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Introduction

The main motivation, when the LHC (Large Hadron Collider) was built,
was to investigate the hidden sectors of the Standard Model of particle
physics. The main goal was to study and understand the electroweak sym-
metry breaking governed by the Higgs mechanism by searching for the inter-
mediate boson or supersymmetric partners explaining the mechanism. These
sectors of physics are available only at a high energy scale and therefore the
LHC was designed to provide proton-proton collisions at a center of mass
energy of 14 TeV. The collider started operating at /s = 7 TeV in 2011 and
/s = 8 TeV in 2012. On 4 July 2012 the two LHC experiments, ATLAS
and CMS, presented their results for the search of a Standard Model Higgs
boson: both experiments observe a new particle in the mass region about
125-126 GeV consistent with the Higgs boson with a statistical significance
of 5 standard deviation, based on the data collected in 2011 and 2012. The
next step for the LHC experiments will be to determine the precise nature
of this particle and its role for our understanding of the universe. The work
presented in this thesis has been carried out within the Torino CMS group.
It is devoted to the study of the algorithms used by the experiment to select
heavy quarks (b-tagging algorithms) produced in pp collisions. In Chapter 1
there is a short introduction on the main features of the Standard Model of
fundamental interactions with a section dedicated to searches of the Higgs
boson. Chapter 2 contains a description of the characteristics of the CMS ex-
periment, such as the experimental setup and the properties of the detectors.
In Chapter 3 the reconstruction of the jets and the b-tagging algorithms of
the CMS are explored, while Chapter 4 contains the study of the impact of
the alignment of the tracker detector on b-tagging algorithms. In Chapter
5 there is an example of use of b-tagging algorithm in a electroweak analy-
sis: the production of a Z boson in association with heavy quarks, a process
which represents a reducible background in the Higgs boson search.
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Chapter 1

The standard model of
elementary particles

The standard model of elementary particles (SM) describes the matter as
composed by twelve elementary particles called fermions, having half-integer
spin. They can be divided into two groups, leptons and quarks as shown in
Figure 1.1. Quarks do not exist as free states, but only as constituents of
hadrons and they are subject to both strong and electroweak interactions;
leptons instead interact only trough the electromagnetic force.

Fermions | 1% fam. 27 fam_ 3™ fam. Charge Interactions
. u e i =
Cluarks g i § i All
Leptons . H T —1 Weak, E.M.
- . Ve Vi Iy 0 Weak

Figure 1.1: Table of particles in the SM

The interactions between particles are described in terms of exchanging
bosons, integer-spin particles which are carriers of the fundamental interac-
tions. The main features of bosons and interactions are summarized in Figure
1.2. The gravitational force is not taken into account in the standard model
because it is not relevant at the typical mass and distance scale of particle
physics.

The SM describes these interactions in terms of two gauge theories: the
Quantum Chromo-Dynamics (QCD) and the theory of electroweak interac-
tion (GWS model), which unifies the electroweak and weak interactions. In
all the following descriptions, as usual, in high energy physics, we work in
natural unit with A=c=1.

17



1. The standard model of elementary particles

Electromagnetic Weak Strong
Quantum Photon () W= 7 Gluons
Mass [GeV /] 0 80, 90 0
Coupling o 1 O _s o .
= : = 0] 52 e 7 1.2. 1077 GeV : ) =01
constant a(@ ) ™ TE'F ¢ s(mz)
Range [cm)] 0o 1018 1012

Figure 1.2: Basic properties of fundamental interactions described by the stan-
dard model.

1.1 The Electroweak interactions

The gauge theory for weak interactions is conceived as an extension of
the theory of electromagnetic interactions, the Quantum Electro-Dynamics
(QED), which is based on the group U(1), associated to the conserved quan-
tum number Q (electric charge). The condition of local invariance applied on
this group leads to the existence of a massless vector, the photon. Fermions
can be divided in doublets of negative-chirality ( left-handed’) particles and
singlets of positive-chirality (right-handed’) particles in the massless limit,
as shown in Figure 1.3. The unification of electroweak and electromagnetic

I3 Y )

Figure 1.3: Definitions of fermions by their chirality in the standard model.

interactions is achieved extending the gauge symmetry to the group SU(2),
x U(1l)y. The generators of SU(2),, are the three components of the weak
1s0spin operator t* = %T“ where 7% are the Pauli matrices. The generator of
U(1)y is the weak hypercharge Y operator. An important relation between
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quantities is:

Y
Q:IS‘i‘E

where I3 is the third component of the weak isospin, an eigenvalue of ¢3.
The requirement of local gauge invariance with respect to the SU(2), X
U(1)y introduces four massless vector fields, W;** and B,, which couple to
fermions with two different coupling constants ¢ and ¢ W,*3 and B, do
not represent physical fields, which are given instead by linear combinations
of the four fields: the charged bosons W' and W~ correspond to

1 .
W, = \/;(Wl} TFiW;)

while the neutral bosons v and Z correspond to

A, = B, cos Oy + Wi’ sin Oy,
Z, = —B,sinOy + Wj cos By

obtained by mixing the neutral fields Wl‘j’ and B, with a rotation defined by
the Weinberg angle Ow. A, can be identified with the photon field. The
equivalence between the coupling constants is:

gsinfy = g cosby = e

which represents the electroweak unification. The GWS model thus predicts
the existence of two charged gauge fields, which only couple to left-handed
fermions and two neutral gauge fields which interact with both left and right-
handed components.

1.2 The Higgs Mechanism

In order to reproduce the phenomenology of the weak interactions, both
fermion and gauge boson fields must acquire mass. In the electroweak La-
grangian a mass term for the gauge bosons would violate gauge invariance
which ensures the theory can be renormalized. Masses are introduced using
the Higgs mechanism which allows fermions and W=, Z bosons to be mas-
sive, keeping the photon massless. This mechanism is obtained introducing
a doublet of complex scalar fields:

o (P _ L o' 4 0
S \®0 ) 2\ D3 it
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which is introduced in the electroweak Lagrangian with the term:

Lewsp = (D'®)T(D,®) — V(P D)

where D), is the covariant derivative.
The potential in the form:

V(®TP) = — 120D — \(PTP)?
with 2 < 0 and A > 0 has a minimum for

1 2 v?

(I)JFCI) == 5((@1)2 + (@2)2 + ((193)2 + (@4)2) - —g—)\ = E
The minimum is not for a single value of ® but for a manifold of non-zero
values. The choice corresponds to the ground state is arbitrary and the chosen
point is not invariant under rotations in the (®*,®) plane: this is referred
to as spontaneous symmetry breaking. If one chooses to fix the ground state

on the ®° axis, the vacuum expectation value of the ® field is:

where

V= ——

The @ field can be rewritten in a generic gauge, in terms of its vacuum
expectation value:

b L oxp® t“( 0 ),a:1,2,3

V2 v \H+wv

where the tree fields ®* and the fourth ®* = H + v are called Goldstone
fields. Being scalar and massless they introduce four new degrees of freedom.
The electroweak Lagrangian, results then from the sum of three terms:

Lewsg =Ly +Law +Luz

where the three terms can be written as follows, using the approximation
V = p?H? + const:

1
Ly = 5aaHaaH + u?H?

1 1
Law = 0 W W Sog HW W = (ma ) W W gy HW W
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Lz = %zﬂ(92+g’2)Zaza%v(gug’?)flzaza = %(mZ)QZaZ%%gHZHZaZQ
Each of the three gauge bosons has acquired mass and an additional degree of
freedom, corresponding to the longitudinal polarization. Only the H scalar
field is still present and has acquired mass itself: that is the Higgs field. In
a nutshell we can summarize the Higgs mechanism: it was used to give mass
to the weak bosons without explicitly breaking the gauge invariance, which
implies preserving the renormalisability of the theory. When a symmetry is
spontaneously broken it is not properly eliminated, but hidden by the choice
of the ground state: the minimum of the Higgs field is still invariant under
the U(1) group. The electromagnetic symmetry is not broken and in fact
the photon does not couple to the Higgs boson and remains massless. The
masses of the vector bosons W and Z are related to the parameter v and
to the electroweak coupling constants:

mw g
= = cos Oy

mz 7o

The electroweak symmetry breaking energy scale can be determined from
the relation between the v parameter and the Fermi constant Gp:

1
V2Gr

The Higgs mechanism is also used to generate the masses of the fermions, by
introducing in the Lagrangian a term called Yukawa term, which represents
the interaction between the Higgs and the fermion fields. The mass of a
fermion (apart from neutrinos) and its coupling constant to the Higgs boson
are:

N

v=( )

Guf
V2

~ Guy  my
M= T Y

Being Gy free parameters, the mass of the fermions cannot be predicted by
the theory.

The Higgs boson mass (my) is still an unknown free parameter of the SM.
It has not been observed experimentally and it depends on the parameter v
and A, but while the former can be estimated by the relation with G, the
latter is characteristic of the field ® and cannot be determined other than
measuring the Higgs mass itself.

mf: v
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1.2.1 Theoretical Constraints

Theoretical constraints on the Higgs mass can be found imposing the en-
ergy scale A up to which the SM is valid, before the perturbation theory
breaks down. The upper limit is obtained requiring that the running quar-
tic coupling of Higgs potential A remains finite up to the scale A. A lower
limit is found requiring that A\ remains positive after the inclusion of radia-
tive corrections at least up to a scale A. These theoretical constraints are
summarized in the Figure 1.4.

‘W i T T T T T T T T
L | . | | | [ ]
Y . 4
| \\ - triviality upper bound on mg (GeV) |
| _
300 — " solid: A < 1 for u < A —
i ' dotted: & < 10 for w < A |
L -H--h_ . . _
200 [— e e —
100 — =T e T T T - —
- - - .
v g .-~ dashed: stability lower bound .
[ - dot—dashed: metastability lower bound |
- I_ 1 1 | 1 1 | 1 1 | 1 1
A (GeV)

Figure 1.4: Theoretical constraints for the Higgs boson mass

If the validity of the SM is assumed up to the Plank scale (A = 10
GeV), the allowed Higgs mass range is between 130 and 190 GeV, while for
A =1 TeV the Higgs mass can be as high as to 700 GeV.

1.2.2 Experimental Constraints before year 2011

Until the 2011 bound on the Higgs mass were provided by measurements
at LEP, SLC, and Tevatron. Searches at LEP-II set a lower limit with 95 %
confidence level (CL) of 114.4 GeV and results from the Tevatron experiments
excluded the mass range from 158 to 175 GeV. Moreover, constraints on
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the Higgs boson mass were extracted indirectly from the measurements of
other electroweak observables, which have a logarithmic dependence on mg
through the radiative corrections. All electroweak measurements performed
by the four LEP experiments were combined together and fitted, assuming
the Higgs mass as a free parameter and assuming the SM as the correct
theory. The result is summarized in Figure 1.5 where the Ax?, defined as
Ax? = x? — X2, is plotted as a function of mz. The black solid curve is the
result of the fit, while the blue band represents the theoretical uncertainty
due to higher order corrections, while the yellow areas are the exclusion by
measurements, underlying that these results are model-dependent.
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Figure 1.5: The preferred Higgs boson mass from the SM consistency test
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1.3 Higgs boson searches at LHC

The main processes which contribute to the Higgs production in a proton-
proton collision at the energy scale reached by LHC are shown in Figure 1.6.
The fundamental interactions occur between quarks and gluons: gluon-gluon
fusion is the dominant process, while only at very high masses the vector
boson fusion (VBF) dominates. Cross sections are typically of the order of
few picobarns.

Figure 1.6: Processes for Higgs boson production in a proton-proton collision.

The WW scattering has a cross section 10 times smaller than gluon-gluon
fusion, but it has a clear experimental signature such as the presence of two
spectator jets, the associate production instead (third diagram in Figure 1.6)
has very small cross section except for very low mpy. Once produced, the
Higgs can decay in different ways shown like branching ratios as a function
of the Higgs mass in Figure 1.7.

