components have different quantum num-
bers, hence, the mass term, which couples them in the Lagrangian, involves
a breaking of gauge invariance:

YD — m)p = iy + RilDvr — m(brr + ribr) (1.10)

Neglecting the mass term of fermions and bosons the local invariance of the
theory is preserved, and right and left components are treated indipendently.
Fermion and boson masses will be introduced later in a gauge invariant way
through the Higgs mechanism.

4The left-handed component 1)y, is given by the operation of the projection operator
Py, on the field, and g by the projector Pg:

17,.}/5 1+,.Y5
P = Pr = .
- (50) (5
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The fermionic Lagrangian describes the interaction of massless fermionic
fields among them and with the gauge fields:

Cfermionic = Z@Z)@w@b . (111)
f

Ltermionic Tesults to be invariant under rotations in weak isospin space:

Ly —e 9z,

(1.12)
Rf — Rf

SU(2)L {

The right-handed fermionic components do not interact with gauge fields
introduced within the Lagrangian by the covariant derivative, but they are
sensitive to a local U(1) transformation:

Ly — e—ig’gﬂ(w)Lf
U(l)y | . (1.13)
~ig' % -B(x)
Rf — e 2 r Rf

The abelian field U(1)y is associated to a weak ipercharge Y, as well as the
non abelian SU(2)y, is associated to the weak isospin T. The relation between
T and Y was extablished by the Gell-Mann-Nishijima relation:

Q:Tg‘i'g , (1.14)
where Q is the electric charge in units of e. Two different coupling constant
g and ¢, were introduced correspondy respectively to SU(2);, and U(1)y,
since the transformations under the two groups are indipendent.

In order to have the Lagrangian (1.9) invariant, the transformations of
fermionic fields (1.12) and (1.13) must to be coupled to the gauge fields
trasformations:

Wﬁ(x) — W', (z) = WZL(I) — 0,0/ () — gé*a;(z) Wy, (z) | (1.15)

B(r) — B, (r) = B,(z) — 0,6(x) . (1.16)

The trasformations for the gauge fields W/i is more complex than that for B,
field, due to the non-abelian properties of the SU(2), group. The additional
term in the (1.15) is responsible for the self-interactions of SU(2), gauge
fields and also for the inclusion of the last term in strenght field tensor (1.33).
We will see how this feature reappears in QCD Section 1.4.

In corrispondence to this invariance, four currents are preserved on three for
SU(2)r, and one for U(1)y: two charged currents and two neutral currents.

17



Coming back to the covariant derivative, it can be written so below:

Y
iD,, =0, — g(W,}TlJrW,fT?) — gT3W3—g’5BM . (117

J/

J

g

charged current contribution neutral current contribution

It is clear that R components couple also to neutral currents. The second
term describes the electromagnetic field interaction A, and a new field Z e
both neutrals. It’s convenient to perform an orthogonal transformation:

WL = sin Oy A" + cos Oy Z* | (1.18a)
B" = cos Oy A — sin Oy, 29 (1.18b)

to produce the physical vector fields for W*, Z and photon:

Z" = —sin by B* + cos Oy W4 | (1.19)

A" = cos Oy B* + sin Oy W' | (1.20)
1

WH = — (W, £iW?) (1.21)

n 2
where the mixing angle 6y is known as the Weinberg angle, defined as:

/

9 9

The interaction term of the Lagrangian due to the coupling with Wj’ and
B, fields can be rewritten in terms of physical field Z, and A, according to
(1.19) and (1.20) through the Weinberg angle. According to the Gell-Mann-
Nishijima relation, the electromagnetic current can be expressed as the sum
of weak isospin current and weak hypercharge current:

cosbyy = sin Oy = (1.22)

JY

em _ W M
J"=Jdy + -5 (1.23)
We demand that the gauge field A, is the electromagnetic field coupled to
electric charges through the term J# A,. This yields a relation among the
electromagnetic charge, the two coupling constants, g and ¢, and the Wein-

berg angle:

e = gsinfy = ¢ cosOy . (1.24)

The fermionic Lagrangian term is now complete; it splits in a free La-
grangian term and an interaction part with gauge vector bosons:

/Cfermionic = ‘Cfree + 'Cint ) (125)

18



where L. is given by:

Efree - Z&Z&%P . (126)
f
The interaction term is:
‘Cint — Es&larged T ££1Veutral + ﬁfnrtn ’ (127)
where the first term is:
charged __ g 17— i+
P S i [ U (1.28)

2v/2

the second one is given by:

Ly = _cosggw 73 — sin® Ow L, ) 2, (1.29)

and the last term can be expressed as:

Loy =—edb A, . (1.30)

In order to complete the dynamics we need to build the kinematic terms for
vector bosons. We define a strength field tensor, B,,, related to the gauge
field B,:

B, =0,B,-0,B, . (1.31)
In analogy to electromagnetic case, the kinematic term is:
1 »
Lp= _ZB‘“’B : (1.32)

The strength field tensor associated to gauge fields W, is given by the equa-
tion:

Fo, = 0,W —0,Wg — g™ WIW, (1.33)
and the correspondly Lagrangian density is:

1
L = —FuF". (1.34)

We obtain the SU(2);, ® U(1)y gauge invariant Lagrangian:

7 1 v 1 v
Lsymm = g Vilpy — ZB‘“’BH — ZFWF“ (1.35)
f

where the sum is done over all fundamental fermions, f.
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1.2.2 Spontaneous broken local SU(2),®U(1)y symme-
try

In order to preserve the Lagrangian invariance, fermionic and bosonic masses
have been neglected, but the theory has to describe the fact that W* and Z
have masses around 100 GeV, and that, as a consequence, weak interactions
have short range. It is therefore necessary to introduce a new term that
coherently represents the masses of the particles, and at the same time, pre-
serves the gauge principle. The spontaneous symmetry breaking mechanism
allows to generate such term by postulating the existence of a new scalar
field doublet. The Higgs boson field is written as an SU(2) doublet with two

scalar components:
(T _ %(@51‘1‘1%)
= (5= (5000 o

The Lagrangian for such boson includes a potential which is responsible of
the symmetry breaking mechanism?:

Liiiges = (D"®)'D,® — V(@) = (D"®) D, ® — 1 2®Td — \(®Td)?  (1.37)

By requiring that p? < 0 and A > 0, the minimum of the potential is not
unique anymore, but it is located on a continuous ring on a complex plane, as
seen in Figure 1.1. An easier form of scalar potential can be choosen appling
an isotopic spin transformation:

P — ( ¢(Ox)) (1.38)

with ¢(x) real. It can see that the degree of freedom in the Higgs field that
are removed by this transformation can be absorbed into three longitudinal
degrees of freedom of the new massive bosons.

There is therefore a degree of freedom for the choice of Higgs vacuum ex-
pectation value (v.e.v). The choice suggested by Weinberg was:

d = % (w?@) (1.39)

v=r/—p/\. (1.40)

When energy minimum is not unique and invariant under symmetry group transfor-
mation but different configurations of minimum exist, it is said that the symmetry is
spontaneously broken.

where
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Vi(p) V(o)

=0 p? <0 fu

Figure 1.1: The potential V of the scalar field ¢ in the case of u? > 0, on
the left. On the right the Higgs potential described from the last two terms
of equation (1.37) with x*> < 0 and A > 0. The potential minimum is not
unique, in the latter case, but there is an infinite number of mimimum points
located on a continuous ring.

We consider also the oscillations about (1.39):

o= (s ) 4l

v/v/2 is the Higgs (three level) vacuum expectation value and H(x) is the
fluctuation around the minimum. After breaking symmetry there are three
massive gauge bosons (rather than three massless bosons as assumed up to
now) and one massless gauge boson.

The covariant derivative (1.7) acts on ®, so one obtains:

1
(D"®)'D,® = 50" HOH+
1

g(v + H? (W +iW) (W, —iW )+ (1.42)
1
g+ HP(g'B" = gW™)(¢'By = gW)) .

The Lagrangian of the sector consisting of the gauge fields and the Higgs is:

'CGCD = Egauge + 'CHiggs
1o 1
= ——VVZ»M W,uu - Z

1 B" B, + (D"®)'D,® — 1i*®'® — \(®Td)? .

(1.43)
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Replacing W' and B* by the physical fields Z#* and A*, from (1.19) and
from (1.20), and neglecting the quadratic terms, (1.43) can be rewritten as:

Loo = %(9“H8#H — 2 H? (1.44)
—i(auwl,, — O, W) (0, WY — O,WH) + ég%QWlMW{‘ (1.45)
—i(auwgy 0, W) (D, WY — B, W) + ég%?WgHW; (1.46)
—i(auzy —0,2,)(0,2" — 0,2") + %(92 + g W2, 7" (1.47)
—i(@uAy - 0,A,)(0,A” — 0, A") (1.48)

where from (1.44) the mass of the Higgs boson is

my = V2 = V2w . (1.49)

The second term in (1.45) and (1.46) has exactly the form of a mass term
for the W7 and W, fields, since the W mass can be defined as:

1
mw = 5gv, (1.50)

while (1.47) gives the mass of the Z as

1
my = iv\/g2 + 97 = W (1.51)

cos Oy

From (1.48) it is clear that the photon remains to be massless, the symmetry
U(1)em remains unbroken under the gauge subgroup generated by the electric
charge.

Equations (1.50) and (1.51) bind the boson masses to 0y and the parameter
v, which is related to the Fermi constant G by the relation®:

9 1

EVGTeR

A theoretic prediction was given about Z and W boson masses as function
of the three parameters a = e%/4m, G and sin® fy,. The latter was initially

~ (246 GeV)? . (1.52)

6The relation between v and G comes out imposing the equality between transition
amplitude according to Fermi theory and the form of Weinberg Salam model. Hence v is
determined directly by the Fermi constant.
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measured by neutrino-electron scattering and, later, with higher precision
at the et e~ collider LEP. Theoretical predictions of boson masses revealed
a perfect agreement with experimental data of the SppS collider and LEP
collaborations at CERNJ[2][13], and also with CDF and DO at Fermilab[14],
confirming the predictive power of the GWS model.

The Higgs mass value depends not only on v, the minimum value of Higgs
potential, but also on the field selfcoupling constant A. The latter has to be
determined experimentally, and this uncertainty does not permit a prediction
of the Higgs mass. It is, nevertheless, possible to extabilish some theoretical
and experimental limits on this value as it will be shown later.

1.2.3 Fermionic masses

In order to complete the Electro Weak Lagrangian, another term has to be
added: Lyukawa, that introduces fermionic masses. As explaind before, a mass
term such as that in (1.10) breaks the gauge invariance, therefore it has to
be removed, and fermion masses, such as boson masses, must be included
through the alternative mechanism seen in the previous paragraph.

It is interesting to see how it is possible to produce a gauge invariant mass
term by introducing a Yukawa coupling between fermions and the Higgs field,
the same doublet (1.41) that gave raise to the Z and W boson mass:

Lyuawa = — Y _ gr(V] BV + f 1) . (1.53)
!

Consider the electron, for example, and hypothesize such a coupling between
the electron-type SU(2)., doublet in (1.2), the weak electron singlet in (1.5)
and the Higgs doublet in & (1.41). This leads to the Yukawa term for the
electron:

LS = —9e(LePR, + RO'L,) (1.54)

The two SU(2). doublets L. and ® are dotted together is as to form an
SU(2)r, scalar, which multiplies the SU(2),, scalar right-handed component.
In this way, (1.54) is invariant under SU(2);, ® U(1)y transformation pre-
serving the gauge invariance of such term. Inserting the vacuum value of the
field ® and considering the oscillations about the v.e.v. (1.41) into (1.54),
we obtain a Dirac mass term and the coupling between the Higgs boson and
the electron which is proportional to the electron mass:

v H
LSukawa = _geﬁ(éLeR + érer) — geﬁ(éLeR + érer) - (1.55)
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This term is a Dirac mass term as in (1.10), and it allows to identify the

electron mass: v

Mme = geﬁ .
The mass term for the electron, and in general for all fermions, are propor-

tional to the Yukawa coupling. The second term, the Higgs boson coupling
to fermions, is proportional to the fermions’ mass:

(1.56)

Ot oo = zmT . (1.57)

This approach be applied to the up component of the SU(2)y, i.e. for the
T3 = —i—% component such as neutrinos and quarks u, ¢, and t. We need to
consider also the coupling with the charge conjugate of ®:

$o
Op =i ®" = ( _) , (1.58)
-
and the corresponding vacuum expectation value:

Op = % (” + gl(x)) . (1.59)

Taking this into account, the Lagrangian with quark mass terms can be
written as:

uarks v+ H U;
ﬁ?{ukaliva - % - [(Ui,L, di.1) ( 0 ) ui,r + ui,r(v+ H,0) (c&i) }

= &(U + H)(u;,pwi g + Ui pU;, L)

V2

)

(1.60)

where w; = (u,c,t), d; = (d,s,b). The mass terms have the same form as

(1.56), but with a different coupling constant, depending on the quark type,
or in general fermion type.

It is clear that the Higgs mechanism solves the problem of the non-invariance
of the Lagrangian in the presence of a mass term with the introduction of
the Higgs field by means of the spontaneous broken symmetry mechanism.
In this way it is possible to give mass to the vector bosons Z and W, but
also to all fermions”. Nevertheless, the Yukawa coupling doesn’t come from
a gauge principle and, hence, is not possible to predict the Higgs mass, that

"We will not consider, in this thesis work, the terms relative to neutrino masses and
their coupling to the Higgs field.
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is a free parameter of the theory, since the constant A is undefined. Also
the fermion masses that depend on Higgs-fermion Yukawa couplings gy are
undefined, although they are well determined from experimental data. This
means that the Yukawa coupling is a phenomenological model and not a
predictive theory. The use of high energy colliders, like Tevatron at Fermilab,
and in the near future of LHC at CERN, an experimental evidence confirming
or not the existence of Higgs boson is expected.

1.3 The Higgs Sector

The unbroken Standard Model is described in a very elegant way by the gauge
field theory based on SU(2);, ® U(1)y symmetry group, and all interactions
are determined by the gauge priciple as a function of just two parameters: g
and ¢’. This model doesn’t take into account fermionic and bosonic masses,
particles are considered to be massless. The Higgs mechanism brings back to
the reality of a world where leptons, quarks and intermediate vector bosons
have mass, and does it in a universal way throught the existence of the Higgs
scalar field. Three massless Goldstone bosons are generated and absorbed as
third polarization component (longitudinal part) of W* and Z giving them
mass. The remaining component of the complex doublet is the Higgs boson.
This fundamental scalar particle is still undetected, and there is no prediction
about its mass, my, due to the indetermination of the self-coupling constant
A. A Yukawa-like coupling of fermions to the Higgs field provides mass to
leptons and quarks, and the interaction strength is proportional to fermion
masses themselves. The SM Higgs boson couplings to fermions, gauge bosons
and Higgs boson itself are given by[18] (Figure 1.2):

m
Juff = Tf; (1.61)
2m? 2m?
guvv = UV7 JHHVV = U—QV; (1.62)
3m¥ 3m¥
JHHH = o JHHHH = 2 (1.63)

where V = W+, Z.
Also if Higgs boson has eluded direct observation at the present, both the-
oretical and experimental constraints on my value are inferred.

1.3.1 Theoretical constraints on the Higgs boson mass

Theoretical constraints on my emerge from requests such as unitary, or from
evaluations about perturbativity of the Higgs self-coupling, but also from the
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Figure 1.2: The Higgs boson couplings to fermions and gauge bosons and the
Higgs self-couplings in the Standard Model.
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request of vaccum state stability. These bounds depend on an energy cut-off
A¢, over which new physics is expected.

Like other coupling constants of renormalizable theory, also A runs with
energy. Looking at the one-loop radiative corrections to the Higgs boson
quartic coupling (Figure 1.3) and considering only the Higgs contribution (a
top loop should also be taken into account), A(Q?) shows a dependence on
the energy scale () according to the following expression:

A(v?)
1— 2 A\(v?)log &

NORES (1.64)
Hence, there is a logaritmic dependence on the squared energy scale (2.
At a scale much lower than the weak scale (Q* < v?), the quartic coupling
becomes extremally small, \(Q?) vanishes leading to a non-interacting theory.
If Q% > v?, i.e. at energy much greater than the scale v, the quartic couplings
grows to infinity (like QED running coupling constant). The energy cut-off
A¢, below which the self-coupling A remains finite, is:

272

Ao = exp(—) =0 exp(

4r2? >
3

— 1.65
3ME (1.65)
At Ac « 1016 GeV, my is expected to be less than 200 GeV/c%. In turn, at
smaller cut-off values, Ac «~ 10® GeV, the upper limit in Higgs mass value is
around 1 TeV. This scale corresponds to the non-perturbative regime.

\\H HJ’ T _-=" ~ - -7 ~
\\\ ’,’ ,,‘ ., Ry L L
.o + N I Uy = + X
-7 S o ~ 4 ~ [ 2k 1
- - - = s .
. N - ~. . N )
- H H '~ - - - ~ v s

Figure 1.3: Higgs boson quartic coupling and one loop radiative corrections.

Up to now only the Higgs self-coupling has been included. In order to
complete the frame it is necessary to take also into account fermion and
boson contributions. Since the coupling involving the Higgs particle and
fermions or gauge bosons is proportional to the particle masses, at least top
quark, W* and Z contributions must be considered. These additional terms
change the scale at which new physics appears. There is in particular a strict
dependence on top quark mass[19].