The main dacay channels can be divided into three groups according to
the different Higgs mass:

e low mass Higgs (my < 130 GeV): the dominating channel is H — bb ,
even if this is difficult to observe at the LHC because of the huge QCD
background. The most clear channel is H — ~y which has a very clear
signature, but requires excellent 7° rejection;

e intermediate mass Higgs (130 < my < 180 GeV): the branching ratio
is high but purely hadronic final states are not accessible. The Higgs
decay in four leptons is the golden channel because it has a clean final
state and suffers only partially from irreducible background;

e high mass Higgs (my > 180 GeV): the cross section becomes small
and the Higgs width becomes very broad so that the reconstruction of
a mass peak becomes difficult.
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Figure 1.7: Branching ratios for Higgs decay as a function of the Higgs mass.

1.3.1 Recent results

In Figure 1.8 is shown the state of the Higgs searches in July 2011 (before
the first results from LHC experiments): 95% confidence level upper limits
on the Higgs boson cross section production as a function of my are shown.
The solid (dashed) line represents the observed (expected) ratio between
the excluded cross section and the SM one. The green and yellow bands
indicate, respectively the 68% and 95% probability regions for a fluctuation
of the expected limit. The regions where the line is below unity represent
the mass ranges where the SM Higgs boson is excluded at 95% CL.!

In Figure 1.9 is shown the situation up to December 2011. Analyses
by the ATLAS and CMS collaborations had further narrowed the range of
masses available for the Standard Model Higgs particle to 116-127 GeV.

'Evidence for a Higgs boson of 125 GeV has been reported from CMS at the beginning
of July 2012.
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Figure 1.8: 95% CL upper limits on the Higgs boson cross section production.
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Figure 1.9: 95% CL exclusion limit on the mass of the standard model Higgs
boson. The analysis is based on proton proton data collected by CMS in 2010 and
2011.



Chapter 2

The Large Hadron Collider

The Large Hadron Collider (LHC) accelerator was built to explore the
hidden sectors of the standard model and investigate possible new physics
processes. The main features of the machine are:

e hadron collider: the fundamental constituents entering in the scattering
are partons carrying a fraction z of the four momentum of the particles
in the beam. The design center-of-mass energy of LHC for proton-
proton collisions is /5 = 14 TeV.! With respect to an electron-positron
machine it is easier to accelerate protons to high energy since the energy
loss for synchrotron radiation is much lower than electrons;

e a high luminosity collider: the event rate of a process is proportional
to the cross section by a factor £ called luminosity which represents
the numbers of collisions per unit time and cross-sectional area of the
beams depending on the collider parameters.

To compensate for the low cross sections of processes of interest, LHC must
have a very high luminosity: the nominal very short bunch crossing interval
(25 ns) and the high number of bunches accelerated (2808 per beam) will al-
low to reach the peak luminosity 10** cm =2 s ~!. The design parameters of
the machine are summarized in the Figure 2.1. The Figure 2.2 instead sum-
marizes the cross sections and the production rates at a luminosity of 2 1033
cm ~2 s ~1. The total proton-proton cross section at 7 TeV is approximately

110 mb. This total can be broken down in contributions from:
e inelastic (60 mb);

e single diffractive (12 mb);

ILHC started operating at /s = 7 TeV (2010-2011) and /s = 8 TeV (2012). From
2015 LHC is going to run at /s = 14 TeV.

27
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e clastic (40 mb);

The major part of the inelastic collisions are processes with a low pr ex-
change, the so called minimum bias events.

Parameters p-p | Pb-Pb
Circumference (km) 26.659
Centre of mass energy (TeV) 14 | 1148
Dipole magnetic field (T) 8.3
Number of particles per bunch 2808 608
Bunch length (mm) 53 75
Bunch crossing rate (MHz) 40.08 | 0.0006
Design Luminosity (cm “s ™) 10%* | 2 x 107
Beam radius at interaction point (um) 15

Figure 2.1: Design parameters for LHC machine

Process o Events/sec | Events/year
W — ev 20 nb 15 108
Z — ee 2 nb 1.5 107
it 1 nb 0.8 107
bb 0.8 mb 10° 10'2
gg (m=1 TeV) 1 pb 0.0001 10*
H(m=08TeV)| 1pb 0.001 10t
H (m=0.2 TeV) | 20 pb 0.01 10°

Figure 2.2: Cross sections and production rates for nominal luminosity at LHC.

Figures 2.3 and 2.4 show the total integrated luminosity delivered by
LHC and recorded by CMS in 2010 and 2011.

2.1 The Compact Muon Solenoid experiment

The two main multi-purpose experiments designed specifically to detect
and discover new physics are the A Toroidal LHC ApparatuS (ATLAS) and
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Figure 2.3: Integrated luminosity delivered by LHC (in red) and recorded by
CMS (in blue) in proton proton collisions during 2010.

the Compact Muon Solenoid (CMS) experiments. The main difference be-
tween the two experiments is in the configuration of the magnetic field: AT-
LAS uses a toroidal field, while CMS a solenoidal field.?

The most important requirements for CMS detector are:

e muons: good identification and momentum resolution up to || < 2.5
and capability to the determine the charge of muons up to 1 TeV;

e charged particles: good momentum resolution and reconstruction effi-
ciency in the tracking system together with an efficient triggering and
offline tagging;

2CMS uses a system of cartesian coordinates centered in the interaction point and with
the z axis tangent to the beam line. The x axis is chosen to be in the orbit plane and
pointing towards the center of the ring, and the y axis is perpendicular to the plane of the
orbit and pointing upwards. The direction of the z axis is referred as longitudinal, while
the x — y plane is called transverse. The rapidity is defined as:

11 E+p,
=-1lo
Yy B gE—pz

For an ultra-relativistic particle y can be good approximated to the pseudo rapidity

n = —log(tan g)

where 6 is the angle between the particle momentum p and the z axis.
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Figure 2.4: Integrated luminosity delivered by LHC (in red) and recorded by
CMS (in blue) in proton proton collisions during 2011.

e clectrons and photons: good energy resolution (both di-photon and
di-electron mass resolution), good 7° rejection;

e good missing energy and dijet mass resolution using large hadron calorime-

ters with a large hermetic geometric coverage (|n| < 5) with lateral
segmentation.

A global view of the experiment is shown in Figure 2.5.

The detector structure consists of a cylindrical barrel closed by two end-
cap disks. The overall length is 21.6 m, the diameter is 14.6 m and the
total weight is about 12 500 tons. The thickness of the detector in radiation
lengths is greater than 25 X for the electromagnetic calorimeter and 11 \;
for the hadronic calorimeter. The choice of a solenoidal magnetic field led to
a very compact design for the CMS system, with a strong improvement in
the detection and energy measurement of electron and photons. The core of
the detectors is shown in Figure 2.6.

First of all there is the the big magnet, a 13 m long super-conductive
solenoid cooled with liquid helium, which can provide a 4 T magnetic field.
The magnet coil with a diameter of 5.9 m contains the Tracker and the elec-
tromagnetic and hadronic calorimeters. The iron return yoke of the magnet
hosts the muon spectrometer composed by 4 stations of drift tube detec-
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Figure 2.5: CMS experiment layout.

tors (DT) in the barrel and 4 stations of cathode strip chambers (CSC) in
the endcap. Both barrels and endcaps are also equipped with resistive plate
chambers (RPC). The average coverage in pseudo rapidity is up to |n| = 2.4.
The hadronic calorimeter (HCAL) is a brass/scintillator sampling calorime-
ter: the barrel and endcap parts are complemented by a forward calorimeter.
Inside HCAL, the electromagnetic calorimeter (ECAL) is installed: it is an
homogeneous calorimeter made of lead-tungstate scintillating crystals with
a coverage of |n| < 3.0. The tracking detector was built under the require-
ment of a precise vertex reconstruction and b-tagging with very high track
multiplicity: this was achieved with a very fine segmentation. CMS decided
in the barrel to use 10 layers of silicon microstrip detectors and three layers
of silicon pixel detectors close to the interaction region in order to improve
the measurement of the impact parameter of charged particle tracks. The
tracking system allows charged particle tracks reconstruction up to 14 mea-
surement points and a coverage of |n| < 2.5.

2.1.1 The pixel tracker

The pixel Tracker, a view is shown in Figure 2.7, consists of three 53.3
cm long barrel layers (BPIX) and two endcap disks (FPIX) on each side of
the barrel section. The innermost layer of the BPIX is at radius of 4.4 cm,
the second 7.3 cm and the third layer 10.2 cm. The layers are composed
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Figure 2.6: Transverse view of the CMS experiment.

by modules® placed on carbon fiber supports (called ladders), hosting eight
modules, consisting of 258 pm thick segmented silicon sensors with integrated
read-out. The BPIX region is composed by 672 full modules and 96 half
modules with 66560 pixels per module for the full modules and 33280 for
the half modules. The FPIX endcap disks are placed at z = 4+35.5 cm
and z = £48.5 cm, split into half disks, each including 12 trapezoidal blades
forming a turbine-like geometry. The endcap disks are made of 672 plaquettes
(270 pm thick), for a total of 17971200 pixels. In localizing secondary decay
vertices, both transverse and longitudinal coordinates are important and a
nearly square pixel shape (100 x 150 pum?) is adopted and an analog charge
readout is implemented.

2.1.2 The strip tracker

Outside the pixel detector, the Tracker is composed of silicon microstrip
detectors, as shown in Figure 2.8.

3A module is the mechanical structure on which the sensors are directly mounted.
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Figure 2.7: View of the CMS pixel tracker.

SRR
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Figure 2.8: Quarter view (rz) of the CMS strip tracker, blue modules are double-
sided, while red are one sided.

The barrel region is divided into two parts: the Tracker Inner Barrel (TIB)
and the Tracker Outer Barrel (TOB). The first is composed by four layers
of silicon sensors with a thickness of 320 ym and strip pitches varying from
80 to 120 um. The TOB is made of six layers, using thicker silicon sensors
(500pum): the strip pitch varies from 120 to 180 pum. The end cap region
(In] > 1.6) is covered by the Tracker Inner Disks (TID) and the Tracker End
Cap (TEC). The three disks of the TID fill the gap between the TIB and the
TEC. The TEC while has nine disks extending into the region in |z| from 120
to 280 cm. The first two layers of the TIB and the TOB, the first two rings
of the TID and of the TEC are made by modules are glued back-to-back to
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have a bidimensional point of measure.

2.1.3 The electromagnetic calorimeter

The Electromagnetic Calorimeter (ECAL) is made of 74 848 lead-tungstate
crystals: this material is characterized by a high density (8.28 g/cm 3), giv-
ing it a very compact form allowing to be placed inside the magnetic coil. It
also has a very small Moliere radius (2.2 cm) which gives ECAL the possibil-
ity to contain very well the expansion of the electromagnetic shower. These
crystals are also characterized by a very short scintillation decay time which
allows to be used at a crossing rate of 40 MHz. ECAL barrel covers the
central rapidity region (|n| < 1.48) and two ECAL end caps up to || = 3
. The barrel crystals have a front face area of 2.2 x 2.2 cm?, 23 cm length
and they are positioned at » = 1.29 m. Crystals in the end caps have 2.47
x 2.47 cm? front face, 22 cm length positioned at z = 3.17 m. For trigger
purpose the ECAL crystals are grouped together into 68 trigger towers, in
the endcaps. A pre-shower device with higher granularity is used to distin-
guish between showers started from neutral pions and photons or charged
pions and electrons. Silicon Avalanche Photodiodes (APDs) and Vacuum
Phototriodes (VPTs) are used to collect the scintillation light in the barrel
and in the endcaps respectively.

2.1.4 The Hadronic Calorimeter

The hadronic calorimeter (HCAL) is built to identify hadrons and neu-
trinos by measuring the energy and direction of jets and missing transverse
energy in the event. The HCAL angular coverage must include the very for-
ward region, because the identification of forward jets is very important for
CMS. The HCAL is divided into four regions which provide a full angular
coverage up to |n| = 5. The barrel hadronic calorimeter (HB) surrounds the
electromagnetic calorimeter and covers up to |n| = 1.3, while two endcap
hadron calorimeters (HE) cover up to |n| = 3.0. To satisfy the hermetic-
ity requirements there are two forward hadronic calorimeters (HF) up to
In| = 5.0, in the surround of the beam pipe at z = 11 m. At the end there is
an array of scintillators outside the magnet called outer hadronic calorime-
ter (HO) to improve the central shower containment. The HB and HE are
sampling calorimeters with active plastic scintillators interleaved with brass
plates, while the readout is composed of wavelength-shifting fibres. The en-
ergy resolution (with E in GeV) is:

o ZE = % in the barrel;
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o 2 — %’ in the endcaps;

o ZE = L\/%% in the forward part;

2.1.5 The muon system

The muon spectrometer is placed outside the magnet and it has funda-
mentally two goals:

e muon momentum measurement in combination with the silicon tracker;

e muon trigger as high pr muons are a signature for many physics pro-
cesses.

Three different detection technologies are used: the barrel muon system uses
drift tube chambers (DTs), the endcaps use cathode strip chamber (CSCs) and
both are complemented with resistive plate chambers (RPCs) for triggering
purposes.

Drift Tubes Chambers

Each chamber is made up of twelve layers of DT, placed into three inde-
pendent subunits called super-layers. Two of them measure the transverse
coordinate, and the remaining one is orthogonal to measure the longitudinal
coordinate. They are made of parallel aluminum plates, the anodes are 50
pm diameter steel wires placed between the cathodes. The internal volume
is filled with a gas mixture of Ar (85%) and C'Oy at atmospheric pressure.
The single hit position resolution is about 260 ym at nominal voltage values
with an angular resolution of 1.8 mrad.

Cathode Strip Chambers

The CSCs are multi-wire proportional chambers with one cathode plane
segmented in strips. The orthogonal orientation allows to have the determi-
nation of coordinates from a single plane. Each chamber is formed by six
trapezoidal layers: wires have a resolution on the measured position of 0.5
cm, while the strips of 50 pm.

Resistive Plate Chambers

The RPC are installed both in endcaps and in barrels: they have a poor
spatial resolution, but a very fast time resolution (3 ns), which makes them
well suited for being used for trigger purposes. The RPCs used by CMS are
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double gap RPCs, made of four bakelite planes formed two gaps filled with a
CyHyFy and CyH,g gas mixture operating in avalanche mode.

2.2 The Trigger System

The expected event rate at the nominal luminosity is 10° Hz, the limit
imposed in storing and processing data is 100 Hz, so the goal of the CMS
trigger system is to reduce the data by a factor 107. CMS adopts a multi-
level trigger design using a little part of available data, so high-level triggers
can use more refined algorithms. The trigger is divided into two physical
levels: Level-1 Trigger (L1) and the High Level Trigger (HLT), The L1 is
basically hardware and uses only segmented data from calorimeters and muon
detectors. The structure is summarized in Figure 2.9.

I ] ; 1 1
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Figure 2.9: L1 trigger scheme

The HLT is basically software implemented in a computer farm organized
into growing complexity logic levels and it processes all the events accepted
by the L1 trigger. The basic idea is to reconstruct those part of each physics
object that can be used for selection while minimizing the overall CPU usage.
As a convention the term Level-2 Trigger is used to refer to algorithms and
requirements of the first selection step in the HLT process. In contrast, Level-
3 Trigger refers to a further selection step that includes the reconstruction of
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full tracks in the tracker. To minimize the CPU time required by the HLT,
a feature of the algorithms is to reconstruct the information in the CMS
detector only partially, in fact in many cases the decision on whether an event
should be accepted by the HLT involves the reconstruction of quantities in
only a limited region of the detector.

(Unprescaled) Object Trigger Threshold (GeV) @ 6E33
Single Muon 40

Single Isolated muon 24

Double muon (17, 8) [13, 8 for parked data]
Single Electron 80

Single Isolated Electron 27

Double Electron (17, 8)

Single Photon 150

Double Photon (36, 22)

Muon + Ele x-trigger (17, 8), (5, 5, 8), (8, 8, 8)
Single PFJet 320

QuadJet 80 [50 for parked data]

Six Jet (6 x 45), (4 x 60, 2 x 20)
MET 120

HT 650

Figure 2.10: HLT trigger scheme in 2012.
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Chapter 3

Reconstruction of the physics
objects in CMS

3.1 Jets reconstruction

Since gluons and quarks could not exist into free state, they fragment
into hadrons resulting into a jet of particles depositing energy in the de-
tectors. There is a wide range of algorithms for jet reconstruction which
could take also into account biases coming from detectors effects (jet en-
ergy calibration). Cone-based algorithms generally define a metric AR =
v/ (m —m2)2 + (¢1 — ¢2)? based on the pseudorapidity and the azimuthal an-
gle, while kp based algorithms use a Fpr metric. The input objects of jets
clustering can be of different types: traditionally, jet have been built by tak-
ing the sum of the energies deposited in the hadronic and electromagnetic
calorimeters. The latest jets clustering algorithms use all the informations
available from all detectors and subdetectors to measure the energy and the
momentum of each particle which leaves a signal: this approach, extensively
used in the CMS experiment, is called particle flow. There are two possibili-
ties to add four momenta when performing a clustering process: the first one
is adding the jet constituents as four vectors (massive jets), the second is
adding the sum of the transverse energy E7 of the constituents (non massive
jets).

The schemes for two different algorithms are briefly described below:

e Seedless infrared safe cone algorithm: it uses any input object,
that is not only those above a certain Er threshold, to look for the
most stable cone. To find the stables cones the four-momenta of the
input objects into a cone are added together and the direction of the
cone is compared to the summed four-momentum of the input objects

39
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enclosed in this cone. A cone is considered stable when the direction of
the cone agrees with the direction of the three momenta of the input
objects. Then it is added to a list of candidate jets. All these candidates
are ordered in descending transverse momentum and the ones below a
minimum threshold are discarded. Then the highest pr candidate jet is
selected and the highest pr candidate jet that shares objects with the
first candidate jet is looked for. If no matching is found the candidate
jet is removed from the list and added to the jets list. If the overlapping
fraction is above a certain threshold (f), the two candidate jets are
merged instead. This process is repeated iteratively until no candidate
jet remains.

e Inclusive kp algorithm: for each input object i and for each pair of
input objects i,j two quantities (distances) are calculated:

d; = E7 R®
d;; = min(ET,;, By ;RY))

where R is an adimensional parameter and R;; is the angular distance
defined before. The algorithm checks the smallest value among d; and
d;j: if it is d; the first object is removed from the list of candidates and
inserted into the list of jets, while if it is d;; the two candidate jets are
merged. The procedure is repeated until all jets are found.

3.2 The tagging of the flavor of the jets

Hadrons containing b and ¢ quarks B-hadrons and D-hadrons in the fol-
lowing, have a long lifetime (c7 = 500 pum) and carry away a significant
fraction of the energy of the parent parton. Their decay produces tracks
significantly displaced with respect to the primary vertex as they originated
from the so called secondary vertexr. Another hint for the presence of a B or
a D-hadron could be the presence of a soft lepton coming from the semilep-
tonic decay. The algorithms which attempt to reconstruct these properties
in terms of heavy quark identification are called b-tagging algorithms. The
main idea of an algorithm is to associate a floating point number to a jet,
where conventionally large values are associated to a jet originating from a
heavy hadron while small values are associated to jets originating from light
partons. We can classify these algorithms according to the set of variables
used to tag the hadron.
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3.2.1 Impact parameter based algorithms

The association of tracks to the jets is based on a AR criterion: tracks
with AR < 0.5 with respect to the jet axis are considered associated with
the jet. The impact parameter of a track is then defined as the distance of
the track trajectory to the primary vertex. The point of closest approach
to the jet axis is determined and from this point, taking the tangent to the
track, the impact parameter is obtained as the distance between the primary
vertex and the tangent, as illustrated in Figure 3.1.

track

linearised—__ S -
track ——

N o \ minimum '
| P- \ distance ] et

Vv Q

Figure 3.1: Sketch of the extrapolation of the impact parameter in 3D.

The impact parameter is positive if the angle between the impact param-
eter and the jet direction is smaller than 90°: for a B-hadron it is expected to
be positive because the flight path of a B-hadron is in the same direction of
the jet. Negative values could come from a bad jet or track reconstruction.
Because of the impact parameter is an experimentally measured quantity,
the ratio between the impact parameter and its experimental error, called
significance of the impact parameter, S = % it is used in the b-tagging
algorithms. In Figure 3.2 a sketch for an event with a jet is shown.

In CMS there are two algorithms based on the impact parameter signif-
icance of the tracks: the track counting (TC) and the jet probability (JP)

algorithms:

e Track counting based algorithm: the discriminant for the track
counting algorithm is the 3D impact parameter significance. The algo-
rithm sorts the tracks according to descending 3D significance and it
considers the significance of the n-th track. When choosing n = 2 the
algorithm is called TCHE (track counting high efficiency), while when
choosing n = 3 it is called TCHP (track counting high purity). Jets
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Figure 3.2: Sketch of an event with a jet

not containing good tracks are given a default value of the discriminant
(-100). In Figures 3.3 and 3.4 few distributions of the two discrimi-
nants, divided by flavors, obtained using Monte Carlo QCD events and
data recorded during the Spring 2010 are shown.

Jet probability algorithm: it calculates for each jet the probability
that the set of tracks associated to it have been originated from the
primary vertex using the impact parameter significance of the tracks.
The algorithm JP can be considered as an extension of the algorithm
TC because it takes into account all the tracks associated to a jet and
not only the first n tracks. The first step of this algorithm is to calcu-
late the probability P, for each track with defined impact parameter
significance S to originate from the primary vertex. This probability
is essentially uniform for tracks coming from a primary vertex, while
it is peaked at zero in presence of a secondary vertex. In order to in-
crease the discrimination power tracks are divided into different bins
and for each category (pr,n,x?) the computation of the probability
is performed. The second step is to combine the probabilities of the
tracks associated to the jet. The jet probability for a given jet with
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Figure 3.3: Shape of the discriminator TCHE divided for the different jet flavors.

N associated tracks is defined as the confidence level that any set of
N tracks coming from primary vertex would give the observed track
probability, namely:

Nl
P =11

Jj=0

lnH

where:
N
n=[[x.
i=1

3.2.2 Secondary vertex based b-tagging algorithm

The idea of these algorithms is to use variables related to a reconstructed
secondary vertex:

e Simple secondary vertex b-tagging algorithm this is defined
with the significance of the flight dlstance , where D is the distance
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Figure 3.4: Shape of the discriminator TCHP divided for the different jet flavors.

between the reconstructed primary vertex and the secondary vertex cal-
culated in the 3 dimensions. The discriminant is defined as log(1+ %)
The algorithm is called SSVHE (simple secondary vertex high effi-
ciency) when choosing the second highest significance track, while it
is called SSVHP (simple secondary vertex high purity) when choosing
the third highest significance track. This is algorithm is robust against
possible miscalibration of the detector because it requires at a recon-
structed secondary vertex. In Figure 3.6 and 3.7 some distributions
for the discriminants are shown.