For small values of A\, the top quark contribution could determine a negative
value of A\(Q?). In order to have vacuum state stability, it is necessary to
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keep a positive value of A(Q?); therefore, we impose the constraints on mgy
to be larger than a certain value which is proportional to squared top mass
and depends on the cut-off scale value Ac.

The upper and lower bounds on the Higgs mass described above are known,
as triviality and vacuum stability respectively. Figure 1.4 illustrates these
limits as a function of the cut-off energy scale A¢ at which new physics is
expected. In particular, if the new physics scale is about 1 TeV, the Higgs
boson mass is expected to lie within the interval:

50 GeV/c? < my < 800 GeV/c? (1.66)

while, requiring the SM to be valid up to the Grand Unification scale, i.e.
the energy scale at which a unification of strong, electromagnetic and weak
interactions is expected, Aqur ~ 10'%GeV, the Higgs mass should belong to
the range:

130 GeV/c* < my < 180 GeV/c? (1.67)

600

400

My [GeV]

200

| | [ | [ | | 1 | | 1 |
103 108 109 1012 1015 1018
A [GeV]

o

Figure 1.4: The triviality bound (upper limit) and the vacuum stability
bound (lower limit) to the Higgs boson mass as a function of the cut-off scale
Ac. Above, the cut-off scale A is the scale at which the SM is no longer able
to describes the known physics, and new physics is therefore expected.
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Although the theory cannot predict the exact value of Higgs boson mass,
it can impose some constraints and, hence, determine limits of the range in
which it lies. As it was explained before, this limits depend on the energy
scale A¢ above which Standard Model has to be replaced by an other theory
describing a new phenomenology.

1.3.2 Experimental constraints on Higgs boson mass

Bounds on the Higgs mass are also provided by direct searches of Higgs
bosons and, indirectly, by precision measures led at hadron coliders.
Precision electroweak measurements are sensitive to radiative corrections
which depend logarithmically on my. This allows to estimate a confidence
interval about the value through a combined fit of the electroweak parame-
ters. The SM is assumed to be the correct theory, the Higgs boson mass is
left as a free parameter.

For instance, the radiatively-corrected value for the mass of W can be
expressed as:

o/ V2G

sin? Oy (1 — Ar)

where Ar includes the radiative corrections related to a, G, myz and myy.
Ar depends on the running coupling constant a(my), quadratically on top
quark mass (due to the loop t — b correction) and logarithmically in My.
Experiments at Tevatron measured the top mass[19]. Hence, radiative cor-
rections to the W* mass, and also to the other parameter contemplated by
the SM, depends only on my, as is the only unknown parameter.

Figure 1.6 shows Ax? = x? — x2,,,, as a function of my. Measurements from
the four LEP collaborations, ALEPH, DELPHI, L3 and OPAL and from the
SLD experiment at the Stanford Linear Collider, are collected (Figure 1.5)
and a global fit is performed on them, reported on the plot in Figure 1.6.

Taking into account all the precision electroweak data (Figure 1.5) one ob-
tains, by minimizing Ay?, the value of the most likely SM Higgs boson mass
to be:

(1.68)

2
My =

my = 1147 GeV/c? (1.69)
with an upper limit (at the 95 % Confidence Level) in the SM of:

my < 260 GeV/c? (1.70)

At LEP2 the direct search for the Higgs bosons has been extended at centre
of mass (CM) energies up to 209 GeV looking for the Higgs-stralhung pro-
duction process, where the electron-positron pair annihilates into a virtual
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Cuantity Valus Standard Model  Pull D,
my [GeV] 1700+ 1.8 £ 06 1711+ 1.9 0.1 0.8
My [CeV] 80,438 + 0,030 80,375 + 0.015 14 17

80.376 + 0,033 0.0 0.5
Mz [GeV] 011876+ 0.0021  OL187T4+00021 0l -0.1
Tz [GeV] 24052 + 0.0023 24068 £ 0.0010 0.7 -0.5
Tihad) [GeV] 1.7444 + 0.0020 1.7434 + 0.0010 - -
Tjinv) [MeV] 400.0+ 15 50159 £ 0.08 - -
r{fte™) [MeV] §3.084 + 0,086 §3.088 + 0.016 - -
Thad [0H] 41541 + 0.037 41.466 + 0.000 2.0 2.0
Re 20,804 + 0,050 20,758 £ 0.011 0.9 1.0
Ry 20.785 + 0,033 20.758 + 0.011 0.8 0.0
Ry 20.764 + 0,045 20803+ 0011 -0.9 0.8
Ry, 021620 +0.00066  0.21584 +0.00006 0.7 0.7
R, 01721 £0.0030 017228 +0.00004  -0.1 -0.1
Alls) 0.0145 +0.0025  0.01627 +0.00028 0.7 06
Al 0.0169 +0.0013 0.5 0.7
Al 00188 £ 0.0017 L5 16
Al 0.0002 + 0.0016 0.1033 +0.0007  -2.5 -2.0
Al 00707 + 0.0035 0.0738 £0.0008 0.9 0.7
Al 00976 + 0.0114 01034 £0.0007 0.5 0.4
ET 0.2324 +0.0012  0.23149 4000013 05 0.6

0.2238 + 0.0050 -15 -16
A, 015138 £0.00216 01473 + 0.0011 1.9 24

0.1544 ++ 0.0080 1.2 14

0.1498 -+ 0.0049 0.5 0.7
Ay 0.142 +0.015 0.4 0.3
Ar 0.136 £ 0.015 -0.8 -0.7

0.1430 £ 0,0043 0.8 -0.5
Ay 0.023 +0.020 00348 £0.0001  -0.8 0.6
A, 0.670 + 0,027 06679 +£0.0005 01 0.1
Ay 0.805 & 0,001 00357 £0.0001  -0.4 04
y; 0.3010 £ 0.0015  0.30386 +0.00018 -1.9 -18
o 0.0308 £0.0011  0.03001 +0.00003 0.7 0.7
oF —0.040 £ 0.015 —0.030T £0.0003 0.0 0.0
i —0.507 +0.014 —0.5064 £0.0001 0.0 0.0
Apy (—1.31 +£0.17).10~7 [-1.54 £0.02).1007 1.3 1.2
Jwr (Cs) —72.62 + 0.46 ~73.16+ 0.08 1.2 12
tw (T1) ~116.4 % 3.6 ~116.76£0.04 0.1 0.1
Ty {3.551‘3;55 107 (3184008 107% 08 0.7
tigu—2-9) 4511.07(74) - 1072 4500.08(10)- 1077 2.7 2.7
7 |[f] 200,03 + ' B0+ LT6 0.4 04

Figure 1.5: SM parameters[9], with relative pull, in the EWK fit to the Higgs
mass.
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Figure 1.6: The x? of the fit to the electro-weak precision data as function of

myg. The continuos line results from high energy precision measurement. The

blue band takes into account theoretical uncertainties, caused by neglecting
higher order corrections. The yellow region is excluded by direct searches at

LEP.
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Z which then splits into a Higgs particle and a real Z. This process has
the highest cross section. At LEP energies, the Higgs boson and the Z were
expected to be observed through their decay products. The decay channel
that have been studied at LEP are:

HZ — bbgqg ,HZ—bbvy  ,HZ —bbll  HZ — 7 77bb

The combination of results from all four collaborations at LEP of the direct
search for the Higgs boson production led to a lower limit at 95% of confidence
level to the Higgs mass:

my > 114 GeV/c? (1.71)

Preliminary results on direct searches for a SM Higgs Boson in p P collisions
at the Fermilab Tevatron accelerator at /s = 1.96 TeV have been presented
recently (March 2009). CDF and DO experiments performed a search for
the Higgs boson in the following channels:

HW — bbr v, HV — bbr 77 /7 7%jj , HV — bbjj , 7 7"H — 7 77bb

where V=W= Z. These direct searches have further extended the mass region
excluded at 95 % C.L. for a SM Higgs, adding the exclusion of the range 160
GeV/c? < my < 170 GeV/c?[20] (Figure 1.7).

1.4 Quantum Chromodynamics

Quantum Chromodynamics[21]][22], QCD, is a non-abelian gauge field theory
describing strong interactions among quarks and gluons.

The first theoretical evidence of the presence of a new degree of freedom,
later called color, emerged by looking at A™™ spectroscopy to preserve the
anti-symmetry of its (and in general of all baryons, since they must obey
to the Pauli exclusion principle) wavefunction with the introduction of an-
other term to baryon wavefunction: the antisymmetric color wavefunction.
This feature of strong interactions was soon confirmed by some experimental
evidences such as the measure of the ratio R[23][24]]25][26]:

o(e”et — hadrons)

R=

oo o (1.72)

According to the quark parton model should be equal to the sum of all quark
couplings to the photon:

R=> el (1.73)
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Figure 1.7: Observed and expected 95 % C.L. upper limits on the ratios of
the Higgs production cross section and the SM cross section, as a function
of the Higgs boson mass for the combined CDF and D@ analyses. Both
experiments performed dedicated searches in different channels.
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This would give R = % and not R = %, that is the due value in the presence
of color. The factor 3 confirms the existence of this further degree of freedom.
This is only one of the confirmations of the presence of color.

An interesting feature of strong interaction is the apparently changing in
its effective strength with the kinematic regime, which becomes quite weak
at short distance or at high energy. This property is known as asymptotic
freedom. In such regime, lowest-order perturbation theory amplitudes pro-
vide a good qualitative description of the phenomenology. The running cou-
pling constant® as(Q?), as consequence, becomes larger at lower energies and
strong enough to lead to the confinement of quarks and gluons into hadrons.
At low energies, perturbation theory breaks down.

The simplest gauge theory describing strong interaction features, such as
the non observation of color multiplet of hadronic state, or the apparent non
existence of ¢ ¢, § ¢ q or q q q q q states, is based on the SU(3) group.

QCD is formulated in an analogous way as QED and the theory of weak
interactions by a gauge principle. Strong iteractions involve quarks, which
are present in three color eigenstates. The free strong Lagrangian is:

'CgeCeD = ,&‘I@(ia - m),@bq,a ) (175)

where o« = 1,2,3 is the color index (red, blue, green) and f is the quark
flavour index. For simplicity, we will refer to just one quark flavour in the
following. The QCD Lagrangian is required to be invariant under an SU (3)¢
transformation

P — = e D3y (1.76)

where A = (Ag, Ao, .., Ag) is a vector of the SU(3) generators, i.e. the Gell
Mann matrices, g; = /4ma,. The following commutation rules hold for
Gell-Mann matrices: o \
a b . c

[?a §:| - Zfabc? > (177)
where f,. are real constants, called structure constants of the group. The
non commutation of all the generators is due to the group being non-abelian.
In order to preserve the invariance under local tranformation, the ordinary
derivative has to be replaced by the covariant one, containing eight gluon

8The strong running coupling constant is defined by:

as(Q?) = as(1?)
(@)= 1+ 5=(33 — zf)zn(%j)] ’ (1.74)

where f is the flavor number and p is a reference mass scale. The positive sign in the
denominator is responsable of the decreasing of o (Q?) with energy.
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fields, G2 :
D, =0, + z’%)\an . (1.78)

Replacing 0, — D,, in (1.75), we obtain the QCD Lagrangian, complete of a
free term and of an interaction term:

Lqop = P(id —m)p — gspy" %WZ (1.79)

Although this form is the analogue of QED Lagrangian, it does not show a
gauge invariance under SU(3) transformation, since it is a non-abelian one.
Each field G, has to transform as:

Gl — G = G — 9,a% — g [y, (1.80)

The last term is quadratic in gluon fields and produces a self-interaction
term. This term arises also in weak interaction theory (Equation 1.15), but
not in QED, because it is a characteristic of non-Abelian symmetries, such
as SU(3) or SU(2). A gauge invariant kinetic energy term for each gluon
field has to be added. The complete QCD Lagrangian takes the form:

(5 " >\a a 1 a v
Locp = (id — m) — 95¢7“7¢Gu - ZGWGZL (1.81)
with the G, the gluon field tensor defined as:
Gy, = 0uGy — 0,65, — g [ GlGlue (1.82)

1.5 The quark parton model

The internal hadron structure can be investigated through deep inelastic
scattering of electron or neutrinos on a nucleon. This kind of experiment
has firstly evidenced the non-pointlike nature of hadrons and the existence
of fundamendal constituents.

Feynman introduced the parton model in 1969[28| explaining the deep in-
elastic scattering in terms of elastic scattering in free point-like constituents,
the partons. At high transferred momentum the virtual photon is probing
very short distances and time scales. In this scenario, the partons can be
treated as free inside the hadron, and the photon interacts only with one
parton (asymptotic freedom) which carries a fraction x of the total hadron’s
4-momentum (Figure 1.8). The probability distribution of this variable is
called Parton Distribution Function (PDF), and it is not predicted by the
model. The PDF's are measured by to inelastic scattering experiments and
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describe the distribution of quarks inside the nucleon. Two types of quarks
have to be considered inside the nucleon: “valence” quarks (elementary con-
stituents of the quark model) and “ sea” quarks (virtually created g g pairs).
Quark distributions have to be parametrized for valence and sea quarks.
Nucleons, gluons and anti-quarks only have the “sea” contribution.

Xx.p'
(Unobserved hadrons)

Figure 1.8: Inelastic electron-proton scattering, within one-photon exchange
approssimation, in terms of interaction of the photon with a parton.

PDFs depends on the transferred momentum Q2. Of course the assumed
perturbative approssimation is valid for large four-momentum transfer, hence
for low Q% the PDFs extracted experimentally are affected by larger uncer-
tainties.

According to the quark parton model, the collision between two protons,
like the ones that will be produced at the Large Hadron Collider, can be
schematically presented as the interaction between two partons of momenta
r1p1 and xops respectively, p; and p, being the colliding protons momenta,
and it takes place at centre-of-mass energy /s = \/Z1225, where s is centre-
of-mass energy of the two protons system (Figure 1.9).

1.5.1 The Drell-Yan process

According to the parton model, we can interpret p-p collisions in terms of
subprocesses between elementary constituents of the nucleons. The most
important process is the Drell Yan process p p — p~ ¢ X in which a muons
pair is produced in association to an hadronic final state (Figure 1.9). At the
tree-level approximation a valence quark and a sea antiquark annihilate into
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Figure 1.9: Parton model ampltude for Drell Yan process.

a virtual photon decaying in a muon pairs. The subprocess to consider is:
qq — gt (1.83)

The cross section for this process can be computed in analogy to that of
electron positron annihilation in muon-antimuon:

ole et — u pt) =4ra?/3¢* . (1.84)

Above the electron and muon masses are neglected. The cross section for the
collision of a ¢ § pair of quark type a with charge e, (in units of the electric
charge), assuming a given color charge, is then:

o(qq — p~ ") = (4ma?/3¢%)e;, . (1.85)

The elementary process cross section has to be multiplied by the probabilities
of finding a quark of type a with a z; fraction momentum, and an antiquark
of the same type with a x5 fraction momentum in the colliding protons:

dP,(z1,22) = q,(x1)dx1G,(22)dzs . (1.86)

We have to consider also the contribution due to an antiquark with z; fraction
momentum and to a quark with z,:

dP,(z1,12) = q,(z2)dxeq, (x1)dz; (1.87)
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The double differential cross section for Drell Yan process is then:

47T0z

do(pp — p ptX (21)q,(2) + q,(22)q,(v1)]dz1dzy .

(1.88)
The factor % takes into account the color of the quarks and the fact that
particles are color-singlets implies that quark and antiquark have opposite
color charge. The experimental observation of this process was one of the
first experimental evidences for the presence of this new degree of freedom.
This cross section considers only the electrodynamic process with one pho-
ton exchange, but other diagrams must also be added, such as that with one
Z boson exchange (Figure 1.10). This contribution cannot be neglected at
high energies.

Figure 1.10: Annihilation ¢ g in u~ p* pair through Z boson exchange.
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Chapter 2

The Large Hadron Collider and
the CMS experiment

The Standard Model of particle physics provides an accurate as well as el-
egant treatment of the penomenology and it has been so far tested to high
precision at energy scale well below the TeV. However, it doesn’t explaine
some features such as the origin of the mass, that is up to now an unsolved
problem. This has led to project a new accelerator able to investigate SM
at an energy range above that probed so far in laboratories, in order to find
answers about the electroweak breaking symmetry and to explore possible
new physics beyond the Standard Model.

The Large Hadron Collider, build at CERN (Conseil Europen pour la Recher-
che Nuclaire)[32], has been thought to provide a test of SM also at energy
up to the TeV as well as to search an experimental evidence of Higgs boson,
which would confirm the Higgs hyphotesis of spontaneous breaking symme-
try mechanism as origin of the mass. It has also the role to look for evidences
of other phenomenology supporting theories such as supersymmetry or tech-
nicolor.

2.1 The LHC collider

The Large Hadron Collider (LHC)[29][30][31] is an accelerator and collider
built at CERN and located in the already existing LEP tunnel on the the
Swiss-French border, at about 100 m depth underground. It has a 27 km
circumference.

The proton collisions will take place up to 7 TeV per beam with a total
centre mass energy of 14 TeV. Proton beams will have a bunch-crossing fre-
quence of 40 MHz, that corresponds to a time interval between two bunches
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of 25 ns. The choice to project a pp collider rather than an e”et one allows
to reach high energy without great loss due to synchroton radiation (propor-
tional to the fourth inverse power of mass of accelerated particles). Moreover
accelerating proton instead of antiproton is technically easier, and at LHC
energy there are high propability density also for sea quark and antiquark.

Proton bunches cirtulate in two rings guided by high field superconducting
magnets (up to 8.4 T) that are cooled by a huge cryogenics system.