Combined secondary vertex b-tagging algorithm: although this
algorithm makes explicitly use of secondary vertex related variables, the
final discriminant is defined also when a secondary vertex is absent. The
combination of these features allows the discriminant to provide a not-
default value even when there is not a reconstructed secondary vertex.
Variables are combined together using a multivariate analysis tool to
perform the computation. In presence of a reconstructed secondary
vertex the following variables are used:

— three dimensional flight significance: the same variable used for
the Simple Secondary vertex algorithms (SSV);
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Figure 3.5: Shape of the discriminator JP divided for the different jet flavors.

angle between the vertex flight direction and the jet axis: this
angle is related to the energy carried by the bottom quark, in fact
the most energetic the quark is, the most collinear is with the jet;

vertex mass: invariant mass of the charged particles associated to
the primary vertex;

numbers of tracks associated with the vertex: vertex correspond-
ing to a B-hadron decay has higher track multiplicity than that
of a D-hadron decay;

nre Of all tracks from the vertex: for each track associated to the
secondary vertex its pseudorapidty with respect to the jet axis is
computed.

In absence of secondary vertex the following variables are used:

track multiplicity: number of all selected tracks associated to a
jet;

three dimensional SIP: the first three tracks are evaluated using
special probability density function.
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Figure 3.6: Shape of the discriminator SSVHE divided for the different jet flavors.

3.2.3 Soft lepton based b-tagging algorithm

This kind of algorithm exploits the properties of semileptonic decay of
B and D-hadrons. The most common sources of objects faking electrons
are charged hadrons with significant loss energy in the calorimeter, neutral
pions and and photon conversions. About the muons, the main limitation
in reconstructing these objects with low pr is the contribution coming from
mis-identification coming from decays of 7% or K¥ in light jets with a muon
inside the cone of the jet.
The algorithm makes principally use of four variables:

® pr.: the transverse momentum of the lepton with respect to to the
jet axis;

e SIP: impact parameter of the lepton track from the distance of the
closest approach of lepton track to the primary vertex;

e AR: the angular distance between the lepton and the axis of the jet;

e momentum ratio: ratio between the transverse momentum of recon-
structed lepton track and the transverse energy of the jet.
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Figure 3.7: Shape of the discriminator SSVHP divided for the different jet flavors.

All these variables are combined into a neural network, which is trained on
specific samples. The distributions for some variables are shown in Figure
3.8 and Figure 3.9.

In CMS all analyses are done using for each discriminant a fixed working
point which assures a fixed efficiency of identifying (wrongly) a light jet as a
b-jet (¢). The working points are defined as follows:

e tight: ¢ = 1073;
e medium: ¢ = 1072;
e loose: ¢ = 1071,

These mistag rates depend on the pr and n of the jets and therefore on the
sample used. In CMS there is a POG! (BTV POG) which provides for these
working points the correction factors between Data and Monte Carlo and
the relative uncertainties. Performances of each discriminant are shown in
distributions showing the ¢; as a function of the efficiency of tagging a b-jet
(ep). The Figure 3.10 shows the performance of the different discriminant
compared one to each other and it refers to a 3 millions events QCD Monte

IPhysics object group
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Figure 3.8: Transverse momentum of the muon with respect to the jet axis prTel.

Carlo sample generated with a pr > 80 GeV/c, where pr is the transverse
momentum of the parton participating into a 2 — 2 hard scatter in the rest
frame of the hard interaction.
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Chapter 4

Impact of the alignment of the
tracker on the b-tagging
performance

4.1 Track based alignment and misalignment
scenarios

The goal of the track based alignment procedures is to determine the po-
sitions of the sensitive elements from a large sample of reconstructed charge
particle trajectories (tracks). This can reduce the uncertainty on the position
of the sensitive elements to the level of few microns. Track based alignment
is based on the principle of minimization of track-to-hit residuals. Assuming
some input geometry, for instance the design geometry or the one determined
by the surveys available after the construction of the detector, each trajec-
tory is built from charge deposits on individual detectors (that is called hit).
Five track parameters describe the trajectory of a charged particle at the
point closest to the nominal interaction point: the distance of the closest
approach in the transverse plane d,, and along the longitudinal direction d.,
the track azimuthal angle ¢, the track polar angle § and the ratio, signed
curvature, between the charge and the transverse momentum iT. A compar-
ison between the measurement of the hits and the prediction from the track
trajectory is then performed: the differences expressed in terms of local coor-
dinates between the two quantities are called track-to-hit residuals. Ideally
all measured points of the trajectory have normally distributed residuals,
centered at zero and with the width corresponding to the nominal detector
resolution. In reality the detector is misaligned: the measured points along a
trajectory differ by how much the position of the module is shifted away from

o1
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its ideal position. The residual will be higher than in the ideal case. Track
based alignment redifines the position of all the modules minimizing the sum
of normalized residuals. The procedure is summarized in Figure 4.1.

TN

_ Impacl point after
Impact point rolation-iranslation
nefore '

Reconstructed g % | TTypically i

Irack ‘ | 100 ym

Figure 4.1: Track impact point and hit position on the module surface before
and after alignment.

A set of corrections to the positions of the modules as determined by the
alignment is usually defined as geometry. Even if the alignment performed
before the first collisions already gave very good results, the position of the
sensitive areas needs to be checked continuously during collisions because the
geometry can potentially change and influence the reconstruction of tracks.
To study the impact of possible remaining misalignment of the Tracker on
track and vertex reconstruction in physics analysis, models of misalignment,
called scenarios, were produced and made available in the standard CMS
reconstruction software. A scenario allows to determine biases and deterio-
ration of the resolution of the reconstructed physics observables. Different
misalignment scenarios were produced to model the knowledge of the Tracker
geometry at different stages of data taking. Instead of implementing the mis-
alignment effects when generating simulated events, in the CMS offline it was
decided to introduce the displacement of the detector modules directly at the
reconstruction level. Thus the workflow is:

1. generate simulated events with the design geometry;



4.2 Impact of misalignment on b-tagging

53

2. apply the shifts of the detector modules during the reconstruction of
the events.

This approach is assumed to be equivalent to the situation found in the
data where the true position of the real modules after an alignment remains
unknown, but the shifts of the modules with respect to the geometry de-
termined by the alignment are expected to be not too large because of the
mechanical tolerances adopted during the construction. On the contrary,
from the computational point of view, this approach is more convenient than
generating simulated events with a deformed geometry and then reconstruct
them with the design one. Finally one should mention that together with a
set of corrections for the position, the alignment procedure provides also a
set of Alignment Parameters Errors (APE).

4.2 Impact of misalignment on b-tagging

4.2.1 Validation on data

A set of different geometries were produced during 2010 and 2011 based
on data, to best reproduce not only the knowledge of the real position of
the modules, but also to introduce new degrees of freedom describing the
deformation of the sensitive areas. The geometries available were:

e plain: a geometry where modules are considered flat and their position
is set after the alignment procedure run on 2011 data;

e KB (kinks and bows): with respect to the plain, in this geometry new
degrees of freedom are added considering silicon modules bowed and
not flat;

e GR10v/: this geometry was produced in 2010 using both cosmic rays
and data tracks, but not considering kinks and bows;

e ideal: the design geometry, chosen as a cross check to evaluate the
effect, expected to be large, of applying no alignment corrections at all.

The impact of different alignment conditions on the b-tagging performance
needs to be estimated using the official tools provide by the BTV group
because there is a standard selection based on specific requirements for the
tracks used in the b-tagging and for the procedure how they get associated
to a jet. The official tool to perform studies on the geometries based on
data makes use of standard ntuples containing informations about the events
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track pr > 1 GeV
tracker hits > 8
pixel hits > 2
normalized y? <5

2D impact parameter | < 0.2 cm

longitudinal TP < 17 cm
AR(track,jet) < 0.5

decay length < 5 cm

Table 4.1: List of standard cuts applied for the production of the standard ntuples
with the b-tagging validation tool.

selected according to the criteria summarized in Table 4.1. The BTV group
provides also a set of ROOT scripts to produce plots running on the ntuples.
These plots show distributions directly related to b-tagging discriminants
(such as SV,IP,SIP), but also the quality of the reconstructed tracks (for
example normalized x?) comparing two different geometries. The analysis
described here was done using the dataset and the selections summarized in
Table 4.2.

Data set /BTag/Run2011A-PromptReco-v4/RECO
Numbers of events 590k events processed
Run range 165100-165500
Jet algorithm akbPF with jet energy correction (Er > 10 GeV, |n| < 2.4)
Jet energy correction L1Fast,L2+L3

Table 4.2: Summary table of the sample of data used for the analysis.

Starting from plots showing track properties, we notice that tracks refitted
using the latest geometry kinks and bows, shown in Figure 4.2 with respect
to the GR10v/ geometry are better reconstructed because they have a small
normalized x2?. The ideal geometry was just chosen as a cross-check: in
fact the differences with respect to the GR10vj geometry are very large, as
shown in Figure 4.3. Figure 4.4 shows the 3 dimensional SIP considering all
the tracks for the comparison between the GR10v4 and the ideal geometry
evidencing big discrepancies as expected. Figure 4.5 shows the 3 dimensional
SIP considering only the second highest significance track, which enters into
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the definition of the SSVHE discriminant: the difference is relevant only in
the left tail where the latest geometry is better than GR10v4.

CMS Preliminary 2011, «Js=7TeW, L=60pb
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Figure 4.2: Normalized x? of all tracks for scenarios kinks and bows (KB) and
GR10v4. The bottom plot shows the ratio of the black curve with respect to the
red curve.

The studies on these geometries confirm that the Kinks and bows geometry
describes better the real detector than the older ones.

4.2.2 Studies on simulated events

Even if the alignment procedure achieved very good results already before
the first collisions and it was continually monitored during all the data taking,
nevertheless degradations of some variables, related to track reconstruction
for example, were observed. This degradation can be interpreted as due to
a change of the position of the modules during the data taking (for example
movements along the z axis of the two halves composing the BPIX from 20 to
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Figure 4.3: Normalized x? of all tracks for scenarios GR10v4 and ideal. The
bottom plot shows the ratio of the black curve with respect to the red curve.

100 pm). To study these changes of conditions one can model the movement
of the modules in misalignment scenarios and study how sensitive variables
change using simulated events. The BTV group provides a standard tool,
based on DQM (data quality monitor) files, to perform studies on the change
of the b-tagging performance introducing systematic misalignment scenarios
and using simulated events. The performance of the b-tagging algorithms is
evaluated studying the efficiency of tagging a light jet (¢;), related to mistag,
as a function of the efficiency of tagging a b jet (€,). The first step for this
analysis was to test the robustness of b-tagging algorithms with respect to
large deformations in the BPIX considering movements, for each half shell,
from 200 pm to 4 mm along the z axis. We refer to them as BPIX Az
misalignment scenarios. A sketch illustrating these scenarios is shown in
Figure 4.6.
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Figure 4.4: 3 dimensional SIP considering all the tracks for scenarios GR10v4
and Ideal. The bottom plot shows the ratio of the black curve with respect to the
red curve.

In the following plots, obtained using 1 million ¢f events, the more the
curve is shifting to the top left of the figure (large ¢;, small ¢,), the more
the discriminant is loosing its performance. The results for the discriminants
based on the impact parameter of the tracks are shown in Figure 4.7 for
the TCHE and Figure 4.8 for the TCHP: there is a degradation of the
performance of both TCHE and TCHP discriminants and for movements of
some millimeters the shape of the discriminants breaks down.!

!These plots do not show any errors that are correlated among the different curves (as
they are obtained from the same samples of events) and among different points of the
same curve.
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Figure 4.5: 3 dimensional SIP considering only the second highest significance
track for scenarios kinks and bows and GR10v4. The bottom plot shows the ratio
of the black curve with respect to the red curve.