To reach 7 TeV, the proton beams have to be pre-accelerate by existing
machines. The protons are provided by an hydrogen source removing elec-
trons and accelerated at 50 MeV by Linac, linear accelerator, hence put in a
booster to reach 1.4 GeV. The bunches are formed and accelerated to 26 GeV
in the Proton Synchroton (PS) with the correct 25 ns spacing ad then are
injected into the Super Proton Synchroton (SPS) that accelerates them at
450 GeV and transferred into the two rings of LHC. Figure 2.1 shows an
overview of CERN Accelerator Complex.

Proton beams will collide in four interaction points (IP), at which four detec-
tors are installed: CMS (Compact Muon Solenoid)[34], ATLAS (A Toroidal
LHC ApparatuS)[35], LHCb (Large Hadron Collider Beauty experiment)|[36],
and ALICE (A Large Ion Collider Experiment)[37]. CMS and ATLAS are
the two largest experiments based on general purpose detectors, designed
to explore the largest possible range of physics. ALICE is designed to study
heavy ion physics and is an ion-ion collision experiment, it works with the col-
lisions of two beams of Pb ions accelerated up to total energy of 2.76 TeV /nu-
cleon. LHCDb is designed to investigate the B-physics and precision measur-
ment of CP violation, in order to do this, it doesn’t work in the pp centre of
mass system. One of the most important parameter of an accelerator is the
istantaneous luminosity related to the total cross section o of the two beam
collisions and to the event rate R by the relation:

R=Lo
L depends on machine parameters according to

7 [ksN;

L= F
dme, 3

where ~ is the Lorentz factor of the accelerated protons, f is the beam rev-
olution frequency, kg is the number of bunches per beam, N, is the number
of protons per bunch, ¢, is the normalized transverse emittance!, 3 is the
betatron function at the IP, and F a the reduction factor due to the cross-
ing angle. The design luminosity for LHC is £ = 103*em 257!, leading to

!The design value of the emittance is 3.75 u m
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Figure 2.1: Overview of the CERN Accelerator System.
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around 1 bilion proton-proton interaction per second. In Table 2.1 the main
parameters for LHC are listed. The integrated luminosity L = [ Ldt is a

Parameter PP Heavy Ions
Energy per nucleon E 7 2.76 TeV
Dipole field at 7 TeV B 8.33 8.33 T
Design Luminosity L 1034 1077 cm~2s71
Bunch separation 25 100 ns
Number of bunches kg 2808 592
Number of particles per bunch N, 1.15 x 10! 7.0 x 107
0 value at IP I} 0.55 0.5 m
RMS beam radius at IP o 16.7 15.9 pam
Luminosity lifetime TL 15 6 hr
Number of collisions/crossing  n. ~ 20 -

Table 2.1: The machine parameters relevant for LHC detectors.

measurementof the number of events produced in a period of data tacking
per cross section unit. Larger data acquisition time corresponds to a larger
number of events acquired, and it is possible in these conditions to explore
low cross section events.

The LHC startup is expected at the end of September 2009, with collisions
following in late October and with the first physics data in the late 2009
with, an integrated luminosity of more than 200 pb~! and at 5 TeV energy
per beam for the first period of run.

2.2 The CMS detector

CMS (Compact Muon Solenoid)[34] is one of the two general purpose experi-
ments which will take data at the LHC. Its aim is to investigate a wide range
of physics: from the search for the Higgs boson to searches for new physics
beyond the Standard Model, to the precision measurments of already known
particles and phenomena. CMS has the same scientific purposes as ATLAS
experiment, but it is designed using different technical solutions as well as a
different magnet system. To achieve these goals, CMS detector has to fulfil
to some requirements:

e Muons have to be reconstructed in the range |n| < 2.5 with good mo-
mentum resolution and also good mass resolution (~ 1% at 100 GeV /c?),
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and the detector has to be able to determine unambiguosly the charge
of muons up to p~ 1 TeV/c.

e The inner track system must be able to guarantee an high track re-
construction efficiency and a good momentum resolution of charged
particles. Pixel detectors close to the impact region, are needed to
provide an efficient triggering and offline 7 and b tagging.

e Electromagnetic calorimeter has to provide a good energy resolution as
well as a good photon pairs and electron pairs invariant mass resolu-
tion (~ 1% at 100 GeV/c?) in a wide region (|n| < 2.5). It must to
provide also a correct measurement of the direction of photons and the
identification of primary vertex.

e Jets must be reconstructed with high EZ**** resolution in a large region
(In] < 5) and with a fine lateral segmentation (An x A¢ < 0.1 x 0.1).

The technical solutions adopted for CMS detector to supply these require-
ments are explained in more details in the following section. The most im-
portant components of CMS are its high field solenoid, a full silicon-based
inner tracking system and a fully active scintillating crystals-based electro-
magnetic calorimeter. Figure 2.2. illustrates an overview of CMS detector
with its subdetectors. The CMS detector consists of a longitudinal struc-
ture, the barrel and of two disks orthogonal to the beam pipe, the endcaps.
In the centre of the barrel a 4T superconducting solenoid, which allows to
achieve good momentum resolution 2, is positioned . A return field of about
2T with opposite direction than that provided by the solenoid, coveres the
region where four muon stations are located. Each station consists of several
layers of alluminium drift tubes (DT) in the barrel region and of cathode
strip chambes (CSC) in the two endcaps. In both regions, DTs are comple-
mented by resistive plate chambers (RPC). Inside the magnet, the tracker
and the two calorimeters are inserted. The tracker is made of 10 layers of
silicon microstrips providing the required granularity and precision, and of 3
layers of silicon pixel detectors, placed closer to the impact region in order
to improve the measurement of the impact parameter of charged particles
as well as the the position of the secondary vertices. CMS electromagnetic
calorimeter (ECAL) is homogeneous and is charachterized by a very good

2The resoluion in py improves with increasing in magnetic field intensity according to
this relation:
Opr 05 8

=— = ———pro; .
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Figure 2.2: An overview of the CMS detector.

energy resolution. It is uses lead tungstate crystals (PbWO,) and covers a
pseudorapidity region up to |n| < 3.0. The scintillation light is collected
by silicon avalanche photodiodes (APDs) in the barrel region and vacuum
phototriodes in the endcaps. In front of the ECAL a preshower detector is
installed in order to reject 7 s. Between ECAL and the magnet, a sampling
hadron calorimeter is installed covering the same 7 region as the ECAL. The
scintillating light, due to the passage of particles through the crystals, is con-
verted by wavelenth shifter fibres embedded in the scintillator, then collected
and detected by hybrid photodiodes, HPDs, which provide high gain and at
the same time very low sensitivity to the high magnetic field. A coverage up
to |n| < 5 is provided by an iron-quartz fibre calorimeter. Figure 2.3 shows
different kinds of particles traversing all subdetectors.

In terms of radiation length, the thickness of the detector is greater than
25 X, for ECAL and in terms of interaction length is about 7-11 A; for
HCAL (depending on 1). We will return on the details of each detector in
the following sections.

The total pp cross section at /s = 14 TeV is about 100 mb, hence, at
the design luminosity CMS will observe an event rate 10% inelastic events/s.
So, the trigger and the online selection process must be able to reduce the
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Figure 2.3: Overview of different kind of particles traversing all CMS subde-
tectors.

number of events, to store and analyze, to about 100 events/s. The short time
between two bunch-crossing (25 ns) requires very fast readout and trigger
systems.

Products of different collisions within the same bunch or even different
bunches can pile up on the same detector, thus making information on the
event uncorrect. In order to avoid the superimposition of events coming from
two following bunches, the readout electronics must be very fast. The effect
of pile up can be reduced also by using high granularity detectors with good
time resolution. This implies a great complexity because an high number of
electronic channels is needed and therefore a good synchronization among
them.

Moreover the detector is subject to radiation damage due to the large flux
of particles coming from the interaction region and it must be high resistant
to it. Another source of radiation damage is the beam-halo which provides a
not negligible rate of particles hiting the subdetectors.

The coordinate system

The coordinate system adopted by CMS has the origin centred at the nom-
inal interaction point inside the experiment. The z-axis points along beam
direction. The z-axis and the y-axis belong to the plane orthogonal to the
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beam direction, the former points at the centre of the LHC, while the latter
points vertically upward. CMS detector has a cylindrical symmetry around
the z-axis, and for this reason a more convenient coordinate system is given
by the radius r, i.e. the distance from z-axis, the azimuthal angle ¢ defined
from the x-axis in the z —y plane and the polar angle from z-axis in the y — z
plane. For hadron colliders the polar angle 6 is more conveniently replaced
by the pseudorapidity 7 defined as n = —In(tan(6/2)). Figure 2.2 shows the
CMS coordinate frame close to the detector.

2.2.1 The tracking system

The inner tracking system of CMS[40] is designed to provide a precise and
efficient measurement of the trajectories of charged particles coming from
the LHC collisions, as well as a precise reconstruction of secondary vertices.
It is placed in the inner part of the apparatus, completely immerse in the
4T magnetic field generated by the solenoid. It extends for a length of 5.8 m
and for a diameter of 2.5 m and it is centred around the interaction point.
The high number of particles traversing the tracker for each bunch-crossing
(every 25 ns) requires high granularity in order to identify and reconstruct
the trajectories and a fast response to assign them to the correct bunch-
crossing. Indeed the high density of the readout electronics needs an efficient
cooling. The large particle flux in the impact region is also an intense source
of radiation, hence the detector has to be resistent to radiation damage.
The expected tracking system lifetime is ~10 years. All these features are-
provided by the silicon technologies. For this reason the tracker has been
designed entirly as a silicon detecor. As already mentioned, at designed
LHC luminosity of 103*cm =257, about 1000 particles per bunch-crossing hit
the tracker. This means that at a radius of 4 cm, the hit rate density is
1 MHz/mm?, 60 kHz/mm? at a radius of 22 cm and 3 kHz/mm? at a radius
of 115 cm. The tracking system is therefore divided into three regions:

e Pizel detectors are placed closest to interaction vertex where the par-
ticle flux is higher: three cylindrical barrel layers at radii of 4.4, 7.3
and 10.2 cm and two disks on each endcap. This system allows to keep
the occupancy net larger than 1%. The size of each pixel is of 100 x
150 pum?2. The pixel detector counts 66 milion pixels.

e The radial region between 20 cm and 55 cm, where the particle flux is
lower than the region closest to the interaction vertex, is covered by the
silicon microstrip tracker with a minimum cell size of 10 cm x 80 pm.
It is organized in three barrel layers and three disks at each endcap.
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e In the outermost region, that extends from 55 cm to 116 cm a system of
larger-pitch silicon strips is adopted since the particle flux is sufficiently
low to allow their use.

Figure 2.4 shows a schematic drawing of the CMS tracker.
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Figure 2.4: Transverse section of the CMS tracking system. It is made of
a Pixel detector and a Strip detector divided into 4 subdetectors: Tracker
Inner Barrel (TIB), Tracker Inner Disks (TID), Tracker Outer Barrel (TOB)
and Tracker EndCaps (TEC+ and TEC-). Each line represents a detector
module, while double lines indicate back-to-back modules which deliver stereo
hits.

The Pixel detector

The Pixel system (Figure 2.5) provides precise measurements of trajectory
points in r — ¢ and z with a spatial resolution about 10pum for the r — ¢
measurement, and about 20um for the z measurement. It is very important
to reconstruct secondary vertices from b and tau decay, and also to provide
a seed track for outer track reconstruction. The Pixel detector cover the
pseudorapidity region |n| < 2.5.

The presence of a 4T magnetic field implies a Lorentz drift that leads to a
charge spreading of the collected signal charge over more thant one pixel. The
Lorentz angle is 23°. This effect improves the spatial resolution. The endcap
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Figure 2.5: The three layers of barrel section of the Pixel detector (green)
and the four disks of the endcap (red).

pixel disks in order to benefit from the Lorentz effect, has been constructed
with a turbine-like geometry, with blades rotated by 20°.

The Pixel barrel detector is made of three layers at radii of 4.4, 7.3 and 10.2
cm. The pixel modules are mounted inside CMS on their support structure,
divided in two half-cylinders, together with the supply tubes which house also
the electronics for read-out and controls. The entire barrel length is 570 mm,
ranging from -285 mm to +285 mm and consists of about 800 modules.

The forward Pixel detector is composed of two disks for each endcap, ex-
tending from 6 to 15 cm in radius and placed at |z] = 34.5 cm and 46.5 cm.
Each disk is divided into 24 blades supporting 7 modules.

Each module is composite of two silicon basestrips, which support the mod-
ule, and of the front end electronics consisting of read-out chips bump-
bounded to the detector modules by red indium connections.

The Strip detector

The intermediate and outermost regions of tracking system (figura 2.6) are
occupied by the silicon strip tracker divided into four subsystems. At radius
55 cm the Tracker Inner Barrel (TIB) extends with its 4 layers, coupled to the
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Figure 2.6: Overview of the Strip detector.
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Tracker Inner Disks (TID) composite of 3 disks at each end. The barrel and
endcap layers are made of 320 pum thick silicon micro-strip sensors oriented
parallel to the beam direction in the barrel and radially on the disks. They
provide up to 4 r — ¢ measurements. The strip pitch becomes larger in
the outermost layers, it is 80 pm on layers 1 and 2, and 120 pgm on layers
3 and 4 in the TIB, leading to a spatial resolution of 23 ym and 35 pm
respectively. In the TID the strip pitch varies between 100 ym and 141 pm.
The Tracker Outer Barrel surronds the TIB and the TID up to a radius of
116 cm and counts 6 layers of micro-strips larger than the ones used in the
inner tracker: the strip thickness is 500 pm and their pitches are 183 pm on
the first four layers (the inner ones) and 122 pum on layers 5 and 6. The TOB
provides six additional r — ¢ measurements with a spatial resolution of 53 pum
and 35 pm. The TOB coveres the region extending to £ 118 cm along the
beam pipe (z-axis). The Tracker EndCaps (TEC+ and TEC-, where the sign
indicates the covered z region) extends along the beam axis in the interval
124 em < |z| < 282 c¢m and along the radius from 22.5 cm < |r| < 113.5 cm.
Each TEC consists of 9 disks, carrying 7 rings of micro-strip detectors with
thickness variable between 320 ym and 500 pm, and with a strip pitch which
varies in the interval 97-184 pm. The layers of the TEC provide another
9 ¢ measurements for trajectory. The two inner layers of TIB, TID and
TOB as well as the first, the second and also the fifth layer of TEC, are
charachterized by the presence of a second strip layer mounted back-to-back
with a stereo angle of 100 mrad providing a stereo view, i.e. a measurment
of the second coordinate, which is z for barrel layers and r for endcap layers.
This measurement allow to achieve an average single-point resolution of 230
pm in the TIB and 530 pm in the TOB, in TID and TEC (varies with strip
pitch). Refer to Figure 2.7 to see the TIB layers (two double-sided and two
single-sided) and the TOB ones (two double-sided and four single-sided).

The modules which host the silicon sensors are supported by a carbon-fibre
structures inside an outer support tube that provides a temperature control
system that keeps the operating temperature around -10°C.

This design for the strip tracker system allows to have at least 9 hits, about
which 4 are two-dimentional measurements, for tracks in the range |n| < 2.4.
The strips detector counts about 9.3 milion of strips and covers an area of
about 198 m?.

Performance of the tracker

Figure 2.8 shows the resolution of transverse momentum, transverse impact
parameter and longitudinal impact parameter as a function of pseudorapid-
ity, for single muons of transverse momenta up to 1, 10 and 100 GeV. The
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Figure 2.7: Transverse section of the tracking system. In green the three
pixel detector layers. TIB and TOB layers are shown indicating in blue the
double-sided layers which provide a stereo view, and in brown the single-sided
layer.
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transverse momentum resolution is dominated by multiple scattering for low
pr muons. In the region |n| ~1.6, for 100 GeV particles the resolution is
about 1+ 2% The track reconstruction efficiency is plotted in Figure 2.9 for
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Figure 2.8: From the left: resolution of transverse momentum (left) , trans-
verse impact parameter (centre) and longitudinal impact parameter (right)

respect to the pseudorapidity, for single muon transverse momentum of 1, 10
and 100 GeV.

both muons and pions at different transverse momentum values. For muons
efficiency it reaches 99%, indipendently of pr. The decrease of the efficiency
at |n| = 0 is due to the presence of gaps between the ladders of the pixel de-
tectors at z =~ 0, while at high values of 77 the decrease in efficiency is caused
by the reduced coverage of the pixel forward disks. Pions and hadrons in gen-
eral interact with the material of the tracker and, hence, their reconstruction
efficiency is lower than muons’ one.

2.2.2 The Electromagnetic calorimeter

The Electromagnetic calorimeter of CMS (ECAL) is an hermetic homoge-
neous calorimeter made of 61200 lead tungstate (PbWOy) crystals mounted
in a central barrel and of 7324 crystals in each of two endcaps. This system
is completed with a preshower (designed to reject 7°) inserted in front of
endcaps.

The ECAL has to identify the decay in two photons of the Higgs boson.
This requirement demands a very good energy resolution, provided by the
homogeneous calorimeter design. The lead tungstate crystals have high den-
sity (8.28 g/cm?), short radiation length (0.89 cm) and short Moliére radius
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Figure 2.9: Global track reconstruction efficiency for muons (left) and pions
(right) as function of 7.