The situation is very different when considering Figure 4.9 and Figure
4.10 which show the same plots but for the SSVHE and SSVHP discriminants.
Althougt there is a global deterioration of performance, the discriminants are
very robust even against misalignments of some millimeters, because they
explicitly require a presence of a reconstructed secondary vertex.

It is difficult instead to draw any conclusion from Figure 4.11 and Figure
4.12 for JP and CSV discriminants: the former is calibrated on a particular
set of conditions for reconstructing simulated events and so big differences are
expected when these conditions change, the latter combines all the variables
in a multivariate analysis and it is not straight-forward to assess how their
combination is affected by a distortion of the geometry.

After these preliminary studies on how large misalignments could affect
the discriminants the next step was to study more realistic scenarios. BPIX
Az scenarios were studied together with a new misalignment scenario called
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Figure 4.6: Example of a BPIX movement along z axis.

scissors like, which was created to explain a ¢ modulation observed in the
analysis of the track residuals with respect to the beam spot. A sketch
representing the scissors like scenario is shown in Figure 4.13.

The parameterization of the position in the transverse plane of the modules of
the BPIX which corresponds to this scenario depends on the angle 1) between
the z BPIX halves:

{ r—2 =x+ Azx(p, )
y—=y =y+Ay(e,v)

R =22+

Ar = R-+/2(1 —sing) -siney

Ay =R-4/2(1 —siny)- (1 —cos?)
Where z, ('), y, (y') are the original (modified) positions in the transverse
plane of the active areas of the BPIX modules. For the study of this scenario
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Figure 4.7: b jet efficiency with respect to light jet efficiency for |n| < 2.4 and
pr > 30 GeV for TCHE discriminant.

we considered 1 small, so we could use a Taylor expansion: sinvy =~ ;
costp ~ 1 —1p?/2.

The results for the discriminants JP and TCHP are shown in Figures 4.14
and 4.15: we notice a larger degradation of performance for the 0.50 mrad
than the 0.25 mrad.

Figures 4.16 shows the result for the SSVHE: in this case there is no
evidence for a sensible degradation of performance.

For the studies on simulated events it was decided to present the results
as the absolute difference in €,? at fixed ¢;. The motivation is that the BTV
group provides the full set of systematic uncertainty and DATA /Monte Carlo
correction factors for values of the discriminants (working points) which guar-

2A b from a gluon splitting is considered in this category.
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Figure 4.8: b jet efficiency with respect to light jet efficiency for |n| < 2.4 and
pr > 30 GeV for TCHP discriminant.

antee a fixed mistagging efficiency for light jets (). The results, expressed
as the absolute difference in the efficiency of a tagging a b-jet as a function
of the mistagging efficiency (¢;) are shown from Figures 4.17 to 4.20 for
Az scenarios from 40 to 160 pym. For the TCHE and TCHP discriminants
differences are very small up to Az = 120 pm, while are about 10% for a
misalignment of 160 ym. For the CSV differences are less than 10% for all
the scenarios, while for the JP discriminant differences are larger, up to 20

%.

4.2.3 Validation of MC startup scenarios

During 2011 data taking a new scenario was studied, using one million
tt events, to better reproduce in the simulation the evolved understanding
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Figure 4.9: b jet efficiency with respect to light jet efficiency for |n| < 2.4 and
pr > 30 GeV for SSVHE discriminant.

of the real geometry of the tracker. This scenario was called Monte Carlo
2011 startup.®> We have decided to perform the validation of this scenario
using the DQM tool. We have also decided to evaluate influence of APE on
different scenarios, separating the 2011 Monte Carlo startup scenario with
one considering APE different from zero and one considering APE set equal
to zero. APE play a fundament role in b-tagging because the variable SIP
is related to the uncertainty on the measurement of the impact parameter.
The results are shown in Figure 4.23 for the TCHE discriminant, in Figure
4.21 for the JP discriminant and in Figure 4.22 for the CSV discriminant.
Differences are always less than 2% for all the discriminants, only for the

3In general a startup scenario is a scenario considering the uncertainties on the position
of the modules after an alignment procedure.
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Figure 4.10: b jet efficiency with respect to light jet efficiency for |n| < 2.4 and
pr > 30 GeV for SSVHP discriminant.

TCHE discriminant the 2011 Monte Carlo startup with APE equal to zero
looks better than the previous 2010 Monte Carlo startup especially for the
workings point medium and loose.

4.2.4 Comparison of the b-tagging variables jet-by-jet

The results described in the previous sections showed that the DQM-
based validation does not offer a sensible analysis tool to evaluate how a pos-
sible misalignment could affect the performance of b-tagging. Specifically it
does not allow to compare how the variables, for example track or SIP, change
with the different conditions used for the reconstruction event-by-event. The
reason is that the standard CMS software allows the reconstruction of events
with only a set of conditions, for example one geometry, at time. This means
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Figure 4.11: b jet efficiency with respect to light jet efficiency for |n| < 2.4 and
pr > 30 GeV for JP discriminant.

not to have the possibility of taking into account correlations. For this reason
we have developed a jet-by-jet comparison tool. The workflow of the tool can
be summarized as:

e produce standard b-tagging ntuples on different geometries, or in gen-
eral two different conditions say CondA and CondB,;

e match events between the two ntuples;

e match each jet of a given event in the two ntuples by using a cone
matching algorithm, with a tight resolution in AR < 0.1;

e produce a TTree containing the basic informations (1,¢,pr) about the
jets matched and storing them into a new class (called Jet Info). This
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Figure 4.12: b jet efficiency with respect to light jet efficiency for |n| < 2.4 and
pr > 30 GeV for CSV discriminant.

class contains also informations about the discriminants and the most
important variables used by the b-tagging algorithms;

e produce a set of reference plots with the difference for the most relevant
per jet quantities as a function of some characteristic variable.

A possible concern for this approach was the time required to run it, as a
typical test was performed on about 500k ¢t events. The results on the time
performance of the tool were anyway conforting:

e submission of the ntuplizer jobs using GRID: about one days;

e scripts for matching events on a standard Ixplus node: about 15 min-
utes;
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Figure 4.13: Sketch of the scissor like geometry: the parameter ) can be changed
to produce different misalignment conditions.

e script for jet matching and production of the TTree: one hour;

e final script to produce plots: 30 minutes.

A delicate point to consider in the analysis of the results is that, due to
the change of reconstruction conditions, a discriminant may not provide a
value associated to a jet. This requires to organize the results into different
categories:

e not default-not default: it is the case when the algorithm successfully
produces values for the discriminant different from the default for both
the set of conditions;

o default-not default: the algorithm is providing a value for the discrim-
inant only for one of the two set of conditions. For example this is
the case for the SSV algorithms when, with the conditions applied, the
algorithm fails to reconstruct a secondary vertex;

e default-default: both the algorithm fail to deliver a value for the dis-
criminant in both the sets of conditions.

To take this fact into account, the tool allows a quantitative study on the
numbers of jets moving from a default value of the corresponding discriminant
to a not default value, producing migration matrices for each discriminant,
as shown in Figure 4.24 for the comparison between the Ideal geometry and
the Ideal geometry setting APE equal to zero. The fraction of migrating jets
is about 1%.
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Figure 4.14: b jet efficiency with respect to light jet efficiency for |n| < 2.4 and
pr > 30 GeV for JP discriminant.

In the following we will always refer to the case not default-not default
for all the distributions.
Distributions were also divided by flavors, one category for b-tagged jets (in-
cluding gluon splitting) and one for light jets. In Figures 4.25 and 4.26 some
distributions for the discriminant as a function of the shift of the position of
the Primary Vertex (PV) along the z axis and in the transverse plane are
shown.

Figures 4.28 and 4.27 show distributions for the discriminants TCHE
and TCHP for Az = 40 pum with respect to the ideal geometry.

The results above indicates that even if the tool can provide a very deep
diagnostic study, correlation or evidences of big collective behaviors were not
found, meaning that variables used for analyses in CMS are robust against



68

4. Impact of the alignment of the tracker on the b-tagging
performance

TCHP CMS Preliminary MC ttbarys = 7 TaV

107"

Spissors 0.25; mrad

No misalignn’iant

107

10’3

Figure 4.15: b jet efficiency with respect to light jet efficiency for |n| < 2.4 and
pr > 30 GeV for TCHP discriminant.

possible biases. Nevertheless this is the first tool in CMS which allows to
compare two different set of conditions at the same time and it also very
versatile. Altough conceived originally to test different alignment conditions,
the tool can be used to compare any different reconstruction conditions and
after its official presentation in the BTV group it has been used by other
groups for comparing the performance of b-tagging algorithms in different
pile-up scenarios and using fast and full simulation. Appendix A collects a
set of plots for the different cases which were investigated.
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Figure 4.16: b jet efficiency with respect to light jet efficiency for |n| < 2.4 and
pr > 30 GeV for SSVHE discriminant.
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Figure 4.17: Absolute variation of b jet efficiency with respect to light jet effi-
ciency for |n| < 2.4 and pr > 30 GeV for TCHE discriminant.



4.2 Impact of misalignment on b-tagging

71

-
O
I
T

CMS Preliminary MC ttbar\s = 7 TeV GLOBAL

J INé hlééllbnmelnt T I TTTTI | T I TTTI IL

- BPIX Az=40pm : 3
BPIX Az=80um
ST S e
- BPIX Az=160um % f

o
w
lJl|IIIl|lllJ_

o
)

o
-

A b Jet efficiency

o
|||l£;
fI
a
F
ol
v
v
w4
™
L]
prodeepepe e g pe ey

IIIIIIIi | IIIIIIIi IIIIIIII—

%
107 107 102 . . 10"
UDS Jet efficiency

Figure 4.18: Absolute variation of b jet efficiency with respect to light jet effi-
ciency for |n| < 2.4 and pr > 30 GeV for TCHP discriminant.
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Figure 4.19: Absolute variation of b jet efficiency with respect to light jet effi-
ciency for |n| < 2.4 and pr > 30 GeV for JP discriminant.
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ciency for |n| < 2.4 and ppr > 30 GeV for CSV discriminant.
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Figure 4.21: Absolute variation of the b jet efficiency with respect to light jet
efficiency for |n| < 2.4 and pr > 30 GeV for JP discriminant.
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Figure 4.22: Absolute variation of the b jet efficiency with respect to light jet
efficiency for |n| < 2.4 and pr > 30 GeV for CSV discriminant.
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Figure 4.23: Absolute vacation of the b jet efficiency with respect to light jet
efficiency for || < 2.4 and pr > 30 GeV for TCHE discriminant.
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Figure 4.24: Table of migration matrices from default to not-default values of
the discriminants, for Ideal geometry versus Ideal geometry with APE = 0.
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Figure 4.25: Jet-by-jet difference of SSVHE discriminant as a function of shift
on the position of the PV longitudinal projection.
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Figure 4.26: Jet-by-jet difference of SSVHE discriminant as a function of shift
on the position of the PV projection in transverse plane.
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Figure 4.27: Correlation of the TCHE discriminant in case not default-not de-
fault for the scenarios Ideal (y axis) and Az 40 um (z axis).
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Figure 4.28: Correlation of the TCHP discriminant in case not default-not de-
fault for the scenarios Ideal (y axis) and Az 40 um (z axis).



Chapter 5

Production of a Z boson in
association with heavy flavors

In the previous chapter a detailed study about the b-tagging algorithms
has been presented. It was then decided to apply one of this b-tagging algo-
rithm, the SSVHP, to measure a process of interest at LHC: the production
of a Z boson in association with bottom quarks, usually called Z+b. The first
part of this chapter presents a theoretical introduction to this process, while
the second part is devoted to the description of the measurement of Z+b.