(2.2 cm) resulting in a fine granularity and in a compact structure. An inter-
esting feature of these crystals is their scintillation decay time, which is of the
same order of magnitude as the bunch-crossing time, about 80% of the light
is emitted in 25 ns. However their light yield is very low (30 photons/MeV)
and strongly dependent on the temperature. This requires the system has
to be maintained to a constant temperature to high precision. It requires,
hence, a cooling system to keep the temperature of crystals an photodetectors
stable within +0.05°C in order to preserve energy resolution. The nominal
operating temperature of the CMS ECAL is 18°C, and the cooling system
employs water flow to stabilize the detector.

The barrel section of the ECAL (BE) covers the region at |n| < 1.479 with
61200 crystals of dimentions: 22 x 22 mm? at the front face, 26 x 26 mm? at
the rare face, and a length of 230 mm, corresponding to 25.8 X;. The total
barrel crystal volume is 8.14 m® and its weight is 67.4 t. The crystals (at the
centre of their front face) are 1.29 m distant from the z-axis. All the crystals
are supported by an alveolar structure made of an aluminium layer and two
layers of glass fibre-epoxy resin.

The endcap part of the ECAL (EE) covers the pseudorapidity range 1.479 <
In| < 3.0 ad is distant 315.4 cm from the interaction point. The crystals have
a rear face cross section 30 x 20 mm? and a front face cross section 28.62 x
28.62 mm? and a length of 220 mm, corresponding to 24.7 X;. Crystals in
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EE are grouped in 5 x 5 modules and arranged into carbon-fibre alveolar
structure. The total EE volume is 2.90 m?® with a weight of 24.0 t.

The light signal coming from scintillators must be converted into an electric
signal by photodetectors, which need to be fast, highly radiation resistent,
able to operate in the 4 T magnetic field and must compensate the low yield
production of the scintillators with a high gain and high quantum efficiency.
Avalanche photodiodes have been chosen to detect the light coming from the
EB scintillators, while in the EE vacuum photodiodes have been installed.
The latter ones have lower quantum efficiency and internal gain, but a larger
detection surface.

A preshower device covers the region 1.653 < |n| < 2.6. It is made of two
planes of silicon strips which lie behind disks of lead absorber at depths of
2 Xy and 3 X, and the aim of the preshower detector is to identify neutral
pions in endcap region, but also to help with the position determination of
electrons and photons.

Performance of the electromagnetic calorimeter.

The energy resolution of CMS ECAL can be parametrized as function of the
energy (Figure 2.10) as:

GGG e

where S is a stochastic term, N a noise term and C a constant term. Different
contributions have a role in each term. The fluctuation in the number of
produced and collected electrons is included in stochastic term, while the
noise is due overall to electronic noise and to pile-up events. The constant
term takes into account contributions such as:

e the stability of working conditions, such as temperature and high volt-
age;

e the presence of dead material between the crystals and the rear and
lateral leakage of the electromagnetic shower;

e the non-uniformity of the longitudinal light collection, due to the trun-
cated pyramidal shape of the crystals and to the high refractive index;

e the inter-calibrations error;

e the radiation damage of the crystals, the exposition of the crystals to
high radiation dose, resulting in a change of detector response to the
deposited energy.
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The constant term dominates at high energy.
In test beam the energy resolution has been found to be:

(%)2 _ (%)2 + (%)2 + (0.30%)? (2.2)
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Figure 2.10: ECAL energy resolution, og/E, as a function of the electron
energy as measured from a beam test. The energy was measured in an array
of 3 x 3 crystals with electrons.

2.2.3 The Hadron Calorimeter

The CMS Hadron Calorimeter (HCAL) has been designed to cover a wide
range of physics processes with different signatures in final states, partic-
ularly those involving hadron jets and neutrinos, but also exotic particles
resulting in missing transverse energy (E7). In order to have a good EJs
measurement, the HCAL has to minimize the non-Gaussian tails in the en-
ergy resolution and to provide a good conteinment and hermeticity. A strong

condition for the HCAL is its location: inside the magnet coil and surround-
ing the ECAL (Figure 2.11). Therefore, the HCAL extends from radius 1.77
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Figure 2.11: Longitudinal view if the CMS detector showing the locations
of the hadron barrel (HB), endcap (HE), outer (HO) and forward (HF)
calorimeters. HB ad HE are placed surronding the ECAL and inside the
solenoid. HO and HF are installed outside the magnet coil.
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m to the inner surface of the magnet at radius 2.95 m, and has to maximize
the amount of material inside this region in terms of interaction length, in
order to absorb the hadronic shower, and at the same time the absorber has
to be non-magnetic. Brass has been chosen as absorber material because
it is a non-magnetic material and has short interaction length (Table 2.2.3
reports brass physical properties).

Chemical composition 70% Cu, 30% Zn

Density 8.53 g/cm?
Radiation length 1.49 cm
Interaction length 16.42 cm

Table 2.2: Physical properties of the bass absorber

An outer calorimeter is placed outside the solenoid complementing the bar-
rel calorimeter, and acts as a tail catcher. A forward hadron calorimeter
extends the pseudorapidity coverage up to |n| = 5.2 using Cherenkov tech-
nology.

The barrel hadron calorimeter (HB) is a sampling calorimeter placed inside
the magnet coil surrounding the ECAL barrel. It covers the pseudorapidity
range |n| < 1.3. The plastic scintillator is divided into 32 1 sectors resulting
in a segmentation of An x A¢ = 0.087 x 0.087. The absorber consist of two
steel plates, a 40 mm thick front one and a 75 mm thick back one, and of eight
brass plates 50.5 mm thick and other six plates 56.5 mm thick. The total
absorber thickness at 90°is 5.82 interaction lengths. Of course, the effective
HB thickness increases with the polar angle according to 1/sin 6.

The HB baseline active material is Kuraray SCSN81[45] plastic scintilla-
tor and has a thickness of 3.7 mm. The main reasons which have led to
choose it are its long-term stability and moderate radiation hardness. The
first layer, layer 0, is made of 9 mm thick Bicron BC408[46]. The light is
collected in plastic scintillator tiles, readout through embedded wavelength
shifting fibres and converted into an electric signal by multichannel hybrid
photodiodes (HPDs).

The endcap part (HE) extends in a pseudorapidity interval 1.3 < |n| < 3, a
region which collects about 34% of the particles produced in the final states.
It consists of 14 n towers with a segmentation in ¢ of 5° for the 5 towers
at lower 1, and of 10° for the 8 innermost towers. The total number of HE
towers is 2304. The design of the two HE is driven by the need to avoid
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“dead” zones rather than high resolution. Indeed, the jet energy resolution
in the HE is limited by the pile-up, the magnetic field effects and also by the
parton fragmentation. The entire design provides a self-supporting hermetic
construction. As for the HB, the absorber material is the brass: plates of
79 mm thickness are spaced by 9 mm gap to accomodate the scintillators.
Including the adopted electromagnetic crystals, the total amount of material
of the two calorimeters is about 10\;.

The trapezoidal scntillators adopted are 3.7 mm thick SCSN8&1 for the 1-17
layers, and 9 mm thick Bicron BC408 for layer 0. The scintillation light is
collected also in this case by wavelength shifting fibres and readout by the
multipixel hybrid photodiodes (HPDs), due to their very low sensitivity to
magnetic field and also to their large dynamical range.

The outer calorimeter (HO) is placed in the pseudorapidity central re-
gion, as in Figure 2.11 in order to provide sufficient containment for hadron
showers together with EB and HB, and it extends outside the magnet coil.
The solenoid is used as the additional absorber with a thickness equal to
1.4/sin @ A; and allows to identify late starting showers and to measure the
shower energy deposited after HB. The pseudorapidity region covered by the
HO is |n| < 1.3. The HO consists of 10 mm scintillators. The tiles are
grouped in 30°-sectors, the same ¢ segmentation used in the muon system
DT chambers. Acting as “tail catcher” the HO improves the E7¥** resolution
of the calorimeter.

Being placed inside the muon system, outside the solenoid, the HO is con-
strained to be integrated into the muon system geometry. It is divided into
5 rings along n with iron as absorber material. Each ring has a length of 2.5
m along the z-axis. The HO scintillators follow the same tower geometry in
n and ¢ as the rest of HCAL. Figure 2.12 shows longitudinal and transverse
view of the outer calorimeter.

The forward hadron calorimeter (HF) provides a coverage of the pseudora-
pidity range 3.0 < 1 < 5.0 by steel/quartz fibre. The front face is located
11.2 m away from the interaction pont, outside the solenoid.

The signal is generated when charged shower particles, above the Cherenkov
threshold (E > 190 keV for electrons) generate Cherenkov light, hence the
calorimeter is most sensitive to electromagnetic component. The signal orig-
inated in this way reaches the photomultipliers throught the quartz fibres.
The steel absorber extends for 1.65 m depth and is composed of 5 mm thick
grooved plates where fibres are inserted. The detector is funtionally subdi-
vided into two longitudinal half parts: half of the fibres extends along the
entire length of the absorber, while the other half starts at a depth of 22 cm
from the front of the detector. This design allows to distinguish showers gen-
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Figure 2.12: Longitudinal and transverse views of the outer calorimeter, HO,
of the CMS detector, showing positions of HO layer.

erated by electrons and photons, which deposits a large part of their energy
in the first 22 cm, from those generated by hadrons which produce roughly
equal signals along the entire length of the calorimeter. Long and short fibres
are integrated in the grooves of the absorber, and are placed alternatively.
These fibres run parallel to the beam line.

The forward calorimeter is cylindrical and inserted around the beam pipe.
It is distant 12.5 cm from the beam line and its outer radius is 130.0 cm. Its
structure is organized in 13 7 towers, all with a size given by An =~ 0.175,
with the exeption of highest-n tower with An ~ 0.3 and the lowest one with
An = 0.1. The detector is azimuthally subdivided into 20° modular wedges.
In total, the structure counts 900 towers and 1800 channels in the two HF
modules.

Performance of the hadron calorimeter

In order to evaluate the performance of the three parts of HCAL (HB, HE
and HF) it is usual to look at the jet energy resolution and at the missing
transverse energy resolution. The granularity of these three parts has been
chosen to make the jet energy resolution quite uniform , as a function of E7p.
Figure 2.13 shows the transverse energy resolution as function of Ep. The
missing transverse energy resolution is given by O ppiss & 1.254/ >" Ep, where
> E7 is the jet transverse energy, without considering clustering corrections.
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Figure 2.13: The jet transverse energy resolution as a function of the simu-
lated jet transverse energy for barrel, endcap and forward region.

2.2.4 The magnet

The CMS magnet is a large superconducting solenoid designed to reach a
4 T field. An high bending power is required to reach a good pr resolution
and to distinguish unambiguously the sign for muons with momentum up
~ 1 TeV. The bending power of the high field also allows to measure aslo
high transverse momenta with good resolution. The magnet parameters are
given in Table 2.2.4.

The magnetic coils surrounds the two calorimeters (ECAL and HCAL) and
the tracking system. The goal is to achieve a muon resolution about 10% pr
for 1 TeV muons. The pr resolution scales with 1/B, where B is the strength
of the magnetic field.
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Field 4T

Inner Bore 59 m
Length 129 m

Number of turns 2168
Current 19.5 kKA

Stored energy 2.7 Gj
Hoop stress 64 atm

Table 2.3: CMS superconducting solenoid parameters

2.2.5 The muon system

Muon final states are clear signatures of the interesting physics processed
expected at LHC, such as the Higgs decay into ZZ and ZZ*, which in turn
decay into four leptons, and in particular the muon channel is called the

“gold plated” channel. Furthermore the best four-particle mass resolution
can be achieved if the 4 leptons are muons, because they are less affected by
radiative losses than electrons. This is only one of the physics processes and
of interest in LHC physics program involving muons. A system for muon
detection with a wide angular coverage for the detection is necessary. The
muon system provides a precise muon momentum measurement, but also a
time measurement of the bunch-crossing, and also works as trigger for events
involving muons.

Momentum measurement, in the muon system, is determined by the muon
bending angle at the exit of the 4T coil, considering the interaction point
as the origin of the muon. For low-momentum muons, the best resolution
is given by the silicon tracker. In fact up to pr values of 200 GeV/c the
resolution of the muon system is dominated by multiple scattering rather
than by the chamber spatial resolution.

The CMS muon system is designed using three kinds of gaseous particle
detectors for muon identification: drift tubes chambers (DT), chatode strip
chambers (CSC) and resistive plate chambers (RPC). As the tracker and the
calorimeters, it is made of a cylindrical barrel and two endcaps. The first
two provide an exellent spatial resolution, while the RPCs have a very good
timing. Figure 2.14 shows the longitudinal view of the subdetector.

The barrel extends up to |n| < 1.2 and is based on DT chambers. The drift
cells (Figure 2.15) consist of a stainless steel anode wire placed between two
parallel alluminium layers. Two chatodes shape the electric field. The gas

mixture choosen to fill the cell is: 85% Ar and 15% CO,. This leads to a

61



800

R (cm)

700

600

500

400

300

200

100

0 200 400 600 800 1000 1200
Z (cm)

Figure 2.14: Longitudinal section of the quarter of the CMS muon system,
with DT chambers in the barrel, CSCs in the endcap and RPCs coupled to
both DT chambers and CSC.
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maximum time of electron drift of 380 ns for a maximum path of 21 mm.
The efficiency of single chamber lies around 99.8% with a spatial resolution
of ~ 180 pum. The device is organized into 4 stations (MB1, MB2, MB3 and
MB4) interspersed with layers of the flux return plates as shown in Figure
2.16. The first 3 stations, named MB1, MB2 and MB3 contain 8 chambers for
the measurement of the muon coordinate in the r — ¢ plane, and 4 chambers
which provide a z-measurement. The last station MB4 does not contain a
z-measuring plane. Along the longitudinal direction the muon system barrel
is divided into 5 wheels, as well as the HO, which are subdivided into 12
sectors each covering a 30° azimuthal angle. The design chosen for the barrel
provides a single point resolution of ~ 200um and a ¢ precision better than
~ 100pm in position and ~ 1 mrad in direction.

Anode w nn. l_uu de HLII IS

Muon

Figure 2.15: Schematic view of a drift cell. The electrons, coming from the
gas ionization due to the passage of a muon, drift towards the wire anode.
The voltages applied to the electrodes are +3600V for wires, +1800V for
strips, and —1200V for cathodes.

DT chambers in stations MB1 and MB2 are installed between two RPCs
and in the stations MB2, MB3 they are coupled to one RPC. High p;r muons
traversing the muon system cross up to 6 RPCs and 4 DT chambers provid-
ing in the DT system up to 44 measured point from which the muon track
candidate can be built.

The two endcap regions of CMS are characterized by a non-uniform mag-

netic field and large background levels. The muon system is constructed, in
these regions, with CSCs, which are multi-wire proportional chambers, with

63



Figure 2.16: Layout of the CMS barrel muon DT chambers in one of the 5
wheels. Each wheel is divided into 12 sectors, each covering a 30° azimuthal
angle, and composed of 4 stations.
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fast response time, fine segmentation and radiation resistance. The covered
pseudorapidity range is 0.9 < |n| < 2.4. Each endacap is divided into 4
stations of CSCs of trapezoidal shape and is installed perpendicularly to the
beam line. Each CSC (Figure 2.17) consists of 6 gas gaps filled with a mix-
ture of 30% Ar, 50% CO, and 20% CF,. Each gap has a plane of radial
chatode strips, providing an r — ¢ measurement, and a plane of anode wires
placed orthogonally to the catode plane and read out in order to give an n
measurement, as well as a beam-crossing time of a muon: a charged particle
traversing the CSCs causes gas ionization and, hence, an electron avalanche
with the consequent production of a charge introduction on the anode wire
and an image charge on the chatode strips. The very fast signal on the an-
ode wires is used in the Level-1 Trigger. While, determining the centre of
gravity of the charge distribution on the cathode strips makes it possible to
achieve a better spatial resolution, that is tipically ~ 200um, and an angular
resolution in ¢ of 10 mrad. In order to improve the time resolution and the
pr resolution and can be used to resolve ambiguites due to multiple hits in a
chamber, RPCs are installed also in the endcap. An RPC is coupled to each
of the first three stations.

RPCs provide spatial informations with a time resolution comparable to
scintillators: the tagging time of an ionizing event is shorter than 25 ns,
the time interval between two LHC bunch-crossings. It allows to know what
bunch-crossing the event belongs to. For this reason a dedicated muon trigger
is based on RPCs.

The RPCs consist of 2 gaps formed by four bakelite electrodes, which are
covered by graphite in order to distribute uniformly the high voltage over
the surface. The 2 mm gaps are filled with a gas mixture of freon (CyHoFy,
95%) and isobutane (i-C4H;0). Since the RPCs work in avalanche mode the
gas gain is low, and the signal has to be amplified by the readout electronics.
Figure 2.18 shows a schematic view of an RPC.

2.2.6 The trigger

At LHC design luminosity, for a bunch-crossing rate of 40 MHz, a very high
rate of interactions is expected (a~ 10° interactions/s). Each event has a
size about 1MB. It is impossible to store and process such a large amount of
data. A selection has to be made on the events in order to reduce the selected
event rate to about 100 Hz, according to what is allowed by the limits on the
storage capacity. This goal is achieved by the trigger system (Figure 2.19)
in two steps: the Level-1 (L1) Trigger and the High-Level Trigger (HLT).
Data readout from the front-end electronics must reach the service cavern
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Figure 2.17: View of the CSC made of 7 parallel trapezoidal panels forming
6 gaps.
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Figure 2.18: Layout of the RPC double-gap structure.

that houses the L1 Trigger system and return back to the front-end electronics
and provides a decision about taking or discarding the data from a particular
bunch-crossing. It takes about 3.2 us to perform a decision.

The L1 Trigger must reduce the events rate to 100 KHz, manteining at the
same time an high efficiency on interesting events. The time in which the
Trigger has to take a decision is too short to consider information from all
raw data; then, it works involving only the calorimeters (Calorimeter Trig-
ger) and the muon system (Muon Trigger), as well as correlelations among
informations of both two systems (Global Trigger). Figure 2.20 illustrate the
L1 Trigger organization. The presence of “trigger objects” such as electrons,
photons, muons and jets, above a set of Ep and pr thresholds, is the base
for L1 Trigger decisions. The triggered objects pass to the subsequent Data
Aquisition system (DAQ) and HLT for further reconstruction and selection
steps.

The next level of trigger is the HLT, which aim at further reduce the events
rate to about 100 Hz, using more detailed informations than the L1 trigger,
and more sophisticated reconstruction alghoritms. The data coming from the
readout buffers are transferred to processors, each running the HLT software
code to produce a smaller output rate for mass storage. The idea on which
the HLT is based, is to reconstruct only objects in the region of interest and
discard other objects. Many virtual trigger levels are used. A “local recon-
struction” is made initially using the full information of the muon system
and the calorimeters. In a second step also the information of the tracker
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Figure 2.19: Data Flow in the Trigger/DAQ system.
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Figure 2.20: Architecture of the Levell-Trigger.
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hits is taken into account and added. The last step is the use of the full event
informations (calorimeters, muon system and tracker).
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Chapter 3

The physics program at CMS
experiment

The choice of LHC design parameters is determined by the physics goals
which have brought to the construction of this machine. According to this
idea the LHC collider is a pp collider, and differently from e~e™ colliders, it is
a discovery machine. The partons are the fundamental constituents entering
the pp scattering, and they carry an unknown fraction of the proton four-
momentum each, z; and z, . Therefore, the centre of mass energy (CM)
of the hard scattering process, given by v/§ = \/8T1T2, can span a range
of different orders of magnitude. The centre of mass energy of the proton-
proton collisions will be /s = 14 TeV, and if x; and x5 are of the order of
0.15 — 0.20% (it depends on the origin of the quarks, if they are “valence”
or “sea” type) of the incoming proton momentum, the partonic CM energy,
V'3, will be about 1 — 2 TeV, that is the energy range we want to explore.
The total proton-proton cross section at 14 TeV is ~ 110 mb, where the
contribution from inelastic processes cross section is about 60 mb, and 40 mb
is the contribution to the cross section from elastic scattering. Figure 3.1
shows the proton-proton cross section in a pp collider of /s centre of mass
energy.

The main goals of the CMS experiment are:

e study the symmetry breaking mechanism giving rise to particle masses,
and, hence, search for the Higgs boson in the mass range 100 GeV/c* <
my < 1 TeV/c® If it wil be found we have to understand if it is
compatible with the SM Higgs, and if it is not found we have to look
for alternative models;

e search for new physics beyond the Standard Model such as supersym-
metry, technicolor, new strong interactions, extra-dimentions, etc.

71



‘\I T I“I"Ik\l\l\ LR AL IIHI! ”“\ml‘-lllllll I IIIHIl l‘,l..I.HHIJ LI .‘..l.[.l,‘.l,l

Cross section {mb)

10° 1 10 10 10° 10¢ 10° 10° 107 N

Vg GeV

1 ! [ R A R i VTt ! T TTTT7E

i9 2 10 i 1? . 1o

Figure 3.1: Total pp cross section in a pp collider as function of laboratory
beam momentum and total centre of mass energy as reported in Particle
Data Group[51]. LHC will work at a CM energy of 14 TeV.
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e perform precision measurements in the electroweak sector, QCD, CP
violation and B physics sector.

3.1 Standard Model measurements

The Standard Model predictions have been well confirmed first by the discov-
ery of neutral currents in 1973[1] and then by the W and Z bosons discovery
in 1983[2], as reported in Chapter 1. In the following years, experiments at
LEP and SLC measured, with very high precision, the properties of the W
and Z. The observation of the top-quark at Tevatron[19] completed these
measurements. There is a piece of the Standard Model still missing: the
Higgs boson. At CMS searches for the Higgs boson will be performed in
the Higgs mass range from 100 GeV/c? to 1 TeV/c? (see section 3.2). Al-
ready from the initial phase of data-taking, interesting measurements can
be done studying the production and leptonic decays of Z and W bosons
as explained in section 3.1.1. These measurements will be very useful in the
understanding of alignements and detector calibrations, as well as in searches
for new physics. Furthermore, as already said in the section 1.3.2, my can
be extracted from a global fit of the electroweak measurements, knowing the
logarithmic dependence of the electroweak corrections on my. Of course,
EWs observables have to be known with high precision and one of the main
goals of the CMS experiment is to perform precision measurements in the
electroweak sector (myy, my, triple gauge couplings, sin®6fy). In order to
have an useful help in the determination of my, mw and m; should be mea-
sured with a precision Amyz < 15 MeV and Am; < 2 GeV. Of course, since
LHC is not an e"e™ machine, will be a great challenge to achieve so high
precision on these measurements. CMS SM measurements will be performed
also in B-physics sector as in QCD.

3.1.1 Electroweak physics at CMS

The production cross sections of Z and W bosons at 14 TeV in hadronic
collisions are large, their leptonic decays have very clear signatures and they
are theoretically well understood. The cross sections for leptonic channels,
pp — Z+X — 00 and pp — W+ X — (7, at LHC and in the fiducial region
of the CMS detector, are expected to be above 1 nb and 10 nb, respectively.
Decays in electrons and muons will be detected in the very early phase of
the experiment. In fact, due to their very high production rate, Z and W
physics will start already with the first few inverse picobarns of collision data
collected by the CMS experiment. Decays into tau leptons require higher
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luminosity, because triggering is based on more sophisticated criteria, hence,
these channel will be studied later.

Vector boson productions are useful for many purposes such as a precise
luminosity measuremente and monitoring, high-statistics detector calibration
and control of the performance of the CMS experiment. Furthermore, ZW,
WW and ZZ events will provide informations on important backgrounds to
searches.

The main selection, made on Z and W decays into muons, is realized by
requiring muons in defined geometrical acceptance region and whitin the
trigger acceptance. Useful selection criteria, together with triggering, are
isolation criteria: a region around the lepton (a cone, called isolation cone)
is defined and it is required a low total pr in the tracker or total Er in
calorimeters within the isolation cone. Muons coming from b and ¢ decays, or
from K and 7 decays are produced in jets, therefore they are characterized by
the presence of nearby particles, i.e. of tracks and amount of energy around
them. Muons from Z and W decays are isolated. The isolation selection is
very useful in background rejection, although it is a source of inefficiency.
In this thesis work a careful study on isolation has been conducted (we will
explain it in the following chapter).

Using these channels it will possible to study the trigger efficiency already
at the startup and during the wide lifetime of the LHC experiments.

In hadron colliders such as the LHC, the electron and muon Z decay channels
are experimentally the easiest to identify, since the Z decay into quark pairs
have much more backgrounds than other Z decays, and W decays have not a
so clear signature due to the high EZ* caused by the presence of neutrinos
in the final decay states.

The production of lepton pairs in hadron-hadron virtual collisions, the Drell-
Yan process[52], is described by an s-channel exchange of a photon or a Z
boson: qg — 7/Z — (. At low energies the v exchange dominates, but
around the Z peak the dominating exchange is that of Z boson. At higher
energies both photon and Z exchange contribute resulting in a large value of
the forward-backward asymmetry', App, due to the interference between the
neutral currents.

The measurement of parton cross section and forward-backward asymmetry
will provide a lot of interesting informations, such as ones about the PDFs.

!The forward-backward asymmetry App is defined as:

_ Nr—Np

.A =
FB= Np + Np

(3.1)

where Np is the number scattered into the forwards hemisphere 0 < cosf > 1 and Np
that into the backward hemisphere —1 < cosf > 0.
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The production of lepton pairs above the Z pole is a rich search field for
new phenomena, because the differential cross section of the process and the
interference term are sensitive to the manifestation of new physics.

The cross section and the forward-backward asymmetry depend on observ-
ables which are experimentally well measured: the invariant mass and the
rapidity® of the final state lepton pair. The knowledge of these dependences
together with the measurement of the cross section and the Appg, will allow
to reconstruct the centre of mass energy of the initial partons, although their
flavours are unknown. For each pair of interacting partons there are four
possible combinations of up and down quarks: ut,qu,dd and dd. In pp col-
lisions the anti-quarks are sea quark, while quarks may be both valence and
sea quarks.

The measurements relative to di-lepton invariant mass, especially those with
high-mass, will be useful from the initial phase of data-tacking to test the
tracking alignment of the muon system and to calibrate the electromagnetic
calorimeter with the electron channel, in order to reduce the width of possible
peaks, and as already said, they will be useful as search fields for new physics
(as the presence of the heavy neutral boson Z’ from its decay in muon pairs).

This thesis work will deal with pp — Z + X — p~u™ channel and with the
measurement of its cross section.

3.2 SM Higgs boson search

The Higgs Boson mass is not predicted by the theory because it depends on
two parameters, v3 and . While the former is known by the relation which
bounds it to the constant Gz of Fermi’s theory, the latter can determine
only by the direct measurement of the Higgs mass, as seen in chapter 1.
On the other hand, the Higgs boson couplings to the fermions and bosons
are predicted to be proportional to the corresponding fermion masses or
squared boson masses. For this reason the Higgs boson production and decay
processes are dominated by those channels involving heavy bosons such as
W= and Z and the third generation of fermions. While the coupling to gluons
and photons takes place at higher orders than tree level.

We will see in the following sections the Higgs boson production processes

2The rapidity is defined as:
1 ¢ E + PL

y = —lo

3.2
508 ok (32)

where py, is the longitudinal momentum along the direction of the incident particle and E
is the energy, both defined for a given particle.
3
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and the decay modes and what is, in each Higgs mass range, the golden
channel to discover it.

3.2.1 Higgs boson production

The main channels contributing to the SM Higgs boson production at a
hadron collider, such as LHC, are:

e gluon-gluon fusion

e VV fusion

e W and Z associated production, Higgsstrahlung
e tt associated production

The cross sections corresponding to these channels are reported in Figure 3.4
for a centre of mass energy /s = 14 TeV, the design value at the LHC.

The gg fusion is the dominating Higgs production mechanism, at the LHC,
over the entire Higgs mass spectrum. The diagram is shown in Figure 3.4a.
The main contribution is given by the top loop because of the strong coupling
of Higgs boson to the top quark. The value of the cross section increases of
a factor ~ 2 considering nex-to-leading orders (NLO) with respect to that
leading order (LO) cross section. The gg — H cross section is affected by
large uncertainty due to the gluon structure function. This Higgs produc-
tion process is very interesting not only because of its relativly larger cross
section in the entire mass range, but also because it is very sensitive to an
hypotetical fourth generation of quark, since, as already said, the Higgs cou-
pling is proportional to the fermion mass. The second contribution to the
Higgs boson productions is the V'V fusion. Its cross section is one order of
magnitude lower than the gg fusion in a wide range of my values. V'V fusion
and gg fusion become comparable for high Higgs boson mass values. This
process (Figure 3.4b) has a very clear signature: two spectator jets with high
invariant mass are present in the forward region. This feature provides a
good signal to background ratio. The uncerainties on this process are small
and both LO and NLO are well known. The last two channels contributing
in this scenario to the Higgs boson production are the Higgsstralhung and
the associated production with a tt pair. Figures 3.4c and 3.4d show both
of them. In the first channel, the Higgs boson is produced in association
with a W* or Z boson. The cross section of this process is several orders of
magnitude lower than the previous two. The last process has a tt pair as a
tag of the Higgs boson production. Also for this channel the cross section is
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Figure 3.3: Higgs boson production cross section at /s = 14 TeV as a
function of the Higgs boson mass.
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quite low, but on the other hand its signature is very good and provides a
clear tag of the Higgs production.
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Figure 3.4: Higgs boson production mechanism at tree level in proton-proton
collisions: (a) gluon-gluon fusion; (b) VV fusion; (¢) W and Z associated
production (Higgsstralhung); (d) tt associated production.

3.2.2 Higgs boson decay and search

According to the mass range, the branching ratios (BRs) of all kind of decays
varies in a significant way. Hence, the discovery of the Higgs boson strongly
depends on what is the mass range in which it lies and on the BRs of the
decay channels in this range. Moreover, experimentally, the capability to
detect the signal and reject the background is very important. The decay
channels involving leptons are preferable.

Figure 3.5 illustrates the branching ratio for all possible decay modes.
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Figure 3.5: Branching ratios of different Higgs boson decay channels as a
function of the Higgs boson mass. They are calculated with the program
HDECAY[53] which includes the dominant higher order corrections to the
decay width.

80



Low mass region

We can see that for low values of my fermionic decay modes dominate (up
to ~ 150 GeV/c?). Due to its large mass value, the channel which has the
highest BR in this region is H — bb. The background for this channel makes
quite difficult the search for the Higgs boson: background is constituted by
di-jets and it is few orders of magnitude greater than the signal.

In spite of its low cross section, this channel, relative to a Higgs boson
produced in association with a tt or via Higgsstralhung, can give interest-
ing results because of its clearer signature. Three possible final states are
considerated: a leptonic channel, H — bb, t — fvb, t — fvb, a semi-
leptonic channel, H — bb, t — ¢gb, t — ¢vb and an hadronic channel,
H — bb, t — ¢gb, t — ¢gb. The signal, in these channels, is character-
ized by the presence of high pr leptons and missing energy, as well as the
presence of 4 b-tagged jets, two of which are coming from Higgs boson. The
background is mainly due to QCD events. Most recent studies also consider
Higgs production via Vector Boson Fusion. Infact, in this case, the final state
is characterized by two forward/backward jets, two b-jets (from the Higgs
decays) and a central high py photon.

The golden channel in this mass region will be the decay of Higgs boson
into a pair of photons, H — ~7, infact, the two high energy photons provide
a very clear signature, although its cross section is quite low. We expect
a narrow peak in the two photons invariant mass distribution (Figure 3.6).
Background sources for this channel are photons coming from qg — ~7,
Z — e~ e" and from jets. This channel has a strong dependence on the
detector performance. The resolution of the electromagnetic calorimeters is
crucial.

Intermediate mass region

In the intermediate mass region (130 GeV/c?* < my < 2my) the decays
of Higgs boson into WW® and into ZZ* open up. There is a peak of the
H — WTW~ cross section, when the production of a pair of W on shell
bosons is kinematically allowed. The best channels for the discovery in this
region are: H — WW® — 202y and H — ZZ* — 4¢. The first decay mode
has a higher cross section, and it is very important in this range of mass
where an Higgs boson can decay into two real W bosons, but into only one
real Z boson and one virtual. Nevertheless, due to the presence of neutrinos,
the recostruction of the Higgs boson in this case is quite difficult.

The signal events signature of the channel H — WW® — 22 is two
isolated high pr leptons (that may be either electrons or muons) with a small
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Figure 3.6: Di-photon invariant mass spectrum in H — ~~ channel.

opening angle in the transverse plane, significant E%*** and without jets in
the central region of the CMS detector[54]. The topologies of the signal are
three: ete™, p~ut and e*pT. For this channel the dominant backgrounds
are the continuum WtW~ and tt productions. The missing energy is, of
course, due to the neutrinos and it prevents the presence of a signal peak as
in Figure 3.7.

The decay mode H — ZZ* — 4¢, with ¢ = e*, ;*, has a more clear experi-
mental signature and high signal to background ratio, but it has a very low
BR. Differently from the decay into two W bosons, this decay channel allows
a precise reconstruction of the Higgs boson thanks to the presence of isolated
charged leptons with high transverse momentum. This channel seems to be
a golden channel in this range of mass. The main sources of backgrounds are
tt, Zbb and ZZ*/v*, while Zct is neglegible. Figure 3.8 shows the invariant
mass distribution for events of different Higgs mass hypothesis for the three
signal topologies[55].

High mass region

In the third region, with mass values above 2 my, the decay of the Higgs
into two real Z is possible, and the leptonic channel is certainly the golden
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channel, although the BR of this channel is still lower than that of the decay
into two W. At mass values of about ~ 350 GeV/c?, also tt can be produced.

Of course, a reduced production rate implies a large width of the signal,
and, hence, a difficulty to observe the mass peak. For this reason decays
into jets and neutrinos have also to be considered. The rate of the channel
H — WW — /lvjj is higher than the four lepton channel from H — ZZ
decays.

The total width of the Higgs boson resonance is a function of my. Below the
2my threshold the width is dominated by experimental resolution and helds
of the order of the MeV, but over that threshold it becomes larger (Figure
3.9).

3 .’I | [ |
2 103
M, [GeV]

Figure 3.9: Higgs boson total decay width as a function of the Higgs boson
mass.

At high values of Higgs boson mass, separating the Higgs peak from the VV
continuum becomes very difficult since the width I'(H — V'V) is proportional
to my:

3 m
'(H=VV)= ——. 3.3
H—-VV) =0 (3.3)

As my increases, it becomes experimentally very problematic to observe the

Higgs separating the signal peak from the background.
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3.3 B-Physics

The CMS experiment is well suited for B physics, thanks the large b pro-
duction cross section. The decay B — Jip¢ — p~pTKK is the CMS
benchmark channel to study many properties of the BY system and in par-
ticular the difference between the widths and the masses of the two weak
eigenstates BSH and BSL. In fact this difference, such as that between the
decay rates of K& and K? mesons, should be due to a different behaviour of
weak interaction between matter and anti-matter particles or to the existence
of an undiscovered force in nature not symmetric in matter-antimatter, and
not predicted by the SM. An asymmetry in the two rates (B® and B®) would
be a signal of CP violation since it dependes on the phases of CKM matrix.