5.1 Standard model Higgs search

The measurement of the Z+b production is important, both as a bench-
mark channel when studying the production of a light SUSY Higgs boson in
association with b quarks, and as an electroweak background in searches for
the standard model Higgs boson. The Z+Db process is a relevant background
for the SM Higgs boson searches especially in two channels:

o H — ZZ* — 4l, the golden channel, for which it represents a reducible
background if besides the two leptons coming from the Z boson the b
quarks decay semileptonically, being the total branching ratio for the
semileptonic decay of about 20%;

e the production of a low mass Higgs in association with a Z boson,
Higgstrahlung, in which the Higgs boson decays into a bb pair (the
most probable decay mode in the low mass range). The signature for
this process is represented by two leptons coming from the Z decay and
two b-tagged jets: this is the same signature of a Z+0b event with two
b-tagged jets.

81
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5.2 Minimal supersymmetric extension of the
Standard Model (MSSM)

In constructing the MSSM, both Y= -1 and Y= +1 Higgs complex dou-
blets need to be considered to obtain an anomaly-free theory. Two types of
models can be built corresponding to different scalar-fermion couplings:

1. Type I model: all fermions couple to the same doublet and the Yukawa
couplings are rescaled to tan f = Z—f, where vy and vy are the vacuum

expectation values of the two doublets;

2. Type Il model: the up fermions couple to one doublet with an intensity
proportional to cot 3, while the down fermions couple to the other
doublet with intensity proportional to tan 5.

In the Type II model the doublets are written as ®; = (99, ®;) coupled
to the down-type fermions and @, = (@7, %) coupled to the up-type ones.
Once the Higgs potential is minimized, their respective vacuum expectation
values are:

<Py >=("§)

<®,>=(2)

where the vacuum expectation values satisfy: v? = v2 402 = (246 GeV)? and
tan § = *4. The spontaneous symmetry breaking mechanism results in three
Goldstone bosons and five physical Higgs particles: a charged pair H*,
CP-odd neutral scalar A and two CP-even neutral scalars h and H. Wlthout
any claim of completeness, we only underline that quantities in the MSSM
Higgs sector depend on two parameters which are tan # and one mixing angle
a.

dbb production in the MSSM

For large values of tan 3, the production of a neutral Higgs boson in MSSM
(& = h/H/A) at the LHC is dominated by the Higgs-radiation off bottom
quarks, leading to the associated production ®bb shown in Figure 5.1.

The Z+b measurement is important as a background for the decay ex-
clusive channel pp — ®bb — (™t p1~)bb.

5.3 Z+b production al LHC

Inclusive events with a Z boson and one b jet identified in the acceptance
of the detector are expected to give the main contribution to the cross section
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Figure 5.1: Feynman diagrams at LO for the production of ® in association with
bottom quarks.

for the process Z + bb. In literature it is common to define two different
approaches for the calculation of the inclusive cross section of Z+b: the
fized flavor number scheme (FFNS) and the wvariable flavor number scheme
(VENS). The former is often referred as 4 flavor scheme (4FS) because only
massless partons densities are considered for the initial state, while the latter
is often called 5 flavor scheme because a b-quark density of the proton is
introduced. The main difference between the two schemes when used to
compute the Z+b cross section is that in the FFNS the perturbative series is
ordered by powers of the strong coupling constant «g while in the VENS the
presence of the PDF of the b quark allows to resum terms like o% log(]ﬁ—%)m,
where M is the upper integration limit of the transverse momentum of the b
quark. At leading order the two schemes give different results, but at NLO
the two schemes should give compatible results.

5.3.1 Z+Db production in the FFNS

In the FENS, at the leading order there are two subprocesses contributing
to Z+b: ¢g — Zbb and gg — Zbb, where ¢ can be a u,d,s,c quark. The tree
level diagrams contributing to the LO cross section are shown in Figure 5.2
and Figure 5.3.

At NLO one has to consider also one-loop virtual corrections to the pro-
cesses, proportional to a%, and real subprocesses, proportional to o3, as
shown in Figure 5.4 and Figure 5.5.
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Figure 5.2: Tree level Feynman diagram for ¢qg — Zbb. The circled crosses
correspond to all the possibilities to insert a Z boson, each one representing a
different diagram (FFNS).
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Figure 5.3: Tree level Feynman diagrams for gg — Zbb. The circled crosses
correspond to all the possibilities to insert a Z boson, each one representing a
different diagram (FEFNS).

5.3.2 Z+Db production in the VFNS

In the VENS, the LO process is gb — Zb shown in Figure 5.6. Other
compatible diagrams are those with the production of a bb pair from gluon
splitting where the bb pair is collinear and it is reconstructed as a unique b-
tagged jet. NLO corrections can be applied, such that additional partons are
produced in the final state in process like bg — Zbg, bq — Zbq or qg — Zbbg,
represented in Figure 5.7.

5.4 Measurement of the Z+b cross section

CMS has published the measurement of the cross section for the inclusive
process Z+b using data recorded at a center of mass energy of 7 TeV, corre-
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Figure 5.4: One loop virtual corrections to ¢qg — Zbb (a) and to gg — Zbb (b)
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Figure 5.5: Real corrections to the cross section Zbb (FFNS).

sponding to an integrated luminosity of 2.2 fb~!. The measured cross section
with Z — [l (where [l = ee or uu) for events with the invariant mass of the
dileptons between 60 and 120 GeV, at least one b-jet at the particle level *
with pr > 25 GeV and |n| < 2.1, and a separation between the leptons and the
jets of AR > 0.5 is found to be 5.8440.08(stat) +0.72(syst) T5:22 (theory) pb.
This cross section is higher than the one predicted by the program MCFM?,
corrected at particle level, being (3.97 +0.47) pb. Furthermore there are few
differences in the differential distributions of same variables, as the azimuthal
angle between the b quark and the dilepton, between the experimental mea-
surement and the prediction. One point to be noticed is that the theoretical
predictions are more accurate when the b-jet is the leading jet in the event.
This requirement was not used in the reference CMS analysis. Therefore for
this thesis it was decided to determine an inclusive cross section requiring
explicitly the b-jet to be the leading pr jet in the event. Different from the
published analysis, here we will consider only final state with a dimuon. The
measurement is performed using reconstructed (reco) quantities and has to
be compared with the theoretical predictions, which are made in terms of

IThe particle level considers hadrons before their decay.
2In Appendix B there as some studies about performed using this tool.
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Figure 5.7: NLO diagrams for ¢@Q — ¢Z@Q (a) and gQ — ¢gZ@Q (VFNS).

leptons (before or after final state radiation emission) and a jets made of
hadrons. The formula to compute the cross section from the numbers of
selected events containing different corrections factors is:

_ N(CP—fﬂ)

656[6{,./41 GhadL
where:

e N is the number of selected events (yield);

P is the purity of b-tagging;

f is the background fraction from ¢t events;

es is efficiency for the association jet-to-vertex;

¢, is the lepton identification efficiency;

€y is the efficiency of b-tagging;

A; is the acceptance of the leptons;

Chaq is a correction factor which takes into account the passage from
generated Monte Carlo quantities to reconstructed quantities;
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e [ is the integrated luminosity.

The term ez is introduced as a consequence of the requirement on the leading
jet, because jets not coming from the same PV of the dilepton, called pile up
vertices, have to be rejected. In the data used for the analysis the mean of
number of reconstructed PV was 6. The jet-to-vertex association fraction [
is defined as the total pr of the jet carried away by the tracks associated to
the dilepton vertex: ‘

Licotrjet P

Ziejet plT

where ¢ represents the tracks associated to the jet. A sketch illustrating
possible events coming from vertices of pile up is shown in Figure 5.8. In

b=

Jet
| associated
|' lepton to the Z _

Figure 5.8: Simple sketch for possible events coming from vertices of pile up.

order to describe how to compute these correction factors in the cross section
it is useful to define first the following categories of events:

e geny: events with leptons, before final state radiation emission, of de-
sired flavor () with opposite charge and with the invariant mass of the
dilepton 60 < M; < 120 GeV;

e geny, @ geny events with the generated leptons passing n and pr ac-
ceptance cuts;
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e gen;: events with the generated jet® passing n and pr cuts isolated
with a cone of AR > 0.5 with respect to the generated leptons;

e geny: gen; events with the jet matched * with a B-hadron;

e recog,, : reconstructed leptons matched with generated leptons passing
all n and pr cuts including the cut in the invariant mass 60 < M; < 120
GeV;

e recoy: reconstructed jet passing all 7 and pr acceptance cuts, out of a
cone of radius AR = 0.5 with the reconstructed leptons and matched
with a generated jet of any flavor;

e recoy: reconstructed jet passing all n and pr cuts, out of a cone of
AR=0.5 with the reconstructed leptons and matched with a gen,.

Finally the previous factors in the cross section can be evaluated from count-
ing events in the categories described above:

A — N(genZkin&genb)
: N(genz&geny)
N(recozpin&recoy)
ehad =
N(genzrin&geny)

N (recozyintip+1so&recop)
N(recozpm&recoy

€ =

N (recozrint1p+150&1€C0ag)
N(recozrint1p+1s0&recoy)
where ID + ISO means that the leptons passed the identification and isola-

tion cuts and b-tag means that the jet passed the cut for the working point
of the discriminant chosen for the analysis.

€p =

5.4.1 Determination of the correction factors
Jet-vertex association

For jets not coming from PU events, ( follows over a wide range essentially
an exponential distribution ~ exp % For 8 — 0 the peak from PU vertices
dominates while for 5 — 1 the distribution reaches a saturation. To compute
es we perform the following steps:

3A generated jet is a jet made at hadron level using the simulation.
4The matching is done using a cone algorithm with a cone size AR < 0.3.
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e determine [, from a fit in a fiducial region far from saturation and
pile-up events;

e evaluate the cumulative distribution function from 0 up to an upper
limit By ax below the saturation;

e add the content of the histogram for bins with 1 < # < Byrax.

The formula for €g is:

fOﬁMAX PDF(B)
f()ﬁMAX PDF(/B) + Ndataabove

The background is defined as all the data in excess to the exponential in the
fit region and below. Figure 5.9 shows, as an example, how the different
regions are selected.

€beta =

| %2 | ndf 55 | 66
B Constant 3.7 0.0
10 Slope 3.3+0.0
L Clut
- | Background
100

Signal Loss Fit Region

Figure 5.9: Example of definition of the regions from the exponential fit for 5.