3.4 Beyond the Standard Model

The SM has been experimentally tested with high precision, but it cannot
answer to some fundamental questions like:

e the origin of Dark Matter;

the origin of particle masses (if the SM Higgs boson will not discovered);

the origin of the three generations of fundamental fermions;

how to introduce Gravity in a quantum scenario;
e how to unify fundamental forces.

The LHC will probe the TeV energy scale where new physics is expected. An
important part of the CMS program will be to search for this new physics
beyond the Standard Model. The CMS design has been chosen to make it
suitable to investigate new scenarios of High Energy Particle Physics. The
production of a new gauge boson, the Z', with a mass in the TeV range is
one of the possible early discover at the LHC and in particular at the CMS
detector. It has a clean final state for its decays into two high pr leptons
leading to a very clear signal in CMS. In CMS, in order to detect this boson
by its decay channel Z' — p~pu™, dedicated reconstruction techniques have
been developed to study muons with pr in the TeV /c range.

The strong presence of jets in LHC collisions has brought the CMS collab-
oration to study in detail the analysis of dijets events and the dijet invariant
mass. Moreover an accurate work has been made in order to evaluate in
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details experimental and theoretical systematics on the dijet mass distribu-
tion. The results of these study have been interpreted as a sensitivity to new
physics scenarios.

The determination of the missing transverse momentum in collisions at an
hadron collider is in general a difficult measurement since it is very suscetible
to detector inefficiencies, but also to physics and instrumental backgrounds.
But it may be an important signature for new phiysics events such as those
concerning low mass SUSY. For this reason, techniques to calibrate EM?s
with well knows Standard Model processes have been also developed in CMS.
The good knowledge of the detector and a good control of backgrounds will
make possible the study of low mass SUSY already with 0.1 fb=! of data.

A signal of the presence of new physics could also be an excess of 7 pro-
duction. The selection and analysis of 7 will be used to search for the A/H
heavy Higgs bosons which are predicted, for example, by the Minimal Super-
symmetric Standard Model (MSSM). It is, hence, very important the study
conducted in detail on the T-tagging and 7-trigger.

3.4.1 Supersymmetry

A strong motivation to search for evidences of Supersimmetry (SUSY)[56]
concernes the fact that the Higgs Boson mass is affected by quantum correc-
tions from every particle that couple to the Higgs field. Figure 3.10a shows
this correction at one-loop level. This Feynman diagram yields a correction:

)\ 2
AME = —%A?N to. (3.4)

Here Ayy is an ultraviolet momentum cutoff used to regulate the loop in-
tegral. It should be interpreted as at least the energy scale at which new
physics enters to alter the high-energy behaviour of the theory; As is the
Yukawa coupling of the Higgs field to the fermion fields. Since all particles
acquire their mass via the Higgs mechanism, they are all influenced by this
correction to the Higgs boson mass.

Considering the graph in Figure 3.10b, a different correction is involved with
a different sign:

As]?
1672

Thanks to this term, the corrections partially cancel out (As is the Yukawa

coupling of the boson s and my its mass). In the SM the number of fermions
and bosons is very different and the large corrections remain. If there was
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Figure 3.10: Fermion (a) and boson (b) corrections to the Higgs propagator
at one loop level.

a bosonic particle for each SM fermion and vice versa, and the coupling
As = |As|* were equal, then, all corrections would cancel out as well in case
of a broken symmetry, where the masses of the corresponding particles are
different. The cancellation of all such contributions to scalar masses is pos-
sible a symmetry relating fermions and bosons is assumed. This symmetry
is called supersymmetry.

A supersymmetric transformation () turns a bosonic state into a fermionic
state (@ | boson) =| fermion)) and vice versa. According to this transforma-
tion, each SM particle is turned into its superpartner, which differs in spin
by 1/2, i.e. a boson with spin 0 or 1 is associated at each fermion with spin
1/2, and a fermion with spin 1/2 is associated at each boson with spin 0 or 1.
Supersymmetric particles are commonly called sparticles, the superpartners
of the fermions get a prefix s— (squark and sleptons are the sparticles asso-
ciated to quarks and leptons), while the superpartners of the bosons get a
suffix —ino (the photon is accompaigned by the photino, and the W, Wino,
and the 'Z, Zano are coupled at the vector bosons W and Z, they are called
gauginos). None of these superpartners has been observed until now. The
particles included in the MSSM are listed in Figure 3.11.

The MSSM provides the existence of two Higgs doublets, H, and H, with
Y = £1/2, which the respective weak isospin components Hj g and H?L’ 4- The

supersymmetric doublets ﬁu and H 4 are associated to the Higgs doublets
considered by the theory. The standard Higgs is a combination of H?L and
Hg. The mixing of charged and neutral gauginos and higgsinos are physical
states called charginos and neutralinos, respectively. Neutralinos, X°; (i =
1,2,3,4), and charginos, X*, and x*, are ordered by their mass, indicated
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Figure 3.11: Supersymmetric partners of Standard Model particles.

by the index of the particle, where the mass increases with the index.

In supersymmetric models a new multiplicative quantum number is intro-
duced, which allows to distinguish SM and supersymmetric particles. It is
called R-parity (or matter parity) and is defined as follow:

Pp = (—1)P5-1042 (3.6)

where B is the baryon number, and L the leptonic number, while s is the
spin of the particle. Pg is +1 for SM particles ad —1 for supersymmetric
particles.

If the R-parity is conserved in decays of supersymmetric particles, the result-
ing decay cascade (Figure 3.12) contains the lightest SUSY particle (LSP),
i.e. the lightest neutralino, which is expected to interact very weakly with
matter, leading to a significant E** in the final state and to an abundance
of leptons and jets (this decays presents a spectacular kinematical spectra in
¢ invariant mass distribution, as in Figure 3.13 (the plot is relative to the
process in Figure 3.12)).

A very interesting feature of SUSY, and also an important motivation to
search for it, is the unification of gauge couplings at high energy. This feature
is not allowed by the SM theory, but it could be achieved with a Minimal
Supersymmetric Standard Model (MSSM) (Figure 3.14).
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Figure 3.12: The decay cascade of an squark.
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Figure 3.14: In the left: Gauge coupling unification in non-SUSY GUTs. On
the right: Gauge coupling unification SUSY GUTs.

3.4.2 Extra dimensions and new vector boson high mass
states

The theoretical and phenomenological landscape of searches for physics be-
yond the Standard Model extends to a multitude of exotic tendencies today
in collider physics. Several theories require for extra space-time dimensions
scenarios and supersymmetric ones, as previous discussed. The experimen-
tal problem is that the final states and signatures of the models are very
similar, and, hence, an additional challenge is to distinguish the phenomena
belonging to each of them.

Models with heavy vector bosons

Many superstring-inspired[57][58] and unified theories (GUTs)[59], as well as
dynamical symmetry breaking[60] and “little Higgs”[63] models predict the
existence of additional heavy neutral gauge bosons (Z'). There aren’t, at the
moment, theoretical predictions on Z' mass scale but only lower limits of the
order of 600 — 900 GeV/c?. LHC will investigate Z' in mass range up to
1—5TeV/c?® for Z/ — pu~p™ and Z' — e~et decay channels.

Randall-Sundrum models

Randall-Sundrum (RS) models predict to warped extra dimensions, hypoth-
esized by Lisa Randall and Raman Sundrum[61][62]. One additional spatial
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dimension is considered by the models, where the fifth dimensions is warped
by the branes. The branes extend to infinit in the usual three spatial di-
mensions, but they are so thin in the warped direction to be approximated
by delta functions in high energy range. The collider physics phenomenol-
ogy assuming warped extra dimensions is based upon a specific model called
RSI. This model considers the extradimension as compactified to a circle
of circumference 2L, closed by identifying points by y — —y. This means
that the fifth dimension consists into two mirror copies of a curved 5D space
extending from y =0 toy = L.

At TeV scale, the SM, in RSI, is replaced by a new effective theory in which
gravity is still very weak, but there are exotic heavy spin-two particles, that
are excited states of Kaluza-Kline (KK) graviton. The KK gravitons, at
LHC, would be seen as di-fermion or di-boson resonances, whose width is
proportional to ¢ = k/M ratio (Figure 3.15).
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Figure 3.15: The cross section for e"et — p~p™ including the exchange of
KK gravitons in the RSI model. The narrowest resonances correspond to
k/M = 0.05, the widest to k/M = 0.14.

3.4.3 Technicolor theories

An alternative to the Higgs mechanism of the Standard Model is advanced
by Technicolour (T'C). This theory introduce in the particle physics scenario
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a new strong force, QCD-like, acting on technifermions, and providing a dy-
namical nature to Electroweak Symmetry Breaking. It acts at an energy scale
Arc ~ Vyearr = 246GeV. Np technifermion doublets condensate yield the
pseudo-Goldstone bosons mr¢, together with a wide spectroscopy of excited
technimesons, such as p, and w, of spin 1.

CMS attenction, in this scenario, will be focused on the study of p,. —
W + Z decay channel in order to search the p,. meson.

93



94



Chapter 4

Study of the inclusive process
pp—Z+X — p~puT+X and
Cross section measurement

The inclusive process pp — Z + X will be one of the first processes to be
studied at the LHC from the very early phase of data-taking, thanks to its
relatively large cross section and clear signature. In particular, its lepton
decay channels, Z+ X — ¢/ + X, will be very useful because of the following

reasons:

e these physics channels are well known from previuos studies and, hence,
they will provide a check of the Standard Model predictions at TeV
energy scale. They will be an interesting benchmark to unveil the
potential presence of new physics at such energy range. For example,
an anomaly in the rate of ZZ and Z~ production may points out the

existence of triple neutral bosons coupling like ZZ~ and Z~v~;

e some theoretical models beyond the SM predict the existence of heavy
neutral bosons (Z') or resonances at the TeV scale. The discovery
of such phenomena, if they exist, could be established through the
detection of events with two leptons in the final state with invariant

mass peaking at a given mass resonance;

e the Higgs boson decay into ZZ* will be the benchmark process in in-
termediate and high mass regions. The H — ZZ* — ({¢{ decay would

be the golden channel for Higgs observation.

e these channels will provide a precise measurement of the pp luminosity

from the startup of the machine;
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e they will be used to calibrate the detector and estimate its efficiencies,
since their experimental signature is very clear.

In this thesis work a method for the analysis of the Z — p~pu™ physics
channel is presented together with a measurement of the inclusive pp —
Z+X — p~pt+X process cross section. The analysis is performed according
to a method based on a simultaneous fit of the yield of Z — u~u™ events
and of the average reconstruction muon efficiencies in the tracker and in the
muon system, as well as the efficiency of the isolation cut appied to select
events and HLT efficiency. This kind of analysis has been thought to be
applicable directly on collision data, also of low statistics, and therefore it
will allow to achieve reliable measurement already from the very first data
taken at the LHC.

In the following sections we will present a short introduction to the pro-
duction process of Z boson and its decay into a muon pair and then we will
describe all the analysis steps performed in order to measure the process
cross section and the involved efficiencies.

4.1 Study of the signal Z — ™

The Z creation in a pp collision takes place from the annihilation of a ¢g pair,
where G is sea-quark and the ¢ may be either valence or sea quark (Figure
4.1). Since a valence quark has on avarage a momentum greater than sea
quark/anti-quark, and the g is certainly a sea-quarkthe Z momentum results
to have a non-zero longitudinal component. For this reason, most of the
Z bosons are produced in forward region. The distribution of kinematic
quantities m, pr , y and ¢ for the Monte Carlo Z are plotted in Figures 4.2a,
4.2b, 4.2c and 4.2d, respectively.

Plots in Figure 4.3 show the pr, n and ¢ distributions for the MC muons
which are the final state of Z decays. MC muons are produced mainly in the
plane orthogonal to the beam direction: 7 distribution is more populated in
1 = 0 region as in Figure 4.3b.

4.2 Analysis method description

The purpose of this analysis is to determine the yield of the produced Z —
u~pt events, corrected by the muon detector efficiency and the track recon-
struction efficiency as well as the efficiencies of the isolation cut and HLT.
All these estimates come directly from the data without any estimate from

Monte Carlo (MC).
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Figure 4.1: Annihilation of a “valence” quark and a “sea” quark into a Z
boson. The valence quark momentum is, on average, greater than sea quark
one, resulting in a forward directed Z boson.

4.2.1 The signal

The Z — p~pt events reconstructed from pair of muons (di-muons) of op-
posite charge. Muon candidates are classified according to the type of tracks
they are associated to. They can be reconstructed in the central tracker (
tracker tracks), or in the muon detector (standalone muons). If an internal
and an external tracks are matched, they are combined into a global muon.
Figures 4.4 show a schematic image of the three kinds of reconstructed muons.

For our analysis, the reconstructed Z events are classified into four statisti-
cally indipendent categories with a reconstructed Z — p~pu™:

e 7, built from a pair of muons both global and isolated. This category
is split into two samples which are statistically independent:

— Zif LT both of muons are global, isolated and matched to HLT
trigger primitive;

- Z}LfLT, both of muons are global and isolated, but only one of

them is HLT matched;

e 7, built from one isolated, HLT matched, global muon and one isolated
standalone muon;
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(a) Tracker track (b) Standalone track (¢) Global muon

Figure 4.4: Muon candidates reconstruction classification: (a) tracker track,
pr, (b) standalone track and (c) global muon.

e 7, built from one isolated, HLT matched, global muon and one isolated
tracker track;

o Z s huilt from a pair of global muons, where at least one is non
isolated and at least one is HLT matched.

The selection of Z candidates and their classification in the categories de-
scribed above is made in the following way: if a Z candidate matches all
the criteria of the first category, it belongs to it and it is excuded from the
others; if it does not fall in the first category but in the second, it is excluded
from the third and from the fourth, and so on. This procedure allows to con-
struct four mutually exclusive event samples, which are not-overlapping and,
hence, statistically indipendent. If more than one pair of muons reconstruct
a Z candidate in a unique event, they are all included in the mass spectrum
resulting in a combinatorial background.

For each sample, we produce a binned muon invariant mass spectrum and
perform a binned x? fit simultaneously on all the categories in order to extract
the Z yield and the average efficiencies.

For each category we introduce the differential event yields for signal plus
background with the following Probability Density Functions (PDF):
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AN,y

dm = fuu(m) = Nuufpeak(m) (4.1)
dNifLT _ fQHLT(m) _ NQHLTf (m) (4 2)
dm e = peak :
leileLT _ 1HLT(m) _ NlHLTf (m) (4 3)
dm e - peak :
dN,, <
T = fus(m) = Ny fuae(m) + byslom) (14)
dN
dﬂizt = fut<m) = Nutfpeak(m) + but(m) (4'5)
dN;Lﬁn S0

dm — szn iso(m) — N;LSTL isofpeak (m) 4 bzzn iso(m) (46)

The terms N, = NifLT + NﬁfLT, Nus, Ny and Nt 50 are the events
yields for each category, and they can be expressed in terms of Z production
yield, Ny_,,-,+ and average efficiencies for muon reconstruction in the tracker
(€r+) and in the muon system as stand-alone track (eg,) as well as the average
efficiencies of the isolation cut (e;5,) and HLT (egpr):

N;%{LT = NZ—W*/A*E%{LTE?soE?rkeia (4.7)
N = 2N e prennr (1 = ennr)el erica, (4.8)
Ny, = 2NZ_>M7#+€HLT€?SO€”‘]§(1 — etrk)eia (4.9)
Ny = 2Ny €nrreos€imésa(l — €sa) (4.10)
Nyt 20 = Ny (1= (1= emrr)®) (1 — €, )eqpes,  (4.11)

The factor 2, which is involved in N*" N, and N is due to the fact
that the specific criterium can be satisfied by the first or the second muon of
the pair. The two cases are indipendent and have to be summed.

We have factorized the efficiency terms in equations (4.7) to (4.11) since we
have assumed the effects of correlation between the two muon to be neglected.
This assumption is justified by an extimation of the correlation perferomed
in the CMS internal note[67]: it is about 0.11%.

We assume that the peak shape in Zﬁf A if LT 7, and Zu iso categories
is the same, and it can be extracted directly from the data rather then
parametrize it. Hence, we take as distribution for fpe.(m) the normalized
histogram of the di-muon invariant mass spectrum in the Z,, sample, where
the background is neglegible.

The model of the Z mass peak shape for Z reconstructed from a global
muon and a standalone muon (f;,,;.(m)) has been parametrized initially as
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a Gaussian, since resolution effects hide the Z peak shape and the statistcs
is low. The implementation of a different way to model the Z peak shape in
the Z,s category is integral part of this thesis work: we have determined the
PDF of the distribution of signal events in this sample considering the Z,,
candidates and taking, for one of the two muons, the momentum measured
from the muon detector track fit only in order to simulate a pair o muons of
which one is standalone and one is global. Each event of the Z,, sample is
counted only once by chosing alternatively the first (second) muon for even
(odd) events respectively. The goal of considering such description for the
signal shape is that it is entirely data-driven and, furthermore, it allows to
reduce the number of parameters to fit. Figure 4.5 compares the signal shape
of the selected Z,,; candidates and the shape obtained from Z,,, sample. The
results of the two kinds of fit are compared and reported in Table 4.4 in
Section 4.2.5.

Z mass [GeV/c?

—Zng
_pdffromZuu

oL

oE= )'T'\+:F\\\!"‘\+_I—!—‘—v——-—‘—
50 60 70 80 90 100 110 120 130 140
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40
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IX
o

Figure 4.5: Invariant mass distribution for selected 7, candidates in signal
events (black points) superimposed to the pdf (red points) determined from
Z,, candidates by using , for one of the muons in thepair, the momentum
of the associated standalone muon. The pdf is normalized to the invariant
mass distribution of Z,, candidates.

4.2.2 The Background

Signal shapes are derived by a data-driven method as we have seen. The
backgrounds functions, instead, are modelled as product of an exponential
times a polynomial of different order according to the specific sample, if the
background is not neglegible:
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e for 7 reconstructed from two global muons, Z,,, we assume negligi-
ble background from MC estimates: we expect ~ 0.1% of background
from non-Z processes, and 0.030% from combinatorial background in

7 events producing fake di-muon combinations;

e in the distribution for Z reconstructed from a global muon and a tracker
track, Z,;, the background dominates and we model it in this sample
as the product of an exponential times a second order polynomial:

bu(m) = Ngt(l + aym + agm?*)e ™ ; (4.12)

e also in the last sample, the Z/7" o hackground can’t be neglected,
and it is modelled as the product of an exponential with a first order
polynomial:
bzzn zso<m> — Nﬁﬂnon zso(l + blm)e—ﬂm (413)
e in the sample filled from Z reconstructed from a global muon and a
standalone muon, Z,,, the background can be parametrized simply by
an exponential:

bus(m) = Nj e 7™ (4.14)
but for low integrated luminosity values, it can also be neglected.

In this thesis work the sources of background which are taken into account
in the analysis are those Z candidates reconstructed from W — uv, QCD,
and tt samples.

Among W — pv events, a pair of muons, which can reconstruct a di-muon,
can be formed by a muon coming from W decay and another muon coming
from the decay of an hadron like B, 7 or K. In analogous way di-muon pairs
are produced by top quark decay in tt sample and in QCD sample, which
includes processes such as pp — ¢qj, pp — ¢gj and pp — ¢gj, a muon
coming from the jets j can be reconstructed as muons coming from 7 decay.

4.2.3 Data samples

In the analysis performed in this work, we have used the data samples of
the official, so called “Summer08”, Monte Carlo production', generated ac-
cording to the standard CMS generator, simulation and reconstruction chain,
assuming a centre of mass energy /s = 10 TeV and ideal conditions of the
detector. The considered samples are:

'For more detail on Summer08 production refer to the ElectroWeak Summer(08 page[64]
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pp— Z/v' X — ptum X

pp — WEX — p*v, X

e QCD jets events containing at least one muon with p; > 15GeV/c

o {t.

Table 4.1 shows informations about the data samples used in our analysis.
For each one, the number of events, the product of the leading order (LO)
cross section (0r0) times the generator efficiency (€fyer) and the equivalent
integrated luminosity ([ Ldt) are indicated.

| Sample Events o X euer (pb) [ Ldt(pb™!) |
D —ZX — i X 1,062,500 627 1694.34
pp — WEX — pty, X 1,091,841 8198 133.17
QCD jets, muon p; > 15 GeV/c 5,479,643 121,675 45
tt 147,000 241.7 608

Table 4.1: Analyzed data samples.

4.2.4 The event selection

We defined selection criteria in order to select signal events and reject back-
ground ones.

Muons coming from Z decays have high pr, as we have seen in the plot
of the pr distribution for signal muons (Figure 4.3c). For this distribution
we require, for our selection that, both muon candidates, either global or
standalone muons, or tracker tracks, must have a pr > 20 GeV/c.

The muons interesting for by our analysis are produced mainly close to the
plane orthogonal at the beam pipe, i.e. for values of  around 0. We choose to
set a cut on 7 in order to select muons which are reconstructed in the region
where the tracker is more efficiencient. Figure 2.9 shows a quite constant
trend of tracker efficiency for muon track reconstruction until |n| < 2 for
muons, over this region the smaller coverage of pixel forward disks leads to
a fast decrease of the global track reconstruction efficiency. Hence, in order
to achieve a high reconstruction efficiency and also to avoid edge effects we
choose to take muons within |n| < 2.

In order to better study the background distribution we take a large invari-
ant mass range in our selection: 20 GeV/c? < m,,-,+ < 200 GeV/c?.

A further request is made by introducing a new variable: the isolation. We
describe it in more detail in Section 4.3, considering both the contributions
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coming from the tracker and the calorimeters. At this step of the study we
limit the definition of th he isolation variable as the sum of the transverse
momenta of the charged particle tracks with py greater than a threshold
PT min, Which lie within a cone around the muon momentum direction at

vertex of size AR, < AR < AR,,4., where AR = \/(Aqb)? + (An)2:

AR<ARmax

Ly = Z pg) . (4.15)
p¥)>pT min
AR>ARmin

We request tracker isolation to be smaller than 3 GeV/¢, with isolation
variable defined considering AR,,;, = 0.015, AR = 0.3 and pr i =
1.5 GeV/c. We will see in Section 4.3 how the introduction of a different iso-
lation variable, including calorimeter contributions, leads to an improvement
in selection performances.

Events are required to satisfy HLT single-muon criteria. The HLT trigger
matching requirement varies according to the definition of each Z category.

The kinematics cuts applied for our analysis are listed in Table 4.2.

Selection cuts

pr > 20 GeV/c
n <2
L <3 GGV/C
20 GeV/c? < my-,+ < 200 GeV/c?

Table 4.2: Summary of the selection cuts applied in order to preserve signal
events and reject background ones.

Figures 4.6 to 4.10 show the invariant mass distributions of the selected Z
candidates for each category considered in the analysis and previously de-
scribed. The plots refer to an input data sample of signal plus background
events corresponding to an equivalent integrated luminosity of [ Ldt = 45 pb™!.

Table 4.3 lists the number of selected candidates for signal and background
for each category in the rescricted range 60 GeV/c* < my,-,+ < 120 GeV /c?,
where the fit is performed.

4.2.5 Fit Results

The fit strategy adopted, in this thesis work, is based on the determination
of the Z — pu~u™ yield and the average muon reconstruction efficiencies in
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Figure 4.6: Invariant mass distribution of Zﬁf LT candidates for signal and
background events corresponding to an equivalent luminosity of 45 pb~1.

MC sample o Z,s 7, ZEﬁ“ iso
Z — putp~ 15870 4 130 49+7 320+ 20 640 4+ 30
Wi—>,uiz/ﬂ 2+1 442 320 £+ 20 34+6
tt 24 +£5 1+1 90+9 40+ 6
QCD 9+3 1+1 330+ 20 1090 £ 30
Z — 11~ 19+4 No events 69+8 No events

Table 4.3: Number of candidates in each category after the selection with an
invariant mass in the range [60-120] GeV/c®. Here Z,, = Z\[I*T 4 Z21ET.
The separate contributions from signal and background processes are shown.
An integrated luminosity of 45 pb™! is assumed.
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Figure 4.7: Invariant mass distribution of candidates for signal and
background events corresponding to an equivalent luminosity of 45 pb~!.

1HLT
Z e

the muon system and in the tracker, and the average efficiencis of isolation
cut and HLT, with a simultaneous fit to the invaraniant mass distribution
of the five categories of Z candidates. The unknown best fit parameters are
obtained throught the least squares method. We construct the global y?
according to this form:

Nk

Xi = Z (%,W) (4.16)

=0

where the & index (k = 1,2,3,4,5) refers to the particular category (Z, 7",
Z2M - Zy, 270 0 or Z,, ) and the N, is the number of bins in the
k-category. The 7 index labels the particular bin of the histogram which is
centred at the mass value m;, and the n¥ is the number of entries of the i-th
bin. If we want to fit the data with a function of the form f*(m), hence,
the number of entries expected by the theory in the i-th bin is f¥(m;). At
denominator, o¥ is the statistical error of the observed number of entries in
the i-th bin, according to the Poisson distribution it results of = \/n_f If
the theory is in good agreement with the data, we expect to have no much
difference between nf and f*(m;).
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Figure 4.8: Invariant mass distribution of Z,; candidates for signal and back-
ground events corresponding to an equivalent luminosity of 45 pb~1.

We rewrite the global x? making explicit all the terms:

X2 = XiulHLT + XiMQHLT + Xit + XZZ” 150 2 + XAQLS (4-17>
Since we use the di-muon spectrum of the Z,, category as signal shape
model, we remove the first two histograms from the x? form in (4.17) and
replace then by the contribution of the total signal yields, N27"*" and NZ2IET
2 (NifLT - NZ_>!L7H+E%‘ILT€?SO€?T]€€§G,)2

X = N2HLT
g

1HLT 2 2 2
(Nu,u T 2NZ_>M_M+€HLT(1 o EHLT)Eisoetrkesa)

1HLT
NML
non tso 2

Xit + X,LL,LL + Xf{,s )

+

2

According to this strategy, the fit has been performed on the 45 pb~! signal
plus background data sample for both Gaussian and data-driven Z peak
shape models for Z,; category, already introduced in Section 4.2.1. The fit
has been performed in both cases in the mass range 60 GeV/c* < m,-,+ <
120 GeV/c?. Figures 4.11 to 4.13 shows the fit results for the new model for
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Figure 4.9: Invariant mass distribution of Z,; candidates for signal and back-
ground events corresponding to an equivalent luminosity of 45 pb~1.

shape of Z,, peak, i.e. the pdf extracted by the data, superimposed to the
invariant mass distributions of the Z candidates reconstructed in the Z,;, 7,
and Z77" 50 samples. Table 4.4 listed the fit results for the new fit method
and also for the old fit method which use a Gaussian to describe the Z,
peak shape comparing themselves and with MC truth efficiency values.

We have performed the fit for different statistics, in order to study the
performance of the fit at different luminosity scenarios: 5 pb=t, 10 pb~! and
133 pb~t. We list in Table ?? the fit results for different scenarios compared
to the fit results of old fit method, i.e that models the Z peak shape as a
Guassian. The main fit parameters are also plotted in Figures 4.14, 4.15
and 4.16 for the various considered integrated luminosity values. The fitted
cross sections plotted in Figure 4.16 are normalized to the value obtained at
the highest luminosity. The parameters determined by the fit are in good
agreement with MC truth average values within about 1 to 1.5 ¢ and they
appear to be stable. At 5 pb™!, the fit results are affected by large errors and
an initial deviation from the others. This is due to the very low statistics of
the Z,,; sample. An Unbinned Maximum Likelihood fit approach could lead
to a better stability as we will see in Section 4.4.

In the following sections we will refer to the fit method as that describing
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Figure 4.10: Invariant mass distribution of Z;" iso candidates for signal and
background events corresponding to an equivalent luminosity of 45 pb™*.

| Z->p + (unmatched) track mass | __fMass
§ Hﬁﬁﬁﬂ;ﬁp w*ﬁﬂ !
oLyl T
B i,

i + (unmatched) track invariant mass (GeV/c?)

Figure 4.11: Fit curve superimposed to the invariant mass histogram of 7,
candidates for a sample corresponding to an integrated luminosity of 45 pb~.
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Figure 4.12: Fit curve superimposed to the invariant mass histogram of
candidates for a sample corresponding to an integrated luminosity
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of 45 pb~1.
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Figure 4.13: Fit curve superimposed to the invariant mass histogram of 7,
candidates for a sample corresponding to an integrated luminosity of 45 pb~1.
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Figure 4.14: Fitted HLT efficiency is reported in the top plot for different
integrated luminosity scenarios. In the down plot, fitted isolation efficiency
are also reported. The red line shows to the Monte Carlo true value.
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Figure 4.15: Fitted tracker efficiency is reported in the top plot for different
integrated luminosity scenarios. In the down plot, fitted standalone efficiency
are also reported. The red line refers to the Monte Carlo true value.
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“Data-driven” Gaussian MC-truth
PDF PDF
| [ Ldt = 45pb " \ \

€HLT 0.9161 + 0.0017 | 0.9161 £0.0017 | 0.917 4+ 0.002
€iso 0.9816 + 0.0012 | 0.9710 £ 0.0012 | 0.9785 + 0.0009
€sa 0.9899 + 0.0008 | 0.9898 =+ 0.0008 | 0.9907 + 0.0006
Etrk 0.9983 4+0.0002 | 0.9983 £ 0.0002 | 0.9986 4+ 0.0002

Ny -+ 17000 £ 136 17054 + 136

x*/ndof 1.03708 1.07542

Table 4.4: Comparison between fit results with the fit model entirly data-
driven, described in this work, and the fit model which provide Z,,; Gaussian
peak shape. The fits are performed on a sample corresponding to an inte-
grated luminosity of 45pb~'. MC-truth values of the average efficiencies are
also shown for comparison.

1.08
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133 pb ™ result
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CMS Preliminary

Fitted cross section normalized to

e b b b b b Py

45

Lt (i

Figure 4.16: Fitted cross sections for different integrated luminosity scenar-
ios. The results are normalized to the 133 pb~! determination.
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“Data — driven” “Gaussian” MC — truth
PDF PDF
| [ Ldt = 133pb~"
€EHLT 0.915 £ 0.001 0.915 £0.001 0.917 £ 0.002
€iso 0.9787 + 0.0006 0.9767 + 0.0007 | 0.9785 £ 0.0009
€sa 0.9895 + 0.0005 0.9896 + 0.0004 | 0.9907 £ 0.0006
Etrk 0.99836 £ 0.00013 | 0.99874=+ 0.00013 | 0.9986 £ 0.0002
Nyt 50555 4+ 234 50708 4+ 233
x?%/ndof 1.51032 1.70382
| [Ldt =10pb~' |
€EHLT 0.913 £0.004 0.913 £0.004 0.917 £ 0.002
€iso 0.9824+ 0.002 0.981+ 0.002 0.9785 + 0.0009
€sa 0.9895 + 0.0017 0.9894 + 0.0017 | 0.9907 £ 0.0006
Etrk 0.9978 + 0.0007 0.9981 4+ 0.0003 | 0.9986 + 0.0002
Nz p—p+ 3811+ 64 3822+ 64
x?*/ndof 1.4888 1.5299
| [Ldt=5pb~"
€EHLT 0.908 £0.005 0.908 £0.005 0.917 £ 0.002
€iso 0.9864+ 0.003 0.985+ 0.003 0.9785 + 0.0009
€sa 0.991 + 0.002 0.991 + 0.002 0.9907 + 0.0006
Etrk 0.9970 + 0.0011 0.992 + 0.003 0.9986 + 0.0002
Nyt 1894+ 45 1918+ 46
x*/ndof 1.0186 0.982564

Table 4.5: Comparison between fit results with data-driven signal peak shape
and Gaussian peak shape for Z,,; category. The fits are performed on samples
corresponding to an integrated luminosity of 133, 10 and 5 pb™'. MC-truth
values of the average efficiencies are also shown for comparison.
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the Z peak shape as taken from data, and not as modelled as a Gaussian.

4.3 Muon Isolation

The main sources of muons, in the py range of 10+30 GeV/c, are b and
¢ decays, while low-pr muons come mostly from K and 7 decays. Muons
coming from these sources are produced in jets and so accompained by nearby
particles. For pr above 30 GeV/c, muons from Z and W producing becomes
dominant. These muons are isolated, they haven’t nearby particles besides
particles from pile-up and from the underlying event.

With the Muon Isolation tool we can distinguish between muons produced
in jets and muons coming from heavy particles decays to discriminate signal
muons from background ones.

A reduction of events coming from background sources is reached by selecting
isolated muons, i.e those muons whose isolation variable is smaller than a cut
value, [.,;.

The standard tracker isolation (/;;) variable is defined as the Xp; of tracks
inside a cone of size AR . Isolation variables in the calorimeters (g, and
Itca) are defined in the same way but FE; of deposits are considered in the
sum.

Figure 4.17 shows the definition of the isolation cone. The axis of the cone
is defined as the muon direction at vertex and its geometrical definition is
given by the condition:

ARpin < AR < AR,00

where AR, the distance between the deposit and the cone axis, is defined in
pseudorapidity-azimuthal angle space as:

AR = /(An)? + (Ag)?

The contribution of pr and E7 of muon itself is removed by considering a
“veto cone” of size AR,,;, around the muon trajectory propagated to the
calorimeters considering the muon curvature in CMS magnetic field. AR,,in
has been fixed at 0.015.

Among the four categories of events with a reconstructed Z — p*pu~ candi-
dates, Z,; is the one affected by the larger background. The main contribu-
tions arise from W — p*v~ and QCD. We have investigated the definition
of an optimized isolation variable with better performance in background
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Figure 4.17: Isolation cone with its axis and the veto cone, constructed
around the muon trajectory propagated to the calorimeters

rejection than tracker one.

We have first studied the optimal threshold and cone size for each isolation
variable. Then we have studied a combined isolation variable using both
calorimeter and tracker systems. The optimization procedure has been done
optimizing the rejection of W — pr and QCD backgrounds in the Z,,; sam-
ple, obtaining identical results. Only those for the former background are
shown in the following.

4.3.1 Threshold and cone size optimizations

7 reconstructed from one global muon and one track are taken into account
and an the standard event selection is applied on both muon and track as in
Section 4.2.4.
Figure 4.18a shows, for each isolation variable, the W — uv background
efficiency with respect to the Z — pu*pu~ signal efficiency, applying different
selection cuts on I, Igeq and Ip.q for different fixed values of thresholds.
There is no significant variation of the I;,, performances with respect to a
particular choice of the threshold. We choose to fix pr threshold at 1 GeV/c,
while for Ig.q and Ip.u, E; thresholds of 0.2 GeV and 0.5 GeV are to be
preferred, respectively.
The following step consists of performing the cone-size optimization. Fig-
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Figure 4.18: W, background efficiency vs Z,, signal efficiency for selection
cuts on the variables I.x, Igeca, IHca, at different fixed threshold values and
with fixed cone size of AR,,., = 0.2).
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ure 4.19 shows, for each isolation variable, the W, background vs the Z,,
signal efficiency curves at different fixed cone sizes.