Exponential fits of the signal region are done in bins of number of primary
vertices, from 1 to 16 primary vertices. The mean value < eg > is the
weighted mean of the efficiencies for each bin:

PU, 4 ;
i (623 X Npara)

< €g >= 7 N
ZnPU DATA
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B-tagging efficiency ¢,

Because the efficiencies of tagging a b-jet depend on analysis specific
selections, the BTV group provides only scale factors, SFy, defined as the
ratio between the efficiency of b-tagging in data with respect to the efficiency
of b-tagging in the Monte Carlo samples. The advantage is that these scale
factors can be used to estimate the efficiency for a specific selection. The
scale factors are computed in two bins of the n of the jet: |n| < 1.2 and
1.2 < |n| < 2.4. They are provided for different discriminants and working
points. The final efficiency of the b-tagging selection is extracted from the
signal Monte Carlo sample, correcting the MC using the scale factors. The
procedure for applying the SFj, to the analysis can be summarized as follows:

1. the jets selected by the cut of the b-tag discriminant are classified
according to the generator level information into b,c, or light flavors;

2. the scale factors defined above are associated to these jets, depending
on their n and pp;

3. select the desire b-jet multiplicity: at least one in the case of inclusive
Z+b measurement or exactly one in the case of an exclusive measure-
ment;

4. if njes is the total number of jets in the final state, there are 27ets
possible combinations of tagged-mistagged states for each event;

5. determine the probability for this event to be reconstructed, using the
tag efficiency and the mistag-fraction;

6. repeat this operation including the scale factors;

7. the total weight per combination is given by the product over all jet
states;

8. sum only the possible combinations matching the selected multiplicity;

9. define the per event-weight as follows:

[Tiew,... (€i(pe;n;) x SF(pr,n;))
[Tn,...(&(pr, )

Wevt =

The final efficiency €, used for the measurement of the cross section is defined
as the ratio of events after b-tag cut over the ratio of events before b-tag cut,
when there is at least one jet matched to a generated-level b in the acceptance.
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Lepton efficiency ¢;

To estimate the lepton identification efficiency Monte Carlo events need to
be rescaled according to some correction factors, in order to match the data.
The efficiency can be factorized into five sequential relative measurements,
the five steps are: tracking efficiency, reconstruction efficiency, identification
efficiency, isolation efficiency and the total trigger efficiency, underlying that
in the Monte Carlo there are no trigger requirements. The total efficiency is
given by the product:

€l = €tracking X €ERECO X €ID X €150 X €trigger

Each term is considered separately and the values are estimated using a
tag and probe method, which uses known resonances in bins of pr and 7 of
the leptons, while the efficiency of tracking is assumed to be 100%. In this
analysis the Z resonance has been chosen to measure the efficiency with this
method. It requires a mass constraint from a pair of same flavor leptons where
one of the two is tightly selected to ensure a certain purity, the tag, and the
other, the probe, is used to measure the efficiencies for a given identification
criterium. The efficiency is defined as the ratio of number of probes passing
a set of cuts over the total number of probes before the cuts. A set of
correction factors can be extracted in order to properly rescale simulated
events for matching the data. There is a set of correction factors for each of
the five efficiencies described above. In order to provide the final weight w
for each event all the correction factors are combined into two terms:

1. a contribution related to the offline reconstruction: reco, ID and isola-
tion (Wof fline):

2. a contribution related to the trigger (weigger);

A scale factor is defined as the ratio between the efficiency in data over the
efficiency in the Monte Carlo. Since there are two leptons in each event the
final weight to due to the offline reconstruction is:

of fline _ SFoffline % SFoffline

event leptonl lepton2

The formula for a generic trigger having asymmetrical thresholds, labelled
high and low, is instead:
thiQQET _ SFHigh % SFlow + SFvllow x SF}high SFhigh 5 SFhigh

event leptonl lepton2 eptonl epton2 leptonl lepton2

Ultimately the final weight can be expressed as:

wlepton(777pT) = woffline(”apT) X wtrigger(napT)
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The total lepton efficiency (€eptons) is the ratio between the total number
of events, N passing the kinematical cuts multiplied by the respective
weights with respect to the total number of events passing the kinematical

cuts Ny
Ntat,w

€leptons =
N,
tot

where:
NtOtvw = ZM+M_(pT > 20, n < 2].) X wgvent

ev

Niot = Z,tﬁ,u‘(p;r > 20,7 < 2.1)
ev
and the sum is intended for all the lepton events. Each of the lepton events
entering in the efficiency computation need to have a reconstructed jet match-
ing a generated one in the acceptance window.

b-tagging purity P

The use of the SSVHP discriminant allows to build the distribution of the
invariant mass of the set of tracks associated to the secondary vertex both
in the data and in the Monte Carlo. From Drell Yan inclusive (Z+b/c/1)
Monte Carlo samples it is possible to assign the flavor of the jet from the
flavor of the corresponding generated jet: this allows to build the templates
of the distribution of the SV invariant mass for light jets, b-jets and c-jets.
These templates are compared to the distribution of the SV invariant mass
obtained from the data. There are two different computational approaches
to extract the b-purity. The first method performs an extended maximum
likelihood fit: using the tool RooFit to fit the areas of the different templates
for each flavor, it is possible to extrapolate the fraction of different flavors
for the working point chosen. The results obtained here are the fractions per
jets which in our case, since there is only the leading jet selected per event,
correspond to the fractions per event. The other method uses the ROOT
framework class TFractionFitter: it takes Monte Carlo templates and tries
to find components of them in a data histogram. This method, in addition
with respect to the other, lets each bin of the templates fluctuating within
its error, while in the former only the fractions fluctuate.

Fraction tt background

After the selection, in the mass region 60 < My, < 120 GeV, there is still
a contribution coming from the two muons from the decay chains of the top
and anti-top quark. These tf events contain genuine b jets, so they need
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to be subtracted after applying P. This fraction is evaluated using a data
driven method looking at the dilepton invariant mass distribution: the main
idea is to estimate the ¢f contribution in the mass region My, > 120 GeV
and extrapolate it to the signal region. The ratio of the number of ¢t events
is taken from Monte Carlo simulation and then corrected from discrepancies
between data and simulation. The estimation of the t¢ background is done
using the formula:

. RMC we
N (im) = geze—gre  (RYNas(out) — Noas(out)
where: MC
fRMC — Ntf <2n)
NMC(out)

In the previous formula the region with 60 < M; < 120 GeV is defined as in
(inside) and the region with M > 120 GeV as out (outside).

5.4.2 Selection of events using the CMS detector
Monte Carlo and data samples

The reference Monte Carlo events used in the analysis were generated
using MADGRAPH, including the parton shower and hadronization using
PYTHIA:

1. Z+b, Z+c and Z+j samples: they are all extracted from the data set
corresponding to the inclusive Drell Yan;

2. tt + j sample: events with a tf pair in association with any number of
jets;

3. WW, ZZ and ZW samples: they represent events with the presence of
two diboson.

All the samples need to be rescaled to the equivalent luminosity which is
defined as:
Nevt

g

Leg =

where the cross section used to obtain L., was taken from the state-of-art
from NLO calculations. In Figures 5.10 and 5.11 the properties of Monte
Carlo samples and data samples, including trigger informations, are summa-
rized.
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Dataset Sample | N.yis NLO o (pb) | £, (pb71)
ZbbToLL Z+hb 26840 26.3 1020
Zec'ToLLL Z+c 40000 41.1 973
DY JetsToLL Z+j 5172930 | 3048 (NNLO) 1697
TTJets-tauola tt+] 200000 | 165 (NNLO) 1212

Figure 5.10: Monte Carlo samples used in the analysis.

Muon 135821-149442 | HLT Mu9 OR HLT Mull OR HLT Mul5
Figure 5.11: 2011 data sample used and triggers.

Dilepton selection

The 7 boson is reconstructed through its decay into a pair of muons
with opposite charge and same flavor. The acceptance cuts applied are the
same used for the analyses in CMS dealing with massive vector bosons are:
plr > 20 GeV, |n| < 2.1. The isolations cuts are based on the sum of pr
and Er of tracks lying in a cone of dimension AR = 0.3 centered around
the leptons: ZTRKPT+ZECAL P2 5calPT - ()15, where TRK stands for the
tracker, ECAL for the electromagnetlc calorimeter, HCAL for the hadronic
calorimeter; For the identification muons are required to be reconstructed in
the muon chambers and then matched with a track in the tracker (referring to
them as global muons). In the data there is also a trigger match: muons need
to be matched into a AR < 0.3 cone. Finally the Z boson is reconstructed
into a mass range from 60 GeV to 120 GeV.

Jet selection

The jets are reconstructed using an anti k7 cone algorithm with particle
flow objects, choosing AR = 0.5. A good jet is defined according to the
following cuts:

e kinematics cuts: pjf > 25 GeV, |n| < 2.1;

e standard jet identification cut based on the deposits into ECAL and
HCAL of charged and neutral fractions of jets.
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Finally a jet is considered as a b-jet if it is selected by the SSVHP discriminant
at a tight working point:

D
log(1+—) > 2.0
0D

leading to a mistag rate of about 0.1%.

5.4.3 Results

The results for the evaluation of the correction factors in the cross section
are summarized in Table 5.1.

Correction Factor | Value

€ (0.35 £ 0.05)
€ (0.92 £ 0.03)
A, (0.59 +0.03)
Chadr (0.73+0.04)
€3 (0.99 +0.02)
P (0.81 £0.02)
fu (0.147 £ 0.01)

Table 5.1: Correction factors for the channel pub: only statistical errors are
reported

Figure 5.12 shows the fit to estimate the b-tagging purity.

Table 5.2 shows the numbers of selected events: each row represents
a different step in the selection, while each column represents the different
Monte Carlo samples, excluding the last column which represents the data
sample.
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Figure 5.12: Final fit for the estimation of P for the channel upu.
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Figure 5.13 shows the pr of the b-jet: there is a good agreement between
data (black points) with respect to the simulated events. Figures 5.14 and
5.15 show respectively the pr of the dimuon and the azimuthal distance
between the dimuon and the b-jet: there is a good agreement between data
(black points) with respect to the prediction for the simulation.

The number of selected events in data was found to be (2592 + 51) which
has a good agreement with the number of data expected by the Monte Carlo
which is (2642 £ 47). The value for the leading cross section is: 0jeqding =
(5.69+0.11(stat)) pb which needs to be compared to the inclusive predicted
cross section with MCFM, corrected at particle level, being ooy = (3.56 £
0.11) pb. The most interesting result is that in MCFM the cross section in
which the leading jet is a b jet represents 90% of the total inclusive cross
section. The ratio between the exclusive cross section and the total inclusive
cross section (o = 6.2940.11) pb , both measured experimentally, is of about
10%, with a good agreement with the prediction.
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Chapter 6

Conclusions

The work of this thesis has allowed to improve the knowledge about the
b-tagging algorithms used by the CMS experiment and to apply them to
perform a measurement of a physical process interesting both as a reducible
background for the searches of a Standard Model Higgs boson and for SUSY
scenarios. In the first part a deep validation of the b-tagging algorithms has
been performed introducing systematic misalignment conditions in phase of
the reconstruction of the tracks. It was shown that the official tools pro-
vided by the CMS to perform these studies are not sensible for more realistic
misalignment scenarios and do not permit to evaluate correlations between
all the variables from different scenarios: this fact motivated the decision to
build a diagnostic tool to evaluate differences jet-by-jet. The second part of
the work was devoted to the construction of this algorithm and to apply it on
the scenarios studied before. This tool has shown a very powerful versatility,
because it allows to make comparisons jet-by-jet of two files which differ for
any kind of condition when reconstructing tracks: it has been used by several
groups of CMS at CERN doing studies on b-tagging variables. The global
result of applying this tool to different misalignment scenarios confirmed that
the global variables, such as track or reconstructed vertices, used by the CMS
experiment are very robust, even when applying a deep diagnostic and not
only when looking at global performances of b-tagging variables, such as the
efficiency of tagging a light jet (related to the mistag rate) as a function of
the efficiency of tagging a b-jet. After this increased knowledge about all
the b-tagging algorithms it was decided to use it to measure a process in
which the tagging of a b quarks is fundamental: the Z+b cross section. An
aspect which was not investigated in the previous measurement of the cross
section of this process by the CMS group is that the theoretical predictions
are more precise where the b-jet is the leading jet in the event. The com-
putation for this cross section, only for the channel pub was performed with
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good results between theory and the experimental value. There are still open
points: understand why the experimental cross section is always bigger than
the predicted and perform the calculation for the channel eeb.



Appendix A

Studies of misalignment
scenarios with the jet-by-jet
comparison tool

This appendix presents a set of correlation plots for the scenarios studied
with the jet-by-jet comparison tool. The first row shows some distributions
for the differences of the discriminant TCHE as a function of the SIP of
the second track, the difference of the position of the primary vertex in the
transverse plane (ALxy (PV)) and the longitudinal difference of position
of the primary vertex (Az (PV)). The second row shows differences of the
discriminant SSVHP as a function of the mass of the SV, the three dimen-
sional SIP and the difference of the position of the primary vertex in the
transverse plane and in the longitudinal plane. The third row shows differ-
ences of the discriminant SSVHE as a function of the mass of the SV and the
three dimensional SIP. The first set of figures refers to the design geometry
(Ideal) compared with the design geometry setting APE equal to zero (Ideal
No APE). The second set of figures refers to the Monte Carlo 2011 Startup
scenario with respect to the ideal geometry. The third set of figures refers to
the scenario BPIX Az = 40 pum with respect to the ideal geometry.
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Appendix B

Parton level studies with the
MCFM tool.

The MCFM (Monte Carlo for FEMtobarn processes at hadron colliders) is
a parton-level program which gives NLO predictions for a range of processes
at hadron colliders. MFCM allows the user to choose between a number of
schemes for defining the electroweak couplings as shown in Figure B.1. The

Parameter | Name | Input Value Output Value determined by ewscheme
(_inp) -1 0 1 2
Gr Gf 1.16639x 10~ input calculated input input
a(Mz) | aemmz 1/128.89 input input calculated input
sin? 8, XW 0.2312 calculated input calculated input
My wmass | 80.398 GeV input calculated input calculated
Mg zmass | 91.1876 GeV input input input calculated
My mt input.DAT | calculated input input input

Figure B.1: Different options for the scheme used to fix the electroweak param-
eters of the Standard Model and the corresponding default input values.

process to compute is selected by the integer nproc. Processes denoted as
LO can only be calculated using the Born approximation, while for processes
denoted as NLO+F the calculation is done using NLO calculations including
the fragmentation of the photons. The processes of interest for the production
of a Z boson in association with heavy quarks are summarized in the Table
B.1.

Others important parameters to the describe the diagrams included in
the computations are:

e [ord: the calculation is performed at the leading order only;
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nproc | f(p1) + f(p2) — ... Order
261 Z%(—= e (ps) + € (pa)) + b(ps) NLO
262 Z°(— e~ (p3) + e (pa)) + c(ps) NLO
263 | Z°%(— e (p3) + e (pa)) + b(ps) + b(ps)[1 b-tag] LO
264 | Z%(— e (p3) + €T (pa)) + E(ps) + c(ps)[1 c-tag] LO
266 | Z°(— e (p3) + e"(pa)) + b(ps)(+b(ps)) NLO
267 Z%(— e (p3) + et (pa)) + c(ps)(+c(ps)) NLO
341 f(p1) +0(p2) = Z°(— e (ps) + € (pa)) + b(ps) + f(ps)[+f(pr)] | NLO
342 f(p1) +b(p2) = Z°(— e (p3) + € (ps)) + b(ps) + f(ps)[+b(pr)] | (REAL)
346 | f(p1) +b(pa) — Z°(— e (p3) + e (pa)) +b(ps) + f(ps) + f(pr) | LO
347 | f(p1) +b(p2) = Z°(— e (p3) + " (pa)) + blps) + f(ps) +D(p7) | LO

Table B.1: Processes of interest for the production of a Z boson in association
with heavy quarks.

e virt:NLO virtual loop contributions are calculated;
e real: NLO contributions for diagrams including real emission of gluons;

e tota: this options runs the virt and the real processes in series before
performing a sum to obtain the NLO result;

e inclusive: it is a logical parameter to decide if the cross section should
be inclusive in the number of jets found at NLO calculations.

There is also a set of parameters defining some properties such as the renor-
malization scale, or some characteristics related to the initial beam particles:

e sqrts: represent the center of mass energy of the colliding particles;

e ih1,ih2: identities of the incoming hadrons. For LHC the value +1 for
both the parameters correspond to proton-proton collisions;

e scale: it is used to adjust the value of the renormalization scale, such
as the scale at which the strong coupling constant ag is evaluated. For
processes involving vector bosons, the scale is choose as the average
mass of the bosons involved;

Finally, the parameters related to the cuts one can apply to define the volume
of the phase space where the cross section is computed. The default MCFM
output of the process is an ASCII file containing the values of the computed
cross section, with in addition few histograms related to some variables of
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the jet and of the leptons. For this thesis we have also produced tuples of
weighted evens,checking that the sum of all the weights was equal to the
computed cross section. The processes chosen to compare the experimental
results obtained in Chapter 4 to the predictions are labelled as Z+@Q pro-
duction. These processes represent the production of a Z boson that decays
into a pair of leptons in association with a heavy quark Q. For processes
261,262,266 and 267 the initial state at the lowest order is the heavy quark
and a gluon an the calculation may be performed at NLO. For the NLO
calculation the sequence is:

1. Tun nproc = 261 using part = tota;
2. run nproc = 266 using part = real;
3. sum the two results.

The configuration of parameters chosen to run process 261 is listed below:

[General options to specify the process and execution]
261 [nproc]

’tota’ [part ’lord’,’real’ or ’virt’,’tota’]
’totaldTeV’ [’runstring’]

14000d0 [sqrts in GeV]

+1 [ihl =1 for proton and -1 for antiproton]
+1 [ih2 =1 for proton and -1 for antiproton]
120d0 [hmass]

91d0 [scale:QCD scale choice]

91d0 [facscale:QCD fac_scale choice]

.false. [dynamicscale]

.false. [zerowidth]

.false. [removebr]

10 [itmx1, number of iterations for pre-conditioning]
20000 [ncalli]

10 [itmx2, number of iterations for final run]
20000 [ncall2]

1089 [ij]

.false. [dryrun]

.true. [Qflag]

.true. [Gflag]

[Heavy quark masses]
172.5d0 [top mass]
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4.75d0 [bottom mass]
1.5d0 [charm mass]

[Pdf selection]

’cteq6_m’ [pdlabel]

4 [NGROUP, see PDFLIB]

46 [NSET - see PDFLIB]
cteqg6bmE.LHgrid [LHAPDF group]
-1 [LHAPDF set]

[Jet definition and event cuts]
60d0 [m34min]

120d0 [m34max]

0d0 [m56min]

1400040 [m56max]

.true. [inclusive]

’ankt’ [algorithm]

25d0 [ptjet_min]

0d0 [letajet|_min]

2.1d0 [letajet|_max]

0.5d0 [Rcut_jet]

.true. [makecuts]

0d0 [ptlepton_min]

100d0 [|etalepton|_max]

0d0 [ptmin_missing]

0d0 [ptlepton(2nd+)_min]
100d0 [|etalepton(2nd+) | _max]
0d0 [minimum (3,4) transverse mass]
0.5d0 [R(jet,lept)_min]

0.0d0 [R(lept,lept)_min]

0d0 [Delta_eta(jet,jet) _min]
.false. [jets_opphemn]

0 [lepbtwnjets_schemel

25d0 [ptmin_bjet]

2.1d0 [etamax_bjet]

while below for the process 266.

[General options to specify the process and execution]
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266 [nproc]

’real’ [part ’lord’,’real’ or ’virt’,’tota’]
’reall4TeV’ [’runstring’]

14000d0 [sqrts in GeV]

+1 [ih1 =1 for proton and -1 for antiproton]
+1 [ih2 =1 for proton and -1 for antiproton]
120d0 [hmass]

91d0 [scale:QCD scale choice]

91d0 [facscale:QCD fac_scale choice]

.false. [dynamicscale]

.false. [zerowidthl]

.false. [removebr]

10 [itmx1, number of iterations for pre-conditioning]
20000 [ncalli]

10 [itmx2, number of iterations for final run]
20000 [ncall2]

1089 [ij]

.false. [dryrun]

.true. [Qflag]

.true. [Gflag]

[Heavy quark masses]
172.5d0 [top mass]
4.75d0 [bottom mass]
1.5d0 [charm mass]

[Pdf selection]

’cteq6_m’ [pdlabel]

4 [NGROUP, see PDFLIB]

46 [NSET - see PDFLIB]
cteg6mE.LHgrid [LHAPDF group]
-1 [LHAPDF set]

[Jet definition and event cuts]
60d0 [m34min]

120d0 [m34max]

0d0 [m56min]

1400040 [m56max]

.true. [inclusive]

’ankt’ [algorithm]

25d0 [ptjet_min]
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B. Parton level studies with the MCFM tool.

0d0 [letajet|_min]

2.1d0 [letajet|_max]

0.5d0 [Rcut_jet]

.true. [makecuts]

0d0 [ptlepton_min]

100d0 [|etalepton|_max]

0d0 [ptmin_missing]

0d0 [ptlepton(2nd+)_min]
100d0 [|etalepton(2nd+) | _max]
0d0 [minimum (3,4) transverse mass]
0.5d0 [R(jet,lept)_min]

0.0d0 [R(lept,lept)_min]

0d0 [Delta_eta(jet,jet)_min]
.false. [jets_opphem]

0 [lepbtwnjets_scheme]

25d0 [ptmin_bjet]
2.1d0 [etamax_bjet]

Figure B.2 shows the distributions of the leading parton transverse mo-
mentum pY. for the sum of the processes 261 and 266: we notice that about
the 10% of the total cross section is represented by events in which the lead-
ing jet comes from a light parton and that the pr spectrum of the light jets is
harder than the spectrum of the b jets. Figure B.3 shows the distribution of
the azimuthal distance (A¢) between the dilepton and the parton: when the
leading jet is a light jet there is cut a ¢ = 7 due to kinematical constraints.
Figure B.4 shows the distribution of the azimuth distance (A¢) between the
two partons: the distribution underlines the cut at AR = 0.5. The cross
section for events in which there are one light jet and one b-jet is found to be
0z11+6 = 0.93 pb, while the cross section for events in which there are two
b—jets is OZ1b+b — 0.23 pb
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S‘ 103 E T T T T | T T T T | T T T T | T T | T T T IA | T T T T E
O = MCFM NLO Z+b all partons ¢, ;=4.72 pb
)] - Nproc=261(tota)+266(real) — <pT>=52_6 GeV B
% - b partons 6,,,=4.32 pb |
S 02 o <p,>=50.7 GeV —
a = E light partons ¢, .=0.41 ph
s Z T <p_>=73.0 GeV ]

N = T
g5, | |
10 _

1
1 0-1 E 1 1 1 | 1 1 1 1 | 1 1 1 1 | | 1 1 | | 1 1 |
0 50 100 150 200 250 300

leading parton transverse momentum pi [GeV]

Figure B.2: Spectrum of the leading parton transverse momentum for the sum
of the processes 261 and 266: the red curve refers to b partons, while the blue
curve to light patrons.
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MCEM NLO Z+b Mo =261 (tota)+266(real)

: :' T T 1 T I_I T | L T T L I T T T T I T y T T T T L T I ':

: all panons §_ =4.72 po -

g ] cAgr=d] ]

= | bleadsd_=4.31pb _
e <A¢>=31

- 10° : ight leads §_ =0.41 pb =

{8k H <A =2 6 =

= L .

p B i

5= L -

10% =

101 B

L M P R . .|.|'

L P T R B
0 0.5 1 15 2 2.5 3

azimuth distance dilepton-parton mp{z.p““}

Figure B.3: Distribution of the azimuthal distance between the dilepton and the
parton: the red curve refers to b partons, while the blue curve to light partons.
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MCFM NLO Z+b Nproc=261(tota)+266(real)
— T T1TT1T | LU ‘ L | T T 1T | LU LU | T T 177 | T T 1T ‘ T T 1T | T 11 1]
— N all partons G, =1.16 pb 7
% 70 ; <A|§(p,p)>:2,6 _:
= i bb §,,=0.23 pb 7
— u <AR(b,b)>=2.5 .
o H ]
ol 60: b-ligt &,,=0.93 pb ]
B\ H <AR(b.)>=2.6 .
s S0P E
401 —
30 —
20 —
10f— —
0 . L1 ‘ L1111 | | I | | L1 | | I | | | | | N T | e/
5

0O 05 1 15 2 25 3 35 4 45
angular distance parton-parton AR(pp)

Figure B.4: Distribution of the azimuthal distance between the two partons: the
red curve refers to b partons, while the blue curve to light partons.
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