The procedure is the same as for the thresholds choice.

The best performances are reached for AR,,,, = 0.2 for I, and 0.25 for
]Ecal and IHcal-

4.3.2 Combined isolation

Considering calorimeter selection requirements together with tracker isola-
tion requirements, it is possible to improve background rejection power. The
combined isolation variable considered is defined as the weighted sum of the
tracker and calorimeter contributions to isolation according the following
parametrization:

I =«

(1+6) 1-0)
2 2

Igcar Tear| + (1 — a)Ipy, (4.18)

The parameter « is the weight of the calorimeter isolation with respect to
the tracker, while g mesures the asymmetry between [g.,; and [g., contri-
butions.

In Figure 4.20, the parameter (3 is fixed at 0 and « varies in the range [0, 1].
It is clear that there is an important difference whether or not to consider the
calorimeter contribution: the optimal value of « is 0.75, while using tracker
isolation only (a0 = 0, black curve) worsens the background rejection by a
factor of about three.

In Figure 4.21 the parameter « is fixed at 0.75 and [ varies in the range
[—1, 1]. Tt is clear that negative values for 3 are to be preferred, which means
that HCAL plays a dominant role in the background discrimination. This re-
sult is related to the particular background which we are optimizing against.
Indeed, in the Z,; sample, background comes mainly from picking up ran-
domly a charged hadron track. The large hadronic calorimeter contribution
in this optimization can be interpret as a content in I of “muon identifica-
tion” in the calorimeters of the track muon candidate, rejecting track from
charged hardons by using the Hcal deposit.

Figure 4.22 shows the distribution of the optimized isolation I for the least
isolated muon candidate in the di-muon pairs reconstructed in Z signal and
W background events. The same distribution for the standard tracker isola-
tion I is also shown.

The background distribution is quite uniform in both plots, while the signal
tends to be more peaked at low values of I, leading to a better discrimination
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Figure 4.19: W, background efficiency vs Z,, signal efficiency for selection

cuts on the variables I, Igcar, Inea, at different fixed cone sizes, after having
fixed the thresholds at p; > 1GeV/c, EFed > 0.2GeV, Bl > 0.5GeV.
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Figure 4.21: W,, background efficiency vs Z,, signal efficiency applying a
selection on the linear combination of tracker and calorimeters isolation from
Eq 4.18, for g values into the range [—1, 1]. The parameter « is fixed at the
optimal 0.75 value.
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between signal and background than with [,;. Moreover, the new isolation
variable alows to achieve a better discrimination of signal from backgrounds
in the region in which the amount of signal events is larger, i.e. for small
values of isolation variable.

4.3.3 Study of the isolation cut

The next step, after the optimization of the isolation performance curve, is
the choice of the isolation cut, i.e. the upper value of the isolation variable
which defines a muon to be isolated. The adopted procedure consists of
changing the isolation cut in a range from I.; = 0.5 to I., = 2.5 and
performing the fit for all these intermediate cases. The background amount
in the samples, in particular in Z,; but also in Z7" iso categories, reduces by
lowering the isolation cut value, as in Figures 4.23 and 4.24.

The isolation efficiency improves by increasing of the cut value (Figure
4.25a). Infact, a larger value of isolation cut preservates signal events re-
sulting in an increase of isolation efficiency.

Figure 4.25b shows how the error on ¢,,, measured by the fit, varies with
isolation cut. It decreses with reducing the cut value until it achieves a
plateau around and isolation cut ., = 1.5.

From these observations, we choose the cut value I.,;, = 1.5 for our anal-
ysis in order to obtain an high isolation efficiency and a reduced error on
standalone efficiency.

4.3.4 Relative isolation

We have performed the above optimization procedure also for the relative
isolation variables, defined as Iy /p}’, where I} can be tracker or calorimeter
isolation. The results of threshold and cone size optimizations are summa-
rized in Table 4.6 and compared with values for absolute isolation. The only
difference is that for relative isolation larger cone sizes (0.35) are preferable.
No gain in background discrimination is observed by using the relative iso-
lation rather than the absolute one (see Figure 4.26).

Nevertheless if, we consider the relative isolation variable, the distribution of
the isolation efficiency with respect to pr shows a decrease for values of muon
pr below 40 GeV/c (Figure 4.27), that is, instead, constant if we consider
the absolute isolation as in Figure 4.28.
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Figure 4.22: Standard isolation distribution (top plot) and optimized isola-
tion distribution (bottom plot) for the least isolated muon candidate of the
global muon plus track di-muon pair, where either both muon candidates
come from a Z decay (red histogram) or one of the two comes from a W
decay (white histogram).
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Figure 4.23: The invariant mass distribution of the muon pairs in the category
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2.5.

’ cut variable \

| Prmin (GeV/c) or Eymin (GeV) | ARy |

Xpy Tracker 1 0.2
SE, Ecal 0.2 0.25
YE, Hcal 0.5 0.25
fj—p Tracker 1 0.35
i’tit Ecal 0.2 0.35
Ep—E Hcal 0.5 0.35

Table 4.6: Optimized values for p; and F; thresholds and for cone size for
absolute and relative isolation variables.
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4.3.5 Fit results with new isolation

We performed the fit on samples of different luminosities, 5 pb~!, 10 pb~!,
45 pb~! and 133 pb~!, by applying the optimized absolute isolation selection
and considering in the selection the isolation cut value chosen through the
studies performed in the previous section, i.e Iso.,; = 1.5. We report in
Figures 4.29a to 4.29¢ the results of the fit superimposed to the di-muon
invariant mass distributions of 7, Z," 50 and Z,, categories for a sample of
an equivalent integrated luminosity of 45 pb~!. Comparison with the nominal
fit is shown in Table 4.3.5 for all the samples considered. We can observe an
increase of the estimated isolation efficiency, from 98.16% to 99.19%, about
a percentage point. We have an improvement also on the relative error of
€is0, Which decreases from 5:—" = 0.12% to 5:—0 = 0.07%. as expected. The
yield remains constant within the errors coﬁsfairming the quality of the fit.
At the same time, we have a gain in the statistical precision of the yield
determination.
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|

\ Tracker isolation \ Optimized isolation ‘

| [ Ldt =133pb~" |

€EHLT 0.915 £ 0.001 0.916 £ 0.001
€iso 0.9787 £ 0.0006 0.9923 £ 0.0004
€sa 0.9895 £ 0.0005 0.9896 £ 0.0004
€trk 0.99836 £ 0.00013 0.9990 +£ 0.0001
Nyt 50555 + 234 50384 + 229
x*/ndof 1.51032 1.17339
| JLdt =45pb~"
€EHIt 0.9161 + 0.0017 0.9169 +£ 0.0016
€7s0 0.9816 + 0.0012 0.9919 +£ 0.0007
€Sa 0.9899 £ 0.0008 0.9896 £ 0.0007
€Trk 0.9983 £ 0.0002 0.9984 + 0.0002
Nz 17000 £ 136 16964 £+ 129
% 1.03708 1.08624
| JLdt=10pb~"
€EHLT 0.913 £ 0.004 0.915 £ 0.003
€iso 0.982 £ 0.002 0.9934 + 0.0011
€sq 0.9895 + 0.0017 0.9885 £ 0.0009
Etrk 0.9978 £ 0.0007 0.9985 £ 0.0005
Ny oyt 3811 + 64 3798 + 62
x?/ndof 1.4888 0.993955
| [Ldt=5pb~"
€EHLT 0.908 £0.005 0.911 £0.005
€iso 0.986+ 0.003 0.993+ 0.002
€sa 0.991 £+ 0.002 0.992 £+ 0.002
Etrk 0.9970 £ 0.0011 0.9979 £ 0.0009
Ny_p—ut 1894+ 45 1883+ 44
x?/ndof 1.0186 1.0545

Table 4.7: Comparison between fit results on data samples selected by ap-
plying the tracker isolation (I < 3 GeV/c) and the optimized isolation
(I < 1.5). The input data samples are equivalent to an integrated lumi-
nosity of 133, 45, 10 and 5 pb~'.
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4.4 Extended Unbinned Maximum Likelihood

The Z,, sample is characterized by a low statistics and with a few inverse
picobarns of integrated luminosity it could be quite difficult to perform a
global x2 fit on the data of this sample. For the very first LHC data-taking an
useful alternative could be to perform an Unbinned Mazimum Likelihood fit,
more performing in case of low statistics. This method consists in evaluating
the likelihood function, L(@), and in maximazing it. If we consider a random
variable z, distributed according to the probability density function f(z;8),
where @ are the unknown parameters of the theory, given a set of observations
of the variable (x1,...,2,), i.e. our data sample, the likelihood function is
defined as:

L(0) =[] fw::0) . (4.19)

If the number of observation n is itself a result of the experiment, it is more
convenient to perform and Ezxtended Maximum Likelihood Method (EMLM),
like in this case. The number of observations in the experiment is a Poisson
random variable with mean value p. The likelihood function is defined as the
product of the probability of observing a data sample of n events (a Poisson
probability) and the z-distribution:

n n

. e’
L(n,0) = e “T s 6) = — [1nf(z:0). (4.20)
i=0 =0
The number of observations n is given by:
n=Nu,+N),, (4.21)

where N, has been previously defined in (4.9) and N 35 has been already
introduced in Section 4.2.2.

The probability density function, pdf, according to which the x-variable is
distributed is:

f(xi; 0) = N,usf;eak + bMS , (422)

in which fp. ., and b, have been already defined in Section 4.2.1.

It is more convenient to consider the logarithm of the likelihood function and
minimize —InL(u, @), remembering that —2InL(u, ) = x? up to a constant
additive term. Moreover, it is related to the variance according to:

oA 9?InL\ !
V(i 8) = _(W>
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In this thesis an Unbinned Extended Maximum Likelihood method has been
included in order to fit the event distribution in Z,; category, simultaneously
to the binned x? fit to the other samples by minimizing the following negative
log-likelihood function:

2HLT 2 2 2 22
Colnl — (NML - NZHM‘/L"'GHLTeisoEtrkES&)
- N2HLT
o

1HLT 2 2 22

(NMM - 2NZ—>M*M+EHLT(1 - EHLT)Eisoetrkesa) +
NIHLT
o

Xit + XZZTL is0 2 2111[/“3 .

Table 4.8 reports the results of the combined y? — likelihood fit performed
on a data sample of integrated luminosity of 5 pb~! and 10 pb~! . Figures
4.30a and 4.30b shows the fit results superimposed to the invariant mass
distribution of the Z candidates reconstructed in Z,, category, for the two
data samples. This kind of fit allows to have a robust fit also with a few
statistics, and the results are not worse than ones obtained with a y? fit.

| [Ldt =5pb~' | [ Ldt = 10pb~" |

€EHLT 0.910 = 0.005 0.915 +0.003
€iso 0.988 + 0.002 0.9922 £0.0014
€sa 0.993 £ 0.002 0.9902 £0.0016
Etrk 0.998 +£0.0008 0.9986 £0.0004
Nyt 1896 £ 45 3794 + 63

Table 4.8: Fit results of combined x? — likelihood fit performed on a sample
corresponding to an integrated luminosity of 5pb~" and 10pb~'.

4.5 Cross section results and comparisons

The Z — p p' yield extracted from the fit is already corrected by the

reconstruction efficiencies in the tracker and in the muon system, and by the

isolation and HLT efficiencies. We can measure the inclusive cross section

for the pp — Z + X — pu ™ + X process according to this relation:
NZ—>M—M+

= — 4.24
’ Gkinﬁ ( )
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grated luminosity of 5 pb™!, Figure (a), and of 10 pb™!, Figure (a).
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In this relation the term e;, refers to the kinematic acceptance of the kine-
matic selection applied in our analysis; it is the fraction of Z events passing
the kinematic selection. It has been evaluated with Monte Carlo[67]:

€rin = 0.6027 £ 0.0050 . (4.25)

L is the integrated luminosity:

L— / Ldt . (4.26)

Using the results of the fit performed considering the standard isolation in
our selection, i.e. only the tracker isolation, for an integrated luminosity of
45 pb~!, we obtain the following value for cross section measurement:

o =626.845.9pb . (4.27)

Considering the parameters fitted on a data sample selected with a require-
ment on the new isolation variable (introduced in Section 4.3), the cross
section measurement is:

o =625.5+5.7pb . (4.28)

The value of generator cross section, already scaled for the generator ef-
ficiency, is 627,1. Therefore the values obtained in this work are in good
agreement with the expected value within 1o.

4.6 Updates and improvements

The method presented in this thesis aim at extracting the parameters of in-
terest, such as the Z yield production, the reconstruction efficiencies and also
the isolation and HLT selection efficiencies entirely from the data avoiding
extimates affected by MC uncertinties not from MonteCarlo. This allows to
reduce the sources of systematic errors in our analysis. The unique parameter
that is still extracted from the Monte Carlo is the kinematic efficiency, €xin,
that has been used to evaluate the cross section of the process analyzed in
this work. It measures the percentage of Z events passing the kinematic and
geometric selection. A method to evaluate the contribution of the systemic
error due to Monte Carlo is to use different Monte Carlo generators and look
at the different efficiency, €, studies. A study now in progress is studying
kinematic efficiency estimates using data sample generated with Pythia6 and
MC@NLO. The former generates events at LLO, while the latter generates at
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NLO. Figure 4.31 shows how the rapidity distribution of on shell Z bosons at
the LHC changes at LO, NLO and NNLO (Next-toNext-to-Leading-Order).
There is an evident difference between to consider LO and NLO or NNLO.
The study on the variation of €, as a function of the used generator can help
us to estimate the systematic error introduced in the analysis by refering to
the Monte Carlo for the evaluation of this parameter.

pp - (Zy")+X

0 \ | | ]
r NLO
e -
— . NNLO o
= p.
4 80 [— N
~
L
S
by [ LO B
o 40
~
=
o
\S |
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Y

Figure 4.31: Rapidity distribution of on shell Z bosons at LO, NLO and
NNLO[69].

Another source of systematic error is the empirical knowledge of the Parton
Distribution Function. The PDFs at LHC design energy have been extrap-
olated from the measurement obtained by CD0 experiment at Tevatron at
Vs = 2 TeV. The uncertainties on the PDFs are source of systematic error.
Studies are in program to evaluate quantitatively this effects.
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Conclusions

This thesis has presented a study of the inclusive process pp — Z + X —
prp~ + X with the CMS detector at LHC at a centre of mass energy of
/s = 10 TeV, which will be the initial LHC luminosity. The Z production,
with subsequent decay in two muons, has a large cross section, ~ 2 nb, and
it will be studied already with the first data taken at the LHC, thanks also
to its very clear signature: two muons in the final state isolated and high-
pr with an invariant mass consistent with the Z boson mass. The machine
startup is foreseen for the October 2009.

The analyzed channel is very interesting because it will allow to calibrate
the detector, already from the startup of the machine, and to monitor the
LHC collider luminosity during all the period of activity. Furthermore it
will be very important in the detection of new physics events of new physics
characterized by two muons with invariant mass peaking at a given mass
resonance.

The originality of the work of this thesis has consisted in completing the de-
velopment of an entirely data-driven analysis method in collaboration with
the CMS Naples analysis group for the first phase of LHC data-taking in
which only few inverse picobarns of data will be available. The analysis
method presented will allow to measure the yield of signal events and re-
construction efficiencies directly from data, without assumption from Monte
Carlo, resulting in a reduction of systematic uncertainties. In Chapter 4 we
have described in detail the analysis strategy and the results of a test on the
official simulated data samples.

A preliminar study has been performed on the signal sample in order to
understand the kinematics of the simulated Z and of two muons in which it
decays (Section 4.1). The reconstructed Z are classified in five categories and
the yield of each sample is related in different ways to the tracker and muon
detector efficiency, and the isolation and HLT efficiencies (Section 4.2.1).
The Z peak shape for each category is extracted directly from the data. In
particular a different Z peak shape model has been implemented within this
work for the last category , where one on the muons is associated to a track
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in the tracker, and the other one is a global muon, associated to a track in
the tracker and also in the muon detector. The fit results performed with a
binned x? have been successful (Section 4.2.5), confirming the goodness of
the model.

In order to further reject the background a new combined isolation variable,
combining tracker and calorimeters informations, has been investigated and
optimized (Section 4.3). We have demonstrated that an event selection in-
cluding a cut on this variable achieves a larger background rejection, with
larger signal efficiency and a reduction of statistical error of the fitted yield
(Table 4.3.5).

An Extended Unbinned Maximum Likelihood has been implemented in or-
der to perform a robust fit also on samples of very low statistics (Section
4.4).

A cross section estimate has been obtained considering the fitted yield, the
known integrated luminosity of the sample and also the kinematic efficiency,
€rin (Section 4.5). This last term is the unique parameter of this analysis
known from Monte Carlo. The result is in very good agreement with the
expected generator cross section.

A study of systematic uncertainties introduced by the parameter extimated
by the Monte Carlo is in progress. Another source of systematic error is the
empirical knowledge of the Parton Distribution Function. Studies to evaluate
quantitatively these effects are in program.

The work presented in this thesis has been included in a CMS internal
note[67] officially accepted by the collaboration[68]. In particular the studies
on muon isolation have been presented in a meeting of the electroweak muon

group. The full procedures to obtain a cross section measurement with first
CMS data will be ready at LHC start-up.
